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Current concepts in meteorological theory and limitations are as follows. The 
nonequilibrium system of atmospheric flows is modeled with assumption of lo-
cal thermodynamic equilibrium up to the stratopause at 50 km; molecular motion 
of atmospheric component gases is implicitly embodied in the gas constant. Non-
equilibrium systems can be studied numerically, but despite decades of research, 
it is still very difficult to define the analytical functions from which to compute 
their statistics and have an intuition for how these systems behave. Realistic math-
ematical modeling for simulation and prediction of atmospheric flows requires al-
ternative theoretical concepts and analytical or error-free numerical computational 
techniques and therefore comes under the field of “General Systems research” as 
explained in the following.

Space-time power law scaling and nonlocal connections exhibited by atmospher-
ic flows have also been documented in other nonequilibrium dynamical systems, 
e.g. financial markets, neural network of brain, genetic networks, internet, road traf-
fic, and flocking behavior of some animals and birds. Such universal behavior has 
been the subject of intensive study in recent years as “complex systems” under the 
subject headings self-organized criticality, nonlinear dynamics and chaos, network 
theory, pattern formation, information theory, cybernetics (communication, control, 
and adaptation). Complex system is a system composed of many interacting parts, 
such that the collective behavior or “emergent” behaviors of those parts together is 
more than the sum of their individual behaviors. Weather and climate are emergent 
properties of the complex adaptive system of atmospheric flows. Complex systems 
in different fields of study exhibit similar characteristics and therefore belong to 
the field of “General Systems.” The terms “general systems” and “general systems 
research (or general systems theory)” are due to Ludwig von Bertalanffy. Accord-
ing to Bertalanffy, general systems research is a discipline whose subject matter is 
“the formulation and derivation of those principles which are valid for ‘systems’ in 
general.”

Skyttner quotes basic ideas of general systems theory formulated by Fredrich 
Hegel (1770–1831) as follows:

1. The whole is more than the sum of the parts.
2. The whole defines the nature of the parts.

Preface
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3. The parts cannot be understood by studying the whole.
4. The parts are dynamically interrelated or interdependent.

In cybernetics, a system is maintained in dynamic equilibrium by means of com-
munication and control between the constituent parts and also between the system 
and its environment.

Chapter 1 gives applications of the concept of self-organized criticality to atmo-
spheric flows. Atmospheric flows exhibit self-similar fractal fluctuations generic 
to dynamical systems in nature. Self-similarity implies long-range space-time cor-
relations identified as self-organized criticality. It has been suggested that atmo-
spheric convection could be an example of self–organized criticality. Atmospheric 
convection and precipitation have been hypothesized to be a real-world realization 
of self-organized criticality (SOC). The physics of self-organized criticality ubiq-
uitous to dynamical systems in nature and in finite precision computer realizations 
of nonlinear numerical models of dynamical systems is not yet identified. Finite 
precision computer realizations of mathematical models (nonlinear) of dynamical 
systems do not give realistic solutions because of propagation of round off error 
into mainstream computation. During the past three decades, Lovejoy and his group 
have done extensive observational and theoretical studies of fractal nature of atmo-
spheric flows and emphasize the urgent need to formulate and incorporate quantita-
tive theoretical concepts of fractals in mainstream classical meteorological theory. 
The empirical analyses summarized by Lovejoy and Schertzer show that the statisti-
cal properties such as the mean and variance of atmospheric parameters (tempera-
ture, pressure, etc) are scale dependent and exhibit a power law relationship with a 
long fat tail over the space-time scales of measurement. The physics of the widely 
documented fractal fluctuations in dynamical systems is not yet identified. The tra-
ditional statistical normal (Gaussian) probability distribution is not applicable for 
statistical analysis of fractal space-time data sets because of the following reasons: 
(i) Gaussian distribution assumes independent (uncorrelated) data points while frac-
tal fluctuations exhibit long-range correlations, (ii) the probability distribution of 
fractal fluctuations exhibit a long fat tail, i.e., extreme events are of more common 
occurrence than given by the classical theory.

A general systems theory model for fractal fluctuations proposed by the author 
predicts that the amplitude probability distribution as well as the power (variance) 
spectrum of fractal fluctuations follow the universal inverse power law τ−4σ where 
τ is the golden mean (≈ 1.618) and σ the normalized standard deviation. The atmo-
spheric aerosol size spectrum is derived in terms of the universal inverse power law 
characterizing atmospheric eddy energy spectrum. A universal (scale independent) 
spectrum is derived for homogeneous (same density) suspended atmospheric par-
ticulate size distribution expressed as a function of the golden mean τ (≈ 1.618), the 
total number concentration and the mean volume radius (or diameter) of the particu-
late size spectrum. Knowledge of the mean volume radius and total number concen-
tration is sufficient to compute the total particulate size spectrum at any location. In 
summary, the model predictions are: (i) Fractal fluctuations can be resolved into an 
overall logarithmic spiral trajectory with the quasiperiodic Penrose tiling pattern for 
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the internal structure. (ii) The probability distribution of fractal space-time fluctua-
tions represents the power (variance) spectrum for fractal fluctuations and follows 
universal inverse power law form incorporating the golden mean. The result that 
the additive amplitudes of eddies when squared represent probability distribution 
is observed in the subatomic dynamics of quantum systems such as the electron or 
photon. Therefore, the irregular or unpredictable fractal fluctuations exhibit quan-
tum-like chaos. (iii) Atmospheric aerosols are held in suspension by the vertical 
velocity distribution (spectrum). The normalized atmospheric aerosol size spectrum 
is derived in terms of the universal inverse power law characterizing atmospheric 
eddy energy spectrum. The model satisfies the maximum entropy principle.

In Chap. 2, the complete theory relating to the formation of warm cumulus clouds 
and their responses to the hygroscopic particle seeding are presented. It is shown 
that warm rain formation can occur within a time period of 30 min as observed in 
practice. Traditional cloud physical concepts for rain development requires over an 
hour for a full-sized raindrop to form.

Knowledge of the cloud dynamical, microphysical, and electrical parameters 
and their interactions are essential for the understanding of the formation of rain 
in warm clouds and their modification. Extensive aircraft observations of cloud 
dynamical, microphysical, and electrical parameters have been made in more than 
2000 isolated warm cumulus clouds forming during the summer-monsoon seasons 
(June–September) in Pune (18° 32′N, 73° 51′E, 559 m asl), India. The observations 
were made during aircraft traverses at about 300 m above the cloud base. These ob-
servations have provided new evidence relating to the dynamics of monsoon clouds. 
The observed dynamical and physical characteristics of monsoon clouds cannot be 
explained by simple entraining cloud models. A simple cumulus cloud model which 
can explain the observed cloud characteristics has been developed. The relevant 
physical concept and theory relating to dynamics of atmospheric planetary bound-
ary layer (PBL), formation of warm cumulus clouds, and their modification through 
hygroscopic particle seeding are presented.

The mechanism of large eddy growth discussed in the atmospheric ABL can be 
applied to the formulation of the governing equations for cumulus cloud growth. 
Based on the above theory equations are derived for the in-cloud vertical profiles 
of (i) ratio of actual cloud liquid water content (q) to the adiabatic liquid water 
content (qa) (ii) vertical velocity (iii) temperature excess (iv) temperature lapse rate 
(v) total liquid water content (qt) (vi) cloud growth time (vii) cloud drop size spec-
trum (viii) rain drop size spectrum. The equations are derived starting from the mi-
croscale fractional condensation (MFC) process at cloud base levels. This provides 
the basic energy input for the total cloud growth.

Chapter 3 discusses the importance of information on the size distribution of 
atmospheric suspended particulates (aerosols, cloud drops, raindrops) for the un-
derstanding of the physical processes relating to the studies in weather, climate, 
atmospheric electricity, air pollution, and aerosol physics. Atmospheric suspended 
particulates affect the radiative balance of the Earth/atmosphere system via the di-
rect effect whereby they scatter and absorb solar and terrestrial radiation, and via the 
indirect effect whereby they modify the microphysical properties of clouds thereby 
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affecting the radiative properties and lifetime of clouds. At present empirical mod-
els for the size distribution of atmospheric suspended particulates is used for the 
quantitative estimation of earth-atmosphere radiation budget related to climate 
warming/cooling trends. The empirical models for different locations at different 
atmospheric conditions, however, exhibit similarity in shape implying a common 
universal physical mechanism governing the organization of the shape of the size 
spectrum. The pioneering studies during the last three decades by Lovejoy and his 
group show that the particulates are held in suspension in turbulent atmospheric 
flows which exhibit self-similar fractal fluctuations on all scales ranging from tur-
bulence (mm-s) to climate (km-years). Lovejoy and Schertzer have shown that the 
rain drop size distribution should show a universal scale invariant shape.

The general systems theory for fractal space-time fluctuations developed by the 
author predicts (Chap. 1) a universal (scale independent) spectrum for suspended at-
mospheric particulate size distribution expressed as a function of the golden mean τ 
(≈ 1.618), the total number concentration and the mean volume radius (or diameter) 
of the particulate size spectrum. Knowledge of the mean volume radius and total 
number concentration is sufficient to compute the total particulate size spectrum at 
any location. The model-predicted spectrum is in agreement with the following four 
experimentally determined data sets: (i) CIRPAS mission TARFOX_WALLOPS_
SMPS aerosol size distributions, (ii) CIRPAS mission ARM-IOP (Ponca City, OK) 
aerosol size distributions, (iii) SAFARI 2000 CV-580 (CARG Aerosol and Cloud 
Data) cloud drop size distributions, and (iv) TWP-ICE (Darwin, Australia) rain drop 
size distributions.

In Chap. 4 it is shown that the model-predicted suspended particulate (aerosol) 
size spectrum is in agreement with observations using VOCALS 2008 PCASP data.

In Chap. 5, the model-predicted spectrum is compared with the total averaged ra-
dius size spectra for the AERONET (aerosol inversions) stations Davos and Mauna 
Loa for the year 2010 and Izana for the year 2009.

In Chap. 6 it is shown that model-predicted spectrum is in agreement with the 
following two experimentally determined atmospheric aerosol data sets, (i) SA-
FARI 2000 CV-580 Aerosol Data, Dry Season 2000 (CARG) (ii) World Data Centre 
Aerosols data sets for the three stations Ny Ålesund, Pallas and Hohenpeissenberg.

There is close agreement between the model-predicted and the observed aerosol 
spectra at different locations. The proposed model for universal aerosol size spec-
trum will have applications in computations of radiation balance of earth–atmo-
sphere system in climate models.
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List of Frequently Used Symbols

ν Frequency
d Aerosol diameter
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N* Surface (or initial level) aerosol number concentration
ra Aerosol radius
α Exponent of inverse power law
W Circulation speed (root mean square) of large eddy
w Circulation speed (root mean square) of turbulent eddy
R Radius of the large eddy
r Radius of the turbulent eddy
w* Primary (initial stage) turbulent eddy circulation speed
r* Primary (initial stage) turbulent eddy radius
T Time period of large eddy circulation
t Time period of turbulent eddy circulation
k Fractional volume dilution rate of large eddy by turbulent eddy fluctuations
z Eddy length scale ratio equal to R/r
f Steady state fractional upward mass flux of surface (or initial level) air
q Moisture content at height z
q* Moisture content at primary (initial stage) level
m Suspended aerosol mass concentration at any level z
m* Suspended aerosol mass concentration at primary (initial stage) level
ra Mean volume radius of aerosols at level z
ras Mean volume radius of aerosols at primary (initial stage) level
ran Normalized mean volume radius equal to ra/ras
P Probability density distribution of fractal fluctuations
σ Normalized deviation
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Chapter 1
General Systems Theory Concepts  
in Atmospheric Flows

© The Author(s) 2015 
A. M. Selvam, Rain Formation in Warm Clouds, SpringerBriefs in Meteorology,  
DOI 10.1007/978-3-319-13269-3_1

Abstract Atmospheric flows, a representative example of turbulent fluid flows, 
exhibit long-range spatiotemporal correlations manifested as the fractal geometry to 
the global cloud cover pattern concomitant with inverse power law form for spectra 
of temporal fluctuations. Such nonlocal connections are ubiquitous to dynamical 
systems in nature and are identified as signatures of self-organized criticality. Math-
ematical models for simulation and prediction of dynamical systems are nonlinear 
so that analytical solutions are not available. Finite precision computed solutions 
are sensitively dependent on initial conditions and give chaotic solutions, identified 
as deterministic chaos. Realistic mathematical modeling for simulation and predic-
tion of atmospheric flows requires alternative theoretical concepts and analytical or 
error-free numerical computational techniques and therefore comes under the field 
of `General Systems research’. General systems theory for atmospheric flows visu-
alizes the hierarchical growth of larger scale eddies from space–time integration of 
smaller scale eddies resulting in an atmospheric eddy continuum manifested in the 
self-similar fractal fluctuations of meteorological parameters. The model shows that 
the observed long-range spatiotemporal correlations are intrinsic to quantum-like 
mechanics governing fluid flows. The model concepts are independent of intrinsic 
characteristics of the dynamical system such as chemical, physical, electrical, etc., 
and gives scale-free governing equations for fluid flow characteristics.

Keywords Nonlinear dynamics · Chaos · Fractals · Self-organized criticality · 
General systems theory

1.1  Introduction

Atmospheric flows exhibit self-similar fractal fluctuations generic to dynamical 
systems in nature. Self-similarity implies long-range space–time correlations identi-
fied as self-organized criticality (SOC) (Bak et al. 1988). Yano et al. (2012) suggest 
that atmospheric convection could be an example of self-organized criticality. At-
mospheric convection and precipitation have been hypothesized to be a real-world 
realization of SOC (Peters et al. 2002, 2010). The physics of SOC ubiquitous to dy-
namical systems in nature and in finite precision computer realizations of nonlinear 
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numerical models of dynamical systems is not yet identified. Finite precision com-
puter realizations of mathematical models (nonlinear) of dynamical systems do not 
give realistic solutions because of propagation of round-off error into mainstream 
computation (Selvam 1993, 2007; Sivak et al. 2013, Lawrence Berkeley National 
Laboratory 2013). During the past three decades, Lovejoy and his group (Lovejoy 
and Schertzer 2010) have done extensive observational and theoretical studies of 
fractal nature of atmospheric flows and emphasize the urgent need to formulate and 
incorporate quantitative theoretical concepts of fractals in mainstream classical me-
teorological theory. The empirical analyses summarized by Lovejoy and Schertzer 
(2010) show that the statistical properties such as the mean and variance of atmo-
spheric parameters (temperature, pressure, etc.) are scale dependent and exhibit a 
power law relationship with a long fat tail over the space–time scales of measure-
ment. The physics of the widely documented fractal fluctuations in dynamical sys-
tems is not yet identified. The traditional statistical normal (Gaussian) probability 
distribution is not applicable for statistical analysis of fractal space–time data sets 
because of the following reasons: (i) Gaussian distribution assumes independent 
(uncorrelated) data points while fractal fluctuations exhibit long-range correlations; 
and (ii) the probability distribution of fractal fluctuations exhibit a long fat tail, i.e., 
extreme events are of more common occurrence than given by the classical theory 
(Selvam 2009; Lovejoy and Schertzer 2010).

Numerical computations such as addition, multiplication, etc., have inherent 
round-off errors. Iterative computations magnify these round-off errors because of 
feedback with amplification. Propagation of round-off errors into the main stream 
computation results in deterministic chaos in computer realizations of nonlinear 
mathematical models used for simulation of real-world dynamical systems. The 
round-off error growth structures generate the beautiful fractal patterns (Fig. 1.1). 
The complex structures found in nature are all fractals, i.e., possesses self-similar 
geometry. Simple iterative growth processes may underlie the complex patterns 
found in nature. The study of fractals belongs to the field of nonlinear dynamics 
and chaos, a multidisciplinary area of intensive research in all fields of science. 
Numerical integration schemes incorporate iterative computations.

Self-similar spatial structures imply long-range spatial correlations or nonlocal 
connections. Global cloud cover pattern exhibits fractal geometry. The existence of 
long-range spatial correlations such as the El-Nino impact on global climate is now 
accepted. The global atmosphere acts as a unified whole, where, local perturbations 
produce a global response.

A general systems theory model for fractal fluctuations (Selvam 2005, 2007, 
1990, 2009, 2011, 2012a, b, 2013, 2014; Selvam and Fadnavis 1998) predicts that 
the amplitude probability distribution as well as the power (variance) spectrum of 
fractal fluctuations follow the universal inverse power law τ−4σ where τ is the golden 
mean (≈ 1.618) and σ the normalized standard deviation. The atmospheric aerosol 
size spectrum is derived in terms of the universal inverse power law characteriz-
ing atmospheric eddy energy spectrum. A universal (scale independent) spectrum 
is derived for homogeneous (same density) suspended atmospheric particulate size 
distribution expressed as a function of the golden mean τ (≈ 1.618), the total number 
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concentration and the mean volume radius (or diameter) of the particulate size spec-
trum. Knowledge of the mean volume radius and total number concentration is suf-
ficient to compute the total particulate size spectrum at any location. In summary, 
the model predictions are (i) fractal fluctuations can be resolved into an overall loga-
rithmic spiral trajectory with the quasiperiodic Penrose tiling pattern for the internal 
structure. (ii) The probability distribution of fractal space–time fluctuations repre-
sents the power (variance) spectrum for fractal fluctuations and follows universal in-
verse power law form incorporating the golden mean. Such a result that the additive 
amplitudes of eddies when squared represent probability distribution is observed in 
the subatomic dynamics of quantum systems such as the electron or photon. There-
fore, the irregular or unpredictable fractal fluctuations exhibit quantum-like chaos. 
(iii) Atmospheric aerosols are held in suspension by the vertical velocity distribution 
(spectrum). The normalized atmospheric aerosol size spectrum is derived in terms of 
the universal inverse power law characterizing atmospheric eddy energy spectrum.

The complete theory relating to the formation of warm cumulus clouds and their 
responses to the hygroscopic particle seeding are presented. It is shown that warm 
rain formation can occur within a time period of 30 min as observed in practice. 
Traditional cloud physical concepts for rain development require over an hour for a 
full-sized raindrop to form (McGraw and Liu 2003). A review of droplet growth in 
warm clouds has been given by Devenish et al. (2012).

1.2  Current Concepts in Meteorological Theory  
and Limitations

The nonequilibrium system of atmospheric flows is modeled with assumption of 
local thermodynamic equilibrium up to the stratopause at 50 km; molecular motion 
of atmospheric component gases is implicitly embodied in the gas constant (Tuck 
2010). Nonequilibrium systems can be studied numerically, but despite decades 

Fig. 1.1  Graphic depiction of fractals generated using the Julia set algorithm, the simplest case 
for a chaotic attractor. The beautiful complex patterns of fractals generated by simple iterative 
computations consists of a hierarchy of self-similar structures, i.e., the large scale is a magnified 
version of the small scale
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of research, it is still very difficult to define the analytical functions from which 
to compute their statistics and have an intuition for how these systems behave 
(Parmeggiani 2012). Realistic mathematical modeling for simulation and predic-
tion of atmospheric flows requires alternative theoretical concepts and analytical or 
error-free numerical computational techniques and therefore comes under the field 
of “General Systems research” as explained in the following.

Space–time power law scaling and nonlocal connections exhibited by atmo-
spheric flows have also been documented in other nonequilibrium dynamical sys-
tems, e.g., financial markets, neural network of brain, genetic networks, Internet, 
road traffic, flocking behavior of some animals and birds. Such universal behavior 
has been subject of intensive study in recent years as “complex systems” under the 
subject headings SOC, nonlinear dynamics and chaos, network theory, pattern for-
mation, information theory, cybernetics (communication, control and adaptation). 
Complex system is a system composed of many interacting parts, such that the 
collective behavior or “emergent” behaviors of those parts together is more than 
the sum of their individual behaviors (Newman 2011). Weather and climate are 
emergent properties of the complex adaptive system of atmospheric flows. Com-
plex systems in different fields of study exhibit similar characteristics and therefore 
belong to the field of “General Systems.” The terms “general systems” and “general 
systems research (or general systems theory)” are due to Ludwig von Bertalanffy. 
According to Bertalanffy, general systems research is a discipline whose subject 
matter is ‟the formulation and derivation of those principles which are valid for 
‛systems’ in general” (von Bertalanffy 1972; Klir 2001).

Skyttner (2005) quotes basic ideas of general systems theory formulated by 
Fredrich Hegel (1770–1831) as follows:

1. The whole is more than the sum of the parts
2. The whole defines the nature of the parts
3. The parts cannot be understood by studying the whole
4. The parts are dynamically interrelated or interdependent

In cybernetics, a system is maintained in dynamic equilibrium by means of com-
munication and control between the constituent parts and also between the system 
and its environment (Skyttner 2005).

1.3  General Systems Theory for Fractal Space–Time 
Fluctuations in Atmospheric Flows

General systems theory for atmospheric flows is based on classical statistical physi-
cal concept where ensemble average represents the steady-state values of param-
eters such as pressure, temperature, etc., of molecular systems (gases) independent 
of details of individual molecule. The ideas of statistical mechanics (SM) have 
been successfully extended to various disciplines to study complex systems (Haken 
1977; Liu and Daum 2001). Liu and his group (Liu 1992, 1995; Liu et al. 1995; Liu 
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and Hallett 1997, 1998) have applied the systems approach to study cloud droplet 
size distributions.

Townsend (1956) had visualized large eddies as envelopes enclosing turbulent 
(smaller scale) eddies. General systems theory for atmospheric flows (Selvam 1990, 
2005, 2012a, b, 2013; Selvam and Fadnavis 1998) visualizes the hierarchical growth 
of larger scale eddies from space–time integration of smaller scale eddies resulting 
in an atmospheric eddy continuum manifested in the self-similar fractal fluctuations 
of meteorological parameters. The basic thermodynamical parameters such as pres-
sure, temperature, etc., are given by the same classical statistical physical formulae 
(kinetic theory of gases) for each component eddy (volume) of the atmospheric 
eddy continuum. It may be shown that the Boltzmann distribution for molecular 
energies also represents the eddy energy distribution in the atmospheric eddy con-
tinuum (Selvam 2011). In the following, general systems theory model concepts for 
atmospheric flows are summarized with model predictions for atmospheric flows 
and cloud growth parameters. Model predictions are compared with observations.

The atmospheric boundary layer (ABL), the layer extending up to about 10 km 
above the surface of the earth plays an important role in the formation of weather 
systems. It is important to identify and quantify the physical processes in the ABL 
for realistic simulation of weather systems of all scales.

The ABL is often organized into helical secondary circulations which are often 
referred to as vortex roll or large eddies (Brown 1980). It is not known how these 
vortex rolls are sustained without decay by the turbulence around them. The author 
(Selvam 1990, 2007) has shown that the production of buoyant energy by the mi-
croscale fractional condensation (MFC) in turbulent eddies is responsible for the 
sustenance and growth of large eddies. Earlier Eady (1950) has emphasized the 
importance of large-scale turbulence in the maintenance of the general circulation 
of the atmosphere.

The nondeterministic model described below incorporates the physics of the 
growth of macroscale coherent structures from microscopic domain fluctuations 
in atmospheric flows (Selvam 1990, 2007, 2013). In summary, the mean flow at 
the planetary ABL possesses an inherent upward momentum flux of frictional ori-
gin at the planetary surface. This turbulence-scale upward momentum flux is pro-
gressively amplified by the exponential decrease of the atmospheric density with 
height coupled with the buoyant energy supply by microscale fractional condensation 
on hygroscopic nuclei, even in an unsaturated environment (Pruppacher and Klett 
1997). The mean large-scale upward momentum flux generates helical vortex-roll 
(or large eddy) circulations in the planetary ABL and is manifested as cloud rows and 
(or) streets, and mesoscale cloud clusters (MCC) in the global cloud cover pattern. 
A conceptual model (Selvam and Fadnavis 1998, Selvam 1990, 2005, 2007, 2009, 
2011, 2012a, b, 2013) of large and turbulent eddies in the planetary ABL is shown in 
Figs. 1.2 and 1.3. The mean airflow at the planetary surface carries the signature of 
the fine scale features of the planetary surface topography as turbulent fluctuations 
with a net upward momentum flux. This persistent upward momentum flux of sur-
face frictional origin generates large-eddy (or vortex-roll) circulations, which carry 
upward the turbulent eddies as internal circulations. Progressive upward growth of a 
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large eddy occurs because of buoyant energy generation in turbulent fluctuations as 
a result of the latent heat of condensation of atmospheric water vapor on suspended 
hygroscopic nuclei such as common salt particles. The latent heat of condensation 
generated by the turbulent eddies forms a distinct warm envelope or a microscale 
capping inversion (MCI) layer at the crest of the large-eddy circulations as shown in 
Fig. 1.2.

The turbulent eddies originating from surface friction exist all along the enve-
lope of the large eddy (Fig. 1.2) and the MFC takes place even in an unsaturated 
environment (Pruppachar and Klett 1997).

Progressive upward growth of the large eddy occurs from the turbulence scale at 
the planetary surface to a height R and is seen as the rising inversion of the daytime 
ABL (Fig. 1.3).

The turbulent fluctuations at the crest of the growing large-eddy mix overly-
ing environmental air into the large-eddy volume, i.e., there is a two-stream flow 

Fig. 1.3  Growth of large 
eddy in the environment of 
the turbulent eddy

 

Fig. 1.2  Eddies in the atmo-
spheric planetary boundary 
layer
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of warm air upward and cold air downward analogous to superfluid turbulence in 
liquid helium (Donelly 1998, 1990). The convective growth of a large eddy in the 
ABL therefore occurs by vigorous counter flow of air in turbulent fluctuations, 
which releases stored buoyant energy in the medium of propagation, e.g., latent heat 
of condensation of atmospheric water vapor. Such a picture of atmospheric convec-
tion is different from the traditional concept of atmospheric eddy growth by diffu-
sion, i.e., analogous to the molecular level momentum transfer by collision (Selvam 
and Fadnavis 1998; Selvam 1990, 2005, 2007, 2009, 2011, 2012a, b, 2013).

The generation of turbulent buoyant energy by the microscale fractional con-
densation is maximum at the crest of the large eddies and results in the warming 
of the large-eddy volume. The turbulent eddies at the crest of the large eddies are 
identifiable by an MCI that rises upward with the convective growth of the large 
eddy during the course of the day. This is seen as the rising inversion of the daytime 
planetary boundary layer in echosonde and radiosonde records and has been identi-
fied as the entrainment zone (Boers 1989; Gryning and Batchvarova 2006), where 
mixing with the environment occurs.

The ABL contains large eddies (vortex rolls) which carry on their envelopes 
turbulent eddies of surface frictional origin (Selvam and Fadnavis 1998; Selvam 
1990, 2005, 2007, 2009, 2011, 2012a, b, 2013). The buoyant energy production by 
microscale-fractional condensation (MFC) in turbulent eddies is responsible for the 
sustenance and growth of large eddies.

In summary, the buoyant energy production of turbulent eddies by the MFC pro-
cess is maximum at the crest of the large eddies and results in the warming of the 
large eddy volume. The turbulent eddies at the crest of the large eddies are identifi-
able by a microscale-capping inversion (MCI) layer which rises upwards with the 
convective growth of the large eddy in the course of the day. The MCI layer is a 
region of enhanced aerosol concentrations. The atmosphere contains a stack of large 
eddies. Vertical mixing of overlying environmental air into the large eddy volume 
occurs by turbulent eddy fluctuations (Selvam and Fadnavis 1998; Selvam 1990, 
2005, 2007, 2009, 2011, 2012a, b, 2013). The energy gained by the turbulent eddies 
would contribute to the sustenance and growth of the large eddy.

1.4  Large Eddy Growth in the ABL

Townsend (1956) has visualized the large eddy as the integrated mean of enclosed 
turbulent eddies. The root mean square (r.m.s) circulation speed W of the large eddy 
of radius R is expressed in terms of the enclosed turbulent eddy circulation speed w* 
and radius r as (Selvam and Fadnavis 1998; Selvam 1990, 2005, 2007, 2009, 2011, 
2012a, b, 2013).

 
(1.1)W r

R
w2 22

=
π * .
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Based on Townsend’s concept, the observed eddy continuum eddy growth in the 
ABL is visualized to occur in the following two stages:

1. Growth of primary dominant turbulent eddy circulation from successive equal 
fluctuation length step increment dz equal to one. Identifiable organized whole 
turbulent eddy circulation forms at length step z = 10 associated with fractional 
volume dilution by eddy mixing less than half so that its (eddy) identity is not 
erased.

2. Large eddies are then visualized to form as envelopes enclosing these dominant 
turbulent eddies starting from unit primary eddy as zero level. Spatial domain 
of large eddy is obtained by integration from initial radius r to large eddy radius 
R (Eq. 1.1). The growing large eddy traces logarithmic spiral circulation with 
quasiperiodic Penrose tiling pattern (Fig. 1.4) for the internal structure such that 
successive large eddy radii follow the Fibonacci number series and ratio of suc-
cessive radii Rn + 1/Rn is equal to the golden mean τ (≈ 1.618).

3. Further it is shown that the variance (square of amplitude) spectrum and ampli-
tude probability distribution of fractal fluctuations are represented by the same 
function, i.e., W and W2 have the same probability distribution. Such a result that 
the additive amplitude of eddies when squared represent the probability distribu-
tion of amplitudes is exhibited by microscopic scale quantum systems such as 
the electron or photon. Fractal fluctuations therefore exhibit quantum-like chaos.

4. At each level, the integrated mean of eddy circulation speed w* gives the 
mean circulation speed W for the next level. Therefore, W and w* represent, 

Fig. 1.4  Internal structure of 
large eddy circulations
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respectively, the mean and corresponding standard deviation of eddy circulation 
speed at that level and the ratio W/w* is the normalized standard deviation σ. The 
primary turbulent eddy with circulation speed w* and radius r is the reference 
level and normalized standard deviation σ values from 0 to 1 refer to the primary 
eddy growth region.

5. Primary eddy growth begins with unit length step perturbation followed by suc-
cessive 10 unit length growth steps (Selvam 1990, 2012a, b, 2013; see Sect. 1.5 
below).

1.5  Primary Dominant Eddy Growth Mechanism  
in the ABL

1.5.1  Steady-State Fractional Volume Dilution of Large 
Eddy by Turbulent Fluctuations

As seen from Figs. 1.2 and 1.3 and from the concept of large eddy growth, vigorous 
counter flow (mixing) in turbulent eddy fluctuations characterizes the large-eddy 
volume. The total fractional volume dilution rate of the large eddy by turbulent 
(eddy) vertical mixing of environmental air across unit cross-section of the large 
eddy surface is derived from Eq. (1.1) and is given as follows.

The ratio of the upward mass flux of air in the turbulent eddy to that in the large 
eddy across unit cross-section (of the large eddy) per second is equal to w∗/dW, 
where w∗ is the increase in vertical velocity per second of the turbulent eddy due to 
the MFC process, and dW is the corresponding increase in vertical velocity of large 
eddy. This fractional volume dilution of the large eddy occurs in the environment of 
the turbulent eddy. The fractional volume of the large eddy which is in the environ-
ment of the turbulent eddy where dilution occurs is equal to r/R.

Therefore, the total fractional volume dilution k of the large eddy per second 
across unit cross-section can be expressed as follows:

 
(1.2)

The value of k ≈ 0.4 when the length scale ratio R/r is equal to 10 since dW  ≈ 0.25 
w∗ (Eq. 1.1). The growing large eddy cannot exist as a recognizable entity for length 
scale ratio values less than 10.

Identifiable large eddies can grow only for scale ratios z > 10. The convective 
scale eddy of radius Rc evolves from the turbulent eddy of radius r for the size ratio 
( z). Rc/r = 10. This type of decadic scale range eddy mixing can be visualized to oc-
cur in successive decadic scale ranges generating the convective, meso-, synoptic, 
and planetary scale eddies of radii Rc, Rm, Rs, and Rp where c, m, s, and p represent, 
respectively, the convective, meso-, synoptic, and planetary scales.

k w
dW

r
R

= * .
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1.5.2  Logarithmic Wind Profile in the ABL

The height interval in which this incremental change dW in the vertical velocity oc-
curs is dR which is equal to r. The height up to which the large eddy has grown is 
equal to R (see Fig. 1.3).

Using the above expressions Eq. (1.2) can be written as follows:

 
(1.3)

Integrating Eq. (1.3) between the height intervals r and R, the following relation for 
W can be obtained as follows:

 

(1.4)

In Eq. (1.4), it is assumed that w∗ and r* are constant for the height interval of inte-
gration. The length scale ratio R/r is denoted by z. A normalized height with refer-
ence to the turbulence scale r can be defined as z = R/r.

Equation (1.4) is the well-known logarithmic velocity profiles in turbulent shear 
flows discussed originally by von Karman (1956) and Prandtl (1932) (for a recent 
review, see Marusic et al. 2010), and to the recently discovered logarithmic varia-
tion of turbulent fluctuations in pipe flow (Hultmark et al. 2012). Observations and 
the existing theory of eddy diffusion (Holton 2004) indicate that the vertical wind 
profile in the ABL follows the logarithmic law which is identical to the expression 
shown in Eq. (1.4). The constant k (Von Karman’s constant) as determined from 
observations is equal to 0.4 and has not been assigned any physical meaning in the 
literature. The new theory proposed in this study enables prediction of observed 
logarithmic wind profile without involving any assumptions as in the case of ex-
isting theories of atmospheric diffusion processes such as molecular momentum 
transfer (Holton 2004). Also, the constant k now has a physical meaning, namely, it 
is the fractional volume dilution rate of the large eddy by the turbulent scale eddies 
for dominant large eddy growth.

1.5.3  Fractional Upward Mass Flux of Surface Air

Vertical mixing due to turbulent eddy fluctuations progressively dilutes the rising 
large eddy and a fraction f equal to Wr/w* R of surface air reaches the normalized 
height z as shown in the following. The turbulent eddy fluctuations carry upward 
surface air of frictional origin. The ratio of upward mass flux of air/unit time/unit 
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cross-section in the large eddy to that in the turbulent eddy = W/w*. The magnitude 
of W is smaller than that of w* (Eq. 1.1). The ratio W/w* is equal to the upward mass 
flux of surface air/unit time/unit cross-section in the rising large eddy. The volume 
fraction of turbulent eddy across unit cross-section of large eddy envelope is equal 
to r/R. Turbulence scale upward mass flux of surface air equal to W/w* occurs in 
the fractional volume r/R of the large eddy. Therefore, the net upward mass flux f 
of surface air/unit time/unit cross-section in the large eddy environment is equal to

 
(1.5)

The large eddy circulation speed W and the corresponding temperature perturbation 
θ may be expressed in terms of f and z as follows:

 
(1.6)

In Eq. (1.6), θ* is the temperature perturbation corresponding to the primary turbu-
lent eddy circulation speed w*.

The corresponding moisture content q at height z is related to the moisture con-
tent q* at the surface and is given as follows:

 (1.7)

Substituting from Eqs. (1.1), (1.2), and (1.4), the net upward flux f of surface air at 
level z is now obtained from Eq. (1.5) as follows:

 
(1.8)

In Eq. (1.8), f represents the steady-state fractional volume of surface air at any level 
z. A fraction f of surface aerosol concentration N* is carried upward to normalized 
height z. The aerosol number concentration N at level z is then given as follows:

 (1.9)

Since atmospheric aerosols originate from surface, the vertical profile of mass and 
number concentration of aerosols follow the f distribution. The vertical mass ex-
change mechanism predicts the f distribution for the steady-state vertical transport 
of aerosols at higher levels. The vertical variation of atmospheric aerosol number 
concentration given by the f distribution is shown in Fig. 1.5. The vertical variation 
of large eddy circulation speed W, the corresponding temperature θ and the moisture 
content q are shown in Fig. 1.6.
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Fig. 1.6  Vertical variation of large eddy circulation speed W, temperature θ, and moisture content q

 

Fig. 1.5  f distribution for r* = 1. The above f distribution represents vertical distribution of (i) 
atmospheric aerosol concentration (ii) ratio of cloud liquid water content to adiabatic liquid water 
content
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1.6  Atmospheric Aerosol (Particulates) Size Spectrum

The atmospheric eddies hold in suspension the aerosols and thus the size spectrum 
of the atmospheric aerosols is dependent on the vertical velocity spectrum of the 
atmospheric eddies as shown below. Earlier Liu (1956) has studied the problem 
of the dispersion of material particles in a turbulent fluid and remarks that particle 
dispersion constitutes a direct and striking manifestation of the mechanism of fluid 
turbulence. Grabowskii and Wang (2013) discuss multiscale nature of turbulent 
cloud microphysical processes and its significant impact on warm rain initiation.

The aerosols are held in suspension by the eddy vertical velocity perturbations. 
Thus, the suspended aerosol mass concentration m at any level z will be directly re-
lated to the vertical velocity perturbation W at z, i.e., W ~ mg, where g is the acceler-
ation due to gravity. Substituting in Eq. (1.6) for W and w* in terms of aerosol mass 
concentrations m and m*, respectively, at normalized height z and at surface layer, 
the vertical variation of aerosol mass concentration flux is obtained as follows:

 (1.10)

1.6.1  Vertical Variation of Aerosol Mean Volume Radius

The mean volume radius of aerosol increases with height as shown in the following.
The velocity perturbation W  is represented by an eddy continuum of correspond-

ing size (length) scales z. The aerosol mass flux across unit cross-section per unit 
time is obtained by normalizing the velocity perturbation W with respect to the 
corresponding length scale z to give the volume flux of air equal to Wz and can be 
expressed as follows from Eq. (1.6):

 (1.11)

The corresponding normalized moisture flux perturbation is equal to qz, where q 
is the moisture content per unit volume at level z. Substituting for q from Eq. (1.7)

 (1.12)

The moisture flux increases with height resulting in increase of mean volume radius 
of cloud condensation nuclei (CCN) because of condensation of water vapor. The 
corresponding CCN (aerosol) mean volume radius ra at height z is given in terms 
of the aerosol number concentration N at level z and mean volume radius ras at the 
surface as follows from Eq. (1.12)

 
(1.13)
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Substituting for N from Eq. (1.9) in terms of N* and f

 
(1.14)

The mean aerosol size increases with height according to the cube root of z2 
(Eq. 1.14). Vertical variation of aerosol mean volume radius with height is shown in 
Fig. 1.7. As the large eddy grows in the vertical, the aerosol size spectrum extends 
towards larger sizes while the total number concentration decreases with height ac-
cording to the f distribution.

The atmospheric aerosol size spectrum is dependent on the eddy energy spectrum 
and may be expressed in terms of the recently identified universal characteristics of 
fractal fluctuations generic to atmospheric flows (Selvam and Fadnavis 1998; Sel-
vam 1990, 2005, 2007, 2009, 2011, 2012a, b, 2013) as shown in Sect. 1.6.2 below.

1.6.2  Probability Distribution of Fractal Fluctuations  
in Atmospheric Flows

The atmospheric eddies hold in suspension atmospheric particulates, namely, 
aerosols, cloud drops and raindrops and the size spectrum of these atmospheric 
suspended particulates is dependent on the vertical velocity spectrum of the atmo-
spheric eddies. Atmospheric air flow is turbulent, i.e., consists of irregular fluctua-
tions of all space–time scales characterized by a broadband spectrum of eddies. The 
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Fig. 1.7  Vertical variation of aerosol mean volume radius with height
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suspended particulates will also exhibit a broadband size spectrum closely related 
to the atmospheric eddy energy spectrum.

It is now established (Lovejoy and Schertzer 2010) that atmospheric flows ex-
hibit self-similar fractal fluctuations generic to dynamical systems in nature such 
as fluid flows, heart-beat patterns, population dynamics, spread of forest fires, etc. 
Power spectra of fractal fluctuations exhibit inverse power law of form − f−α, where 
α is a constant indicating long-range space–time correlations or persistence. Inverse 
power law for power spectrum indicates scale invariance, i.e., the eddy energies at 
two different scales (space–time) are related to each other by a scale factor (α in 
this case) alone independent of the intrinsic properties such as physical, chemical, 
electrical, etc., of the dynamical system.

A general systems theory for turbulent fluid flows predicts that the eddy energy 
spectrum, i.e., the variance (square of eddy amplitude) spectrum is the same as the 
probability distribution P of the eddy amplitudes, i.e., the vertical velocity W val-
ues. Such a result that the additive amplitudes of eddies, when squared, represent 
the probabilities is exhibited by the subatomic dynamics of quantum systems such 
as the electron or photon. Therefore, the unpredictable or irregular fractal space–
time fluctuations generic to dynamical systems in nature, such as atmospheric flows 
is a signature of quantum-like chaos. The general systems theory for turbulent fluid 
flows predicts (Selvam and Fadnavis 1998; Selvam 1990, 2005, 2007, 2009, 2011, 
2012a, b, 2013) that the atmospheric eddy energy spectrum represented by the prob-
ability distribution P follows inverse power law form incorporating the golden mean 
τ and the normalized deviation σ for values of σ ≥ 1 and σ ≤ − 1 as given below:

 (1.15)

The vertical velocity W spectrum will, therefore, be represented by the probability 
distribution P for values of σ≥ 1 and σ≤ − 1 given in Eq. (1.15) since fractal fluctua-
tions exhibit quantum-like chaos as explained above.

 (1.16)

Values of the normalized deviation σ in the range − 1 < σ < 1 refer to regions of pri-
mary eddy growth where the fractional volume dilution k (Eq. 1.2) by eddy mixing 
process has to be taken into account for determining the probability distribution P 
of fractal fluctuations (see Sect. 1.6.3 below).

1.6.3  Primary Eddy Growth Region Fractal Fluctuation 
Probability Distribution

Normalized deviation σ ranging from − 1 to  + 1 corresponds to the primary eddy 
growth region. In this region, the probability P is shown to be equal to P k= −τ 4  (see 
below) where k is the fractional volume dilution by eddy mixing (Eq. 1.2).

P = −τ σ4 .

W P= = −τ σ4 .
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The normalized deviation σ represents the length step growth number for growth 
stages more than one. The first stage of eddy growth is the primary eddy growth 
starting from unit length scale ( r = 1) perturbation, the complete eddy forming at the 
tenth length scale growth, i.e., R = 10 r and scale ratio z equals 10 (Selvam 1990, 
2012a, b, 2013). The steady-state fractional volume dilution k of the growing pri-
mary eddy by internal smaller scale eddy mixing is given by Eq. (1.2) as follows:

 
(1.17)

The expression for k in terms of the length scale ratio z equal to R/r is obtained from 
Eq. (1.1) as

 (1.18)

A fully formed large eddy length R = 10r ( z = 10) represents the average or mean 
level zero and corresponds to a maximum of 50 % cumulative probability of occur-
rence of either positive or negative fluctuation peak at normalized deviation σ value 
equal to 0 by convention. For intermediate eddy growth stages, i.e., z less than 10, 
the probability of occurrence of the primary eddy fluctuation does not follow con-
ventional statistics, but is computed as follows taking into consideration the frac-
tional volume dilution of the primary eddy by internal turbulent eddy fluctuations. 
Starting from unit length scale fluctuation, the large eddy formation is completed 
after 10 unit length step growths, i.e., a total of 11 length steps including the initial 
unit perturbation. At the second step ( z = 2) of eddy growth the value of normalized 
deviation σ is equal to 1.1–0.2 (= 0.9) since the complete primary eddy length plus 
the first length step is equal to 1.1. The probability of occurrence of the primary 
eddy perturbation at this σ value however, is determined by the fractional volume 
dilution k which quantifies the departure of the primary eddy from its undiluted 
average condition and therefore represents the normalized deviation σ. Therefore, 
the probability density P of fractal fluctuations of the primary eddy is given using 
the computed value of k as shown in the following equation:

 (1.19)

The vertical velocity W spectrum will, therefore, be represented by the probability 
density distribution P for values of − 1 ≤ σ ≤ 1 given in Eq. (1.19) since fractal fluc-
tuations exhibit quantum-like chaos as explained above (Eq. 1.16).

 (1.20)

The probabilities of occurrence ( P) of the primary eddy for a complete eddy cycle 
either in the positive or negative direction starting from the peak value (σ = 0) are 
given for progressive growth stages (σ values) in the following Table 1.1. The statis-
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tical normal probability density distribution corresponding to the normalized devia-
tion σ values are also given in Table 1.1.

The model predicted probability density distribution P along with the corre-
sponding statistical normal distribution with probability values plotted on linear 
and logarithmic scales, respectively, on the left- and right-hand sides are shown in 
Fig. 1.8. The model predicted probability distribution P for fractal space–time fluc-
tuations is very close to the statistical normal distribution for normalized deviation 
σ values less than 2 as seen on the left-hand side of Fig. 1.8. The model predicts 
progressively higher values of probability P for values of σ greater than 2 as seen 
on a logarithmic plot on the right-hand side of Fig. 1.8.

1.6.4  Atmospheric Wind Spectrum and Suspended Particulate 
Size Spectrum

The steady-state flux dN of CCN at level z in the normalized vertical velocity per-
turbation (dW) z is given as follows:

 (1.21)

The logarithmic wind profile relationship for W at Eq. (1.4) gives

 (1.22)

Substituting for k from Eq. (1.2)

 (1.23)

d dN N W z= ( ) .

d dN Nz w
k

z= * (ln ).

d d dN Nz w
w
Wz z NWz z= =*

*
(ln ) (ln ).2

Table 1.1  Primary eddy growth
Growth step number ±σ k Probability (%)

Model predicted Statistical normal
2 0.9000 0.8864 18.1555 18.4060
3 0.8000 0.7237 24.8304 21.1855
4 0.7000 0.6268 29.9254 24.1964
5 0.6000 0.5606 33.9904 27.4253
6 0.5000 0.5118 37.3412 30.8538
7 0.4000 0.4738 40.1720 34.4578
8 0.3000 0.4432 42.6093 38.2089
9 0.2000 0.4179 44.7397 42.0740
10 0.1000 0.3964 46.6250 46.0172
11 0 0.3780 48.3104 50.0000
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The length scale z is related to the suspended particulate radius ra (Eq. 1.14). There-
fore,

 
(1.24)

Defining a normalized radius ran equal to 
r
r
a

as , i.e., ran represents the suspended par-
ticulate mean volume radius ra in terms of its mean volume radius ras at the surface 
(or reference level). Therefore,

 
(1.25)

 (1.26)

Substituting for dlnz in Eq. (1.23)

 
(1.27)
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Fig. 1.8  Model predicted probability distribution P along with the corresponding statistical nor-
mal distribution with probability values plotted on linear and logarithmic scales, respectively, on 
the left-and right-hand side graphs
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(1.28)

Substituting for W from Eqs. (1.16) and (1.20) in terms of the universal probability 
density P for fractal fluctuations

 
(1.29)

The above equation is for the scale length z. The volume across unit cross-section 
associated with scale length z is equal to z. The particle radius corresponding to this 
volume is equal to z1/3.

The above Eq. (1.28) is for the scale length z and the corresponding radius equal 
to z1/3. The Eq. (1.28) normalized for scale length and associated drop radius is 
given as follows:

 
(1.30)

The general systems theory predicts that fractal fluctuations may be resolved into 
an overall logarithmic spiral trajectory with the quasiperiodic Penrose tiling pattern 
for the internal structure such that the successive eddy lengths follow the Fibonacci 
mathematical number series (Selvam and Fadnavis 1998; Selvam 1990, 2005, 2007, 
2009, 2011, 2012a, b, 2013). The eddy length scale ratio z for length step σ is, there-
fore, a function of the golden mean τ given as follows:

 (1.31)

Expressing the scale length z in terms of the golden mean τ in Eq. (1.29)

 
(1.32)

In Eq. (1.32), N is the steady-state aerosol concentration at level z. The normalized 
aerosol concentration any level z is given as follows:

 
(1.33)

The fractal fluctuations probability density is P = −τ σ4 (Eq. 1.16) for values of the 
normalized deviation σ ≥ 1 and σ ≤ − 1 on either side of σ = 0 as explained earlier 
(Sects. 1.6.2 and 1.6.3). Values of the normalized deviation − 1 ≤ σ ≤ 1 refer to re-
gions of primary eddy growth where the fractional volume dilution k (Eq. 1.2) by 
eddy mixing process has to be taken into account for determining the probability 
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density P of fractal fluctuations. Therefore, the probability density P in the primary 
eddy growth region (σ ≥ 1 and σ ≤ − 1) is given using the computed value of k as 
P k= −τ 4  (Eq. 1.20).

The normalized radius ran is given in terms of σ and the golden mean τ from 
Eqs. (1.25) and (1.31) as follows:

 
(1.34)

The normalized aerosol size spectrum is obtained by plotting a graph of normalized 

aerosol concentration 1 3
2

2
3

N
dN

d r
P

(ln )an
= τ

σ

(Eq. 1.33) versus the normalized aero-

sol radius ran =τ
σ2 3/  (Eq. 1.34). The normalized aerosol size spectrum is derived di-

rectly from the universal probability density P distribution characteristics of fractal 
fluctuations (Eqs. 1.16 and 1.20) and is independent of the height z of measurement 
and is universal for aerosols in turbulent atmospheric flows. The aerosol size spec-
trum is computed starting from the minimum size, the corresponding probability 
density P (Eq. 1.33) refers to the cumulative probability density starting from 1 and 
is computed as equal to P = − −1 4τ σ .

The universal normalized aerosol size spectrum represented by 1
N

N
lnr
d

d( an )
 ver-

sus ran is shown in Fig. 1.9.

1.6.5  Large Eddy Growth Time

The time Γ taken for the steady-state aerosol concentration f to be established at 
the normalized height z is equal to the time taken for the large eddy to grow to the 
height z and is computed as follows.

The time required for the large eddy of radius R to grow from the primary turbu-
lence scale radius r* is computed as follows.

The scale ratio z R
r

=
*

.

Therefore, for constant turbulence radius r*

The incremental growth dR of large eddy radius is equal to

The time period dt for the incremental cloud growth is expressed as follows:
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 (1.35)

The large eddy circulation speed W is expressed in terms of f and z as (Eq. 1.6)

Substituting for f from Eq. (1.8)

Substituting for W in Eq. (1.35), the incremental eddy growth time dt is given as 
follows:

The time Γ taken for large eddy growth from surface to normalized height z is ob-
tained as follows:

 
(1.36)
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Fig. 1.9  Model predicted aerosol size spectrum
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The above equation can be written in terms of √z as follows:

Therefore, substituting in Eq. (1.36)

 
(1.37)

In the above equation, z1 and z2 refer, respectively, to the lower and upper limits 
of integration and li is Soldner’s integral or the logarithm integral. The large eddy 
growth time Γ can be computed from Eq. (1.37).

1.7  General Systems Theory and Classical Statistical 
Physics

A summary of Lebowitz’s (Lebowitz 1999) discussion on the essential role of clas-
sical statistical mechanical concepts underlying the formulation of precise physical 
laws for observed macroscale phenomena in nature is given below. Nature has a 
hierarchical structure, with time, length, and energy scales ranging from the submi-
croscopic to the supergalactic. Surprisingly it is possible and in many cases essen-
tial to discuss these levels independently—quarks are irrelevant for understanding 
protein folding and atoms are a distraction when studying ocean currents. Neverthe-
less, it is a central lesson of science, very successful in the past 300 years, that there 
are no new fundamental laws, only new phenomena, as one goes up the hierarchy. 
Thus, arrows of explanations between different levels always point from smaller to 
larger scales, although the origin of higher level phenomena in the more fundamen-
tal lower level laws is often very far from transparent. SM provides a framework for 
describing how well-defined higher level patterns or behavior may result from the 
nondirected activity of a multitude of interacting lower level individual entities. The 
subject was developed for, and has had its greatest success so far in, relating meso-
scopic and macroscopic thermal phenomena to the microscopic world of atoms and 
molecules. SM explains how macroscopic phenomena originate in the cooperative 
behavior of these microscopic particles (Lebowitz 1999).
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The general systems theory visualizes the self-similar fractal fluctuations to re-
sult from a hierarchy of eddies, the larger scale being the space–time average of 
enclosed smaller scale eddies (Eq. 1.1) assuming constant values for the character-
istic length scale r and circulation speed w* throughout the large eddy space–time 
domain. The collective behavior of the ordered hierarchical eddy ensembles is man-
ifested as the apparently irregular fractal fluctuations with long-range space–time 
correlations generic to dynamical systems. The concept that aggregate averaged 
eddy ensemble properties represent the eddy continuum belongs to the nineteenth-
century classical statistical physics where the study of the properties of a system is 
reduced to a determination of average values of the physical quantities that charac-
terize the state of the system as a whole (Yavorsky and Detlaf 1975) such as gases, 
e.g., the gaseous envelope of the earth, the atmosphere.

In classical statistical physics kinetic theory of ideal gases is a study of systems 
consisting of a great number of molecules, which are considered as bodies having 
a small size and mass (Kikoin and Kikoin 1978). Classical statistical methods of 
investigation (Yavorsky and Detlaf 1975; Kikoin and Kikoin 1978; Dennery 1972; 
Rosser 1985; Guenault 1988; Gupta 1990; Dorlas 1999; Chandrasekhar 2000)are 
employed to estimate average values of quantities characterizing aggregate mo-
lecular motion such as mean velocity, mean energy, etc., which determine the mac-
roscale characteristics of gases. The mean properties of ideal gases are calculated 
with the following assumptions: (1) the intramolecular forces are completely absent 
instead of being small; (2) the dimensions of molecules are ignored, and considered 
as material points; (3) the above assumptions imply the molecules are completely 
free, move rectilinearly and uniformly as if no forces act on them; and (4) the cease-
less chaotic movements of individual molecules obey Newton’s laws of motion.

The Austrian physicist Ludwig Boltzmann suggested that knowing the prob-
abilities for the particles to be in any of their various possible configurations would 
enable to work out the overall properties of the system. Going one step further, 
he also made a bold and insightful guess about these probabilities—that any of 
the many conceivable configurations for the particles would be equally probable. 
Boltzmann’s idea works, and has enabled physicists to make mathematical models 
of thousands of real materials, from simple crystals to superconductors. It reflects 
the fact that many quantities in nature—such as the velocities of molecules in a 
gas—follow “normal” statistics. That is, they are closely grouped around the aver-
age value, with a “bell curve” distribution. Boltzmann’s guess about equal prob-
abilities only works for systems that have settled down to equilibrium, enjoying, for 
example, the same temperature throughout. The theory fails in any system where 
destabilizing external sources of energy are at work, such as the haphazard motion 
of turbulent fluids or the fluctuating energies of cosmic rays. These systems do not 
follow normal statistics, but another pattern instead (Buchanan 2005).

Cohen (2005) discusses Boltzmann’s equation as follows. In 1872 when 
Boltzmann derived in his paper: Further studies on thermal equilibrium between 
gas molecules (Boltzmann 1872) what we now call the Boltzmann equation, he 
used, following Clausius and Maxwell, the assumption of “molecular chaos”, and 
he does not seem to have realized the statistical, i.e., probabilistic nature of this as-
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sumption, i.e., of the assumption of the independence of the velocities of two mole-
cules which are going to collide. He used both a dynamical and a statistical method. 
However, Einstein strongly disagreed with Boltzmann’s statistical method, arguing 
that a statistical description of a system should be based on the dynamics of the sys-
tem. This opened the way, especially for complex systems, for other than Boltzmann 
statistics. It seems that perhaps a combination of dynamics and statistics is neces-
sary to describe systems with complicated dynamics (Cohen 2005). Sornette (2009) 
discusses the ubiquity of observed power law distributions in complex systems as 
follows. The extension of Boltzmann’s distribution to out-of-equilibrium systems 
is the subject of intense scrutiny. In the quest to characterize complex systems, two 
distributions have played a leading role: the normal (or Gaussian) distribution and 
the power law distribution. Power laws obey the symmetry of scale invariance. 
Power law distributions and more generally regularly varying distributions remain 
robust functional forms under a large number of operations, such as linear combina-
tions, products, minima, maxima, order statistics, powers, which may also explain 
their ubiquity and attractiveness. Research on the origins of power law relations, 
and efforts to observe and validate them in the real world, is extremely active in 
many fields of modern science, including physics, geophysics, biology, medical 
sciences, computer science, linguistics, sociology, economics and more. Power law 
distributions incarnate the notion that extreme events are not exceptional. Instead, 
extreme events should be considered as rather frequent and part of the same organi-
zation as the other events (Sornette 2009).

In the following, it is shown that the general systems theory concepts are equiv-
alent to Boltzmann’s postulates and the Boltzmann distribution with the inverse 
power law expressed as a function of the golden mean is the universal probability 
distribution function for the observed fractal fluctuations which corresponds closely 
to statistical normal distribution for moderate amplitude fluctuations and exhibit a 
fat long tail for hazardous extreme events in dynamical systems.

For any system large or small in thermal equilibrium at temperature T, the prob-

ability P of being in a particular state at energy E is proportional to e
E
T

−
KB , where 

KB is Boltzmann’s constant. This is called the Boltzmann distribution for molecular 
energies and may be written as follows:

 
(1.38)

The basic assumption that the space–time average of a uniform distribution of pri-
mary small scale eddies results in the formation of large eddies is analogous to 
Boltzmann’s concept of equal probabilities for the microscopic components of the 
system (Buchanan 2005). The physical concepts of the general systems theory en-
able to derive Boltzmann distribution (Eq. 1.38) as shown in the following.

The r.m.s circulation speed W of the large eddy follows a logarithmic relation-
ship with respect to the length scale ratio z equal to R/r (Eq. 1.4) as given as follows:
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In the above equation, the variable k represents for each step of eddy growth, the 
fractional volume dilution of large eddy by turbulent eddy fluctuations carried on 
the large eddy envelope (Selvam 1990) and is given as (Eq. 1.17)

Substituting for k in Eq. (1.4), we have

 

(1.39)

The ratio r/R represents the fractional probability P of occurrence of small-scale 
fluctuations ( r) in the large eddy ( R) environment. Since the scale ratio z is equal to 
R/r, Eq. (1.39) may be written in terms of the probability P as follows:

 

(1.40)

1.7.1  General Systems Theory and Maximum Entropy Principle

The maximum entropy principle concept of classical statistical physics is applied to 
determine the fidelity of the inverse power law probability distribution P (Eqs. 1.16 
and 1.20) for exact quantification of the observed space–time fractal fluctuations 
of dynamical systems ranging from the microscopic dynamics of quantum systems 
to macroscale real-world systems. Kaniadakis (2009) states that the correctness of 
an analytic expression for a given power-law tailed distribution used to describe a 
statistical system is strongly related to the validity of the generating mechanism. In 
this sense the maximum entropy principle, the cornerstone of statistical physics, is a 
valid and powerful tool to explore new roots in searching for generalized statistical 
theories (Kaniadakis 2009). The concept of entropy is fundamental in the founda-
tion of statistical physics. It first appeared in thermodynamics through the second 
law of thermodynamics. In SM, we are interested in the disorder in the distribution 
of the system over the permissible microstates. The measure of disorder first pro-
vided by Boltzmann principle (known as Boltzmann entropy) is given by S = KB ln 
M, where KB is the thermodynamic unit of measurement of entropy and is known as 
Boltzmann constant. KB = 1.33×10−16 erg/°C, called thermodynamic probability or 
statistical weight, is the total number of microscopic complexions compatible with 
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the macroscopic state of the system and corresponds to the “degree of disorder” or 
“missing information” (Chakrabarti and De 2000). For a probability distribution 
among a discrete set of states the generalized entropy for a system out of equilib-
rium is given as (Chakrabarti and De 2000; Salingaros and West 1999; Beck 2009; 
Sethna 2009).

 

(1.41)

In Eq. (1.41), Pj is the probability for the j th stage of eddy growth in this study, σ is 
the length step growth which is equal to the normalized deviation and the entropy S 
represents the “missing information” regarding the probabilities. Maximum entropy 
S signifies minimum preferred states associated with scale-free probabilities.

The validity of the probability distribution P (Eqs. 1.16 and 1.20) is now checked 
by applying the concept of maximum entropy principle (Kaniadakis 2009). Substi-
tuting for log Pj (Eq. 1.40) and for the probability Pj in terms of the golden mean τ 
derived earlier (Eqs. 1.16 and 1.20) the entropy S is expressed as follows:

 

(1.42)

In Eq. (1.42), S is equal to the square of the cumulative probability density distri-
bution and it increases with increase in σ, i.e., the progressive growth of the eddy 
continuum and approaches 1 for large σ. According to the second law of thermody-
namics, increase in entropy signifies approach of dynamic equilibrium conditions 
with scale-free characteristic of fractal fluctuations and hence the probability distri-
bution P (Eqs. 1.16 and 1.20) is the correct analytic expression quantifying the eddy 
growth processes visualized in the general systems theory.

Paltridge (2009) states that the principle of maximum entropy production (MEP) 
is the subject of considerable academic study, but is yet to become remarkable for 
its practical applications. The ability of a system to dissipate energy and to produce 
entropy “ought to be” some increasing function of the system’s structural com-
plexity. It would be nice if there were some general rule to the effect that, in any 
given complex system, the steady state which produces entropy at the maximum 
rate would at the same time be the steady state of maximum order and minimum 
entropy (Paltridge 2009).

Computer simulations by Damasceno, Engel, and Glotzer (2012) show that the 
property entropy, a tendency generally described as ‟disorder” can nudge particles to 
form organized structures. By analyzing the shapes of the particles beforehand, they 
can even predict what kinds of structures will form (University of Michigan 2012).
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Earlier studies on the application of the concept of maximum entropy in atmo-
spheric physics are given below. A systems theory approach based on maximum 
entropy principle has been applied in cloud physics to obtain useful information on 
droplet size distributions without regard to the details of individual droplets (Liu 
et al. 1995; Liu 1995; Liu and Hallett 1997, 1998; Liu and Daum 2001; Liu et al. 
2002, 2002). Liu et al. (2002) conclude that a combination of the systems idea 
with multiscale approaches seems to be a promising avenue. Checa and Tapiador 
(2011)have presented a maximum entropy approach to rain drop size distribution 
(RDSD) modeling. Liu et al. (2011) have given a review of the concept of entropy 
and its relevant principles, on the organization of atmospheric systems and the prin-
ciple of the second law of thermodynamics, as well as their applications to atmo-
spheric sciences. The maximum entropy production principle (MEPP), at least as 
used in climate science, was first hypothesized by Paltridge (1978).

In the following it is shown that the eddy continuum energy distribution P 
(Eqs. 1.16 and 1.20) is the same as the Boltzmann distribution for molecular ener-
gies. From Eq. (1.40)

 

(1.43)

The ratio r/R represents the fractional probability P (Eqs. 1.16 and 1.20) of occur-
rence of small-scale fluctuations ( r) in the large eddy ( R) environment. Consider-
ing two large eddies of radii R1 and R2 ( R2 greater than R1) and corresponding r.m.s 
circulation speeds W1 and W2 which grow from the same primary small-scale eddy 
of radius r and r.m.s circulation speed w* we have from Eq. (1.1)

From Eq. (1.43)

 
(1.44)

The square of r.m.s circulation speed W2 represents eddy kinetic energy. Following 
classical physical concepts (Kikoin and Kikoin 1978), the primary (small-scale) 
eddy energy may be written in terms of the eddy environment temperature T and 
Boltzmann’s constant KB as
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Representing the larger scale eddy energy as E

 
(1.46)

The length scale ratio R1/R2 therefore represents fractional probability P (Eqs. 1.16 
and 1.20) of occurrence of large eddy energy E in the environment of the primary 
small-scale eddy energy KBT (Eq. 1.45). The expression for P is obtained from 
Eq. (1.44) as follows:

 
(1.47)

The above is the same as Boltzmann’s equation (Eq. 1.40).
The derivation of Boltzmann’s equation from general systems theory concepts 

visualizes the eddy energy distribution as follows: (1) the primary small-scale eddy 
represents the molecules whose eddy kinetic energy is equal to KBT as in classi-
cal physics. (2) The energy pumping from the primary small-scale eddy generates 
growth of progressive larger eddies (Selvam 1990). The r.m.s circulation speeds W 
of larger eddies are smaller than that of the primary small-scale eddy (Eq. 1.1). (3) 
The space–time fractal fluctuations of molecules (atoms) in an ideal gas may be 
visualized to result from an eddy continuum with the eddy energy E per unit volume 
relative to primary molecular kinetic energy (KBT) decreasing progressively with 
increase in eddy size.

The eddy energy probability distribution ( P) of fractal space–time fluctua-
tions also represents the Boltzmann distribution for each stage of hierarchical eddy 
growth and is given by Eqs. (1.16) and (1.20) derived earlier, namely

The general systems theory concepts are applicable to all space–time scales ranging 
from microscopic scale quantum systems to macroscale real-world systems such as 
atmospheric flows.
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Chapter 2
Cumulus Cloud Model

© The Author(s) 2015 
A. M. Selvam, Rain Formation in Warm Clouds, SpringerBriefs in Meteorology, 
DOI 10.1007/978-3-319-13269-3_2

Abstract A cumulus cloud model that can explain the observed characteristics of 
warm rain formation in monsoon clouds is presented. The model is based on clas-
sical statistical physical concepts and satisfies the principle of maximum entropy 
production. Atmospheric flows exhibit self-similar fractal fluctuations that are ubiq-
uitous to all dynamical systems in nature and are characterized by inverse power-
law form for power (eddy energy) spectrum signifying long-range space–time 
correlations. A general systems theory model for atmospheric flows is based on 
the concept that the large eddy energy is the integrated mean of enclosed turbulent 
(small-scale) eddies. This model gives scale-free universal governing equations for 
cloud-growth processes. The model-predicted cloud parameters are in agreement 
with reported observations, in particular, the cloud drop-size distribution. Rain for-
mation can occur in warm clouds within a 30-min lifetime under favourable condi-
tions of moisture supply in the environment.

Keywords General systems theory · Nonlinear dynamics and chaos · Fractals · 
Long-range space–time correlations · Inverse power-law eddy energy spectrum · 
Maximum entropy production principle

2.1  Introduction

The knowledge of the cloud dynamical, microphysical and electrical parameters 
and their interactions are essential for the understanding of the formation of rain 
in warm clouds and their modification. Extensive aircraft observations of cloud 
dynamical, microphysical and electrical parameters have been made in more than 
2000 isolated warm cumulus clouds formed during the summer monsoon seasons 
(June–September) in Pune (18°32′N, 73°51′E, 559 m a.s.l), India (Selvam et al. 
1980, 1982a, 1982b, 1982c, 1982d, 1983, 1984a, 1984b, 1984c; Murty et al. 1985; 
Selvam et al. 1991a, 1991b). The observations were made during aircraft travers-
es at about 300 m above the cloud base. These observations have provided new 
evidence relating to the dynamics of monsoon clouds. A brief summary of the im-
portant results is given as follows: (i) Horizontal structure of the air flow inside 
the cloud has consistent variations with successive positive and negative values of 
vertical  velocity representative of ascending and descending air currents inside the 
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cloud. (ii) Regions of ascending currents are associated with higher liquid water 
content (LWC), and negative cloud drop charges and the regions of descending cur-
rent are associated with lower LWC and positive cloud drop charges. (iii) Width of 
the ascending and descending currents is about 100 m. The ascending and descend-
ing currents are hypothesized to be due to cloud-top-gravity oscillations (Selvam 
et al. 1982a, 1982b; 1983). The cloud-top-gravity oscillations are generated by the 
intensification of turbulent eddies due to the buoyant production of energy by the 
microscale fractional condensation (MFC) in turbulent eddies. (iv) Measured LWC 
( q) at the cloud-base levels is smaller than the adiabatic value ( qa) with q/qa = 0.6. 
The LWC increases with height from the base of the cloud and decreases towards 
the cloud-top regions. (v) Cloud electrical activity is found to increase with the 
cloud LWC. (vi) Cloud-drop spectra are unimodal near the cloud base and multi-
modal at higher levels. The variations in mean volume diameter (MVD) are similar 
to those in the LWC. (vii) In-cloud temperatures are colder than the environment. 
(viii) The lapse rates of the temperatures inside the cloud are less than the imme-
diate environment. Environmental lapse rates are equal to the saturated adiabatic 
value. (ix) Increments in the LWC are associated with increments in the temperature 
inside the cloud. The increments in temperature are associated with the increments 
in temperature of the immediate environment at the same level or the level imme-
diately above. (x) Variances of in-cloud temperature and humidity are higher in the 
regions where the values of LWC are higher (Selvam et al. 1982a, 1982b, 1982c, 
1982d). The variances of temperature and humidity are larger in the clear-air envi-
ronment than in the cloud air (Selvam et al. 1982a, 1982b, 1982c, 1982d).

The dynamical and physical characteristics of monsoon clouds described above 
cannot be explained by simple entraining cloud models. A simple cumulus cloud 
model, which can explain the observed cloud characteristics, has been developed 
(Selvam et al. 1983). The relevant physical concept and theory relating to the dy-
namics of atmospheric planetary boundary layer (PBL), formation of warm cumulus 
clouds and their modification through hygroscopic particle seeding are presented in 
the following sections.

The mechanism of large eddy growth, discussed in Sect. 2.4, in the atmospheric 
ABL can be applied to the formulation of the governing equations for cumulus 
cloud growth. Based on the above theory, equations are derived for the in-cloud 
vertical profiles of (i) ratio of actual cloud LWC ( q) to the adiabatic LWC ( qa), (ii) 
vertical velocity, (iii) temperature excess, (iv) temperature lapse rate, (v) total LWC 
( qt), (vi) cloud growth time, (vii) cloud drop-size spectrum, and (viii) raindrop size 
spectrum. The equations are derived starting from the MFC process at cloud-base 
levels. This provides the basic energy input for the total cloud growth.

2.1.1  Vertical Profile of q/qa

The observations of cloud LWC, q, indicate that the ratio q/qa is less than 1 due 
to dilution by vertical mixing. The fractional volume dilution rate f  in the cloud 
updraft can be computed (Selvam et al. 1983; Selvam et al. 1984a; Selvam et al. 
1984b, Selvam 1990, 2007) from Eq. (8) (see Sect. 1.5.3) given by
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In the above equation, f represents the fraction of the air mass of the surface origin 
which reaches the height z after dilution by vertical mixing caused by the turbulent 
eddy fluctuations.

Considering that the cloud-base level is 1000 m, the value of R = 1000 m and the 
value of turbulence length scale r below cloud base is equal to 100 m so that the nor-
malized length scale z = R/r = 1000 m/100 m = 10, and the corresponding fractional 
volume dilution f = 0.6.

The value of q/qa at the cloud-base level is also found to be about 0.6 by several 
observers (Warner 1970).

The fractional volume dilution f  will also represent the ratio q/qa inside the 
cloud. The observed (Warner 1970) q/qa profile inside the cloud is seen (closely) to 
follow the profile obtained by the model for dominant eddy radius r = 1 m (Fig. 1.4). 
It is, therefore, inferred that, inside the cloud, the dominant turbulent eddy radius 
is 1 m, while below the cloud base, the dominant turbulent eddy radius is 100 m.

2.1.2  In-Cloud Vertical Velocity Profile

The logarithmic wind-profile relationship (Eq. 1.4) derived for the PBL in Sect. 1.5.2 
holds good for conditions inside a cloud because the same basic physical process, 
namely MFC, operates in both the cases. The value of vertical velocity inside the 
cloud will, however, be much higher than in cloud-free air.

From Eq. (1.6), the in-cloud vertical velocity profile can be expressed as

where W is the vertical velocity at height z, w∗  is the production of vertical veloc-
ity per second by the MFC at the reference level, i.e. cloud-base level, and f  is the 
fractional upward mass flux of air at level z originating from the cloud-base level.

The f profile is shown in Fig. 1.4. The vertical velocity profile will follow the  fz 
profile assuming w∗ is the constant at the cloud-base level during the cloud-growth 
period.

2.1.3  In-Cloud Excess Temperature Perturbation Profile

The relationship between temperature perturbation θ and the corresponding vertical 
velocity perturbation is given as follows:

f
z

z=
2
π
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W w fz= * ,

W g
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θ
θ

0
,
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where g  is the acceleration due to gravity and θ0 is the  reference-level potential 
temperature at the cloud-base level.

By substituting for W and taking θ∗ as the production of temperature perturbation 
at the cloud-base level by MFC, we arrive at the following expression since there is 
a linear relationship between the vertical velocity perturbation W and temperature 
perturbation θ (from Eqs. 1.4 and 1.6):

 
(2.1)

Thus, the in-cloud vertical velocity and temperature perturbation follow the fz dis-
tribution (Fig. 1.5).

2.1.4  In-Cloud Temperature Lapse Rate Profile

The saturated adiabatic lapse rate Γsat is expressed as

where Γ is the dry adiabatic lapse rate, Cp is the specific heat of air at constant pres-
sure, and dχ/dz  is the liquid water condensed during parcel ascent along a saturated 
adiabat Γsat in a height interval dz.

In the case of cloud growth with vertical mixing, the in-cloud lapse rate Γs can 
be written as

where dq, which is less than dχ, is the liquid water condensed during a parcel ascent 
dz and q is less than the adiabatic LWC qa. From Eq. (2.1),

 (2.2)

where dθ is the temperature perturbation θ during parcel ascent dz. By concept, dz 
is the dominant turbulent eddy radius r (Fig. 1.2).

2.1.5  Total Cloud LWC Profile

The total cloud LWC qt at any level is directly proportional to θ as given by the fol-
lowing expression:
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 (2.3)

where q∗ is the production of LWC at the cloud-base level and is equal to Cpθ∗/L. 
The total cloud LWC qt profile follows the fz distribution (Fig. 1.5).

2.1.5.1  Cloud-Growth Time

The large eddy-growth time (Eq. 1.36) can be used to compute cloud-growth time 
Tc:

 (2.4)

where li is the Soldner’s integral or the logarithm integral. The cloud growth time Tc 
using Eq. (2.4) is shown in Fig. 2.1.

2.2  Cloud Model Predictions and Comparison 
with Observations

Numerical computations of cloud parameters were performed for two different 
cloud-base cloud condensation nuclei (CCN) mean volume radii, namely 2.2 and 
2.5 µm, and computed values are compared with the observations. The results are 
discussed below.
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Fig. 2.1  Cloud (large eddy) growth time

 



38 2 Cumulus Cloud Model

2.2.1  Vertical Velocity Profile in the Atmospheric 
Boundary Layer

The MFC-generated values of vertical velocity have been calculated for different 
heights above the surface for clear air conditions and above the cloud base for in-
cloud conditions for a representative tropical environment with favourable moisture 
supply. A representative cloud-base height is considered to be 1000 m above sea 
level (a.s.l), and the corresponding meteorological parameters are surface pressure 
1000 mb, surface temperature 30 °C, relative humidity at the surface 80 % and tur-
bulent length scale 1 cm. The values of the latent heat of vaporisation LV and the 
specific heat of air at constant pressure Cpare 600 and 0.24 cal gm−1, respectively. 
The ratio values of mw/m0, where m0 is the mass of the hygroscopic nuclei per unit 
volume of air and mw is the mass of water condensed on m0, at various relative 
humidities as given by Winkler and Junge (1971, 1972) have been adopted and the 
value of mw/m0 is equal to about 3 for relative humidity of 80 %. For a representa-
tive value of m0 equal to 100 µg m−3, the temperature perturbation θ′ is equal to 
0.00065 °C, and the corresponding vertical velocity perturbation (turbulent) w* is 
computed and is equal to 21.1 × 10−4 cm s−1 from the following relationship between 
the corresponding virtual potential temperature θv, and the acceleration due to grav-
ity g, which is equal to 980.6 cm s−2:

Heat generated by the condensation of water equal to 300 μg on 100 μg of  hygroscopic 
nuclei per metre cube, say in 1 s, generates vertical velocity perturbation w* (cm s−2) 
equal to 21.1 × 10−4 cm s−2 at surface levels. Since the time duration for water vapour 
condensation by deliquescence is not known, in the following it is shown that a value 
of w* equal to 30 × 10−7 cm s−2, i.e. about three orders of magnitude less than that 
shown in the above example is sufficient to generate clouds as observed in practice.

From the logarithmic wind-profile relationship (Eq. 1.4) and the steady state 
fractional upward mass flux f of surface air at any height z (Eq. 1.8), the correspond-
ing vertical velocity perturbation W can be expressed in terms of the primary verti-
cal velocity perturbation w* as (Eq. 1.6):

W may be expressed in terms of the scale ratio z as follows:
From Eq. (1.8),

Therefore,
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The values of large eddy vertical velocity perturbation W produced by the process 
of MFC at normalized height z computed from Eq. 1.6 are given in Table 2.1. The 
turbulence length scale r* is equal to 1 cm, and the related vertical velocity perturba-
tion w* is equal to 30 × 10−7 cm/s for the height interval 1 cm to 1000 m (cloud-base 
level) for the computations shown in Table 2.1. Progressive growth of successively 
larger eddies generates a continuous spectrum of semipermanent eddies anchored to 
the surface and with increasing circulation speed W.

The above values of vertical velocity, although small in magnitude, are present 
for long enough time period in the lower levels and contribute to the formation and 
development of clouds as explained in the next section.

2.2.2  Large Eddy-Growth Time

The time T required for the large eddy of radius R to grow from the primary turbu-
lence scale radius r* is computed from Eq. (1.36) as follows:

In the above equation, z1 and z2 refer, respectively, to the lower and upper limits of 
integration and li is the Soldner’s integral or the logarithm integral. The large eddy-
growth time T can be computed from Eq. (1.36) as follows.

As explained earlier, a continuous spectrum of eddies with progressively increas-
ing speed (Table 2.1) anchored to the surface grows by MFC originating in turbulent 
fluctuations at the planetary surface. The eddy of radius 1000 m has a circulation 
speed equal to 0.01 cm/s (Table 2.1). The time T seconds taken for the evolution of 
the 1000-m (105 cm) eddy from 1 cm height at the surface can be computed from 
the above equation by substituting for z1 = 1 cm and z2 = 105 cm such that x1 = 1 and 
x2 ≈ 317.
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Table 2.1  Vertical profile of eddy vertical velocity perturbation W
Height above surface R Length scale ratio z = R/r* Vertical velocity W = w*fz cm s−1

1 cm 1 ( r* = 1 cm) 30 × 10−7(= w*)
100 cm 100 1.10 × 10−4

100 m 100 × 100 2.20 × 10−3

1 km 1000 × 100 8.71 × 10−3 ≈ 0.01
10 km 10000 × 100 3.31 × 10−2
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The value of li z( )∫1
317

is equal to 71.3.

Hence, T ≈ 8938, s ≈ 2 h 30 min.
Thus, starting from the surface level cloud growth begins after 2 h 30 min. This 

is consistent with the observations that under favourable synoptic conditions solar 
surface heating during the afternoon hours gives rise to cloud formation.

The dominant turbulent eddy radius at 1000 m in the sub-cloud layer is 100 m 
starting from the 1-cm-radius dominant turbulent eddy at surface and the formation 
of successively larger dominant eddies at decadic length scale intervals as explained 
in Sect. 1.5.1. Also, it has been shown in Sect. 2.1.1 that the radius of the dominant 
turbulent eddy ( r*) inside the cloud is 1 m. These features suggest that the scale 
ratio is 100 times larger inside the cloud than below the cloud. The 1000-m (1 km) 
eddy at cloud-base level forms the internal circulation for the next stage of eddy 
growth, namely 10 km eddy radius with circulation speed equal to 0.03 cm/s. Cloud 
growth begins at 1 km above the surface and inside this 10-km eddy, with dominant 
turbulent eddy radius 1 m as shown above. The circulation speed of this 1-m-radius 
eddy inside cloud is equal to 3 m/s as shown in the following. Since the eddy con-
tinuum ranging from 1 cm to 10 km radius grows from the surface starting from the 
same primary eddy of radius r* and the perturbation speed w* (cm/s), the circulation 
speeds of any two eddies of radii R1, R2 with corresponding circulation speeds W1 
and W2 are related to each other as follows from Eq. (1.1):

As mentioned earlier, cloud growth with dominant turbulent eddy radius 1 m begins 
at 1 km above surface and forms the internal circulation to the 10-km eddy. The 
circulation speed of the in-cloud dominant turbulent eddy is computed as equal to 
3 m/s from the above equation where the subscripts 1 and 2 refer, respectively, to 
the outer 10-km eddy and the internal 1-m eddy.

The value of vertical velocity perturbation W at cloud base is then equal to 100 
times the vertical velocity perturbation just below the cloud base. Vertical velocity 
perturbation just below the cloud base is equal to 0.03 cm/s from Table 2.1. There-
fore, the vertical velocity perturbation at cloud base is equal to 0.03 × 100 cm/s, i.e. 
3 cm/s and is consistent with airborne observations over the Indian region during 
the monsoon season (Selvam et al. 1976; Pandithurai et al. 2011).
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Cloud-base vertical velocity equal to 1 cm/s has been used for the model com-
putations in the following. The in-cloud updraft speed and cloud particle terminal 
velocities are given in Fig. 2.2 for the two input cloud-base CCN size spectra with 
mean volume radius (mvr) equal to (i) 2.2 μm and (ii) 2.5 μm. The in-cloud updraft 
speed W is the same for both CCN spectra since W w fz= * (Eq. 1.6) and depends 
only on the persistent cloud-base primary perturbation speed w* originating from 
MFC by deliquescence on hygroscopic nuclei at surface levels in humid environ-
ment (see Sect. 1.3). Cloud LWC increases with height (Fig. 2.3) associated with 
the increase in cloud particle mean volume radius (Fig. 2.4) and terminal velocities 
(Fig. 2.2). The cloud particles originating from the larger size CCN (mvr = 2.5 μm) 
are associated with larger cloud LWCs, larger mean volume radii, and, therefore, 
larger terminal fall speeds at all levels.

The turbulent vertical velocity perturbation w* at cloud-base level (1 km) is equal 
to 0.01 m/s or 1 cm/s. The corresponding cloud-base temperature perturbation θ* is 
then computed from the equation:

Substituting w* = 1 cm/s, θv = 273 + 30 = 303 K and g = 980.6 cm/s2, the temperature 
perturbation is equal to 0.309 °C and for the 1-m eddy radius the average in-cloud 
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Fig. 2.2  In-cloud updraft speed and cloud particle terminal velocities for the two input cloud-base 
CCN size spectra with mean volume radius (mvr) equal to (i) 2.2 μm and (ii) 2.5 μm. CCN cloud 
condensation nuclei
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temperature perturbation per centimetre is equal to 0.309/100 = 0.00309 °C. The 
temperature perturbation (warming) θ = θ*fz (Eq. 1.6) increases with height with 
corresponding decrease in the in-cloud temperature lapse.

Fig. 2.4  Cloud particle mean volume radius (μm)

 

Fig. 2.3  Cloud liquid water content
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2.2.3  In-Cloud Temperature Lapse Rate

The in-cloud lapse rate Γs is computed using the following expression (Eq. 2.2):

The primary eddy radius length r* at cloud base is equal to 1 m as shown earlier 
(Sect. 2.1). The model computations for in-cloud vertical profile of vertical velocity 
W, temperature perturbation θ and lapse rate Γc at 1 km height intervals above the 
cloud base are given in Table 2.2.

The predicted temperature lapse rate decreases with height and becomes less sat-
urated than adiabatic lapse rate near the cloud top, the in-cloud temperatures being 
warmer than the environment. These results are in agreement with the observations.

2.2.4  Cloud-Growth Time

The large eddy-growth time (Eq. 1.36) can be used to compute cloud-growth time 
Tc (Eq. 2.4):

where li is the Soldner’s integral or the logarithm integral. The vertical profile of 
cloud-growth time Tc is a function of the cloud-base primary turbulent eddy fluctua-
tions of radius r* and perturbation speed w* alone. The cloud-growth time Tc using 
Eq. (2.4) is shown in Fig. 2.5 for the two different cloud-base CCN spectra, with 
mean volume radii equal to 2.2 and 2.5 μm, respectively. The cloud-growth time 
remains the same since the primary trigger for cloud growth is the persistent turbu-
lent energy generation by condensation at the cloud base in primary turbulent eddy 
fluctuations of radius r* and perturbation speed w*.

Let us consider r* is equal to 100 cm and w* is equal to 1 cm s−1 the time taken 
for the cloud to grow (see Sect. 2.1.6) to a height of, e.g. 1600 m above cloud base 
can be computed as shown below. The normalized height z is equal to 1600 since 
dominant turbulent eddy radius is equal to 1 m:

The above value is consistent with cloud-growth time observed in practice.
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2.2.5  Cloud Drop-Size Spectrum

The evolution of cloud drop-size spectrum is critically dependent on the water va-
pour available for condensation and the nuclei number concentration in the sub-
cloud layer. Cloud drops form as water vapour condenses in the air parcel ascending 
from cloud-base levels. Vertical mixing during ascent reduces the volume of cloud-
base air reaching higher levels to a fraction f of its initial volume. Thus, the nuclei 
available for condensation, i.e. the cloud drops number concentration also decreases 
with height according to the f distribution. The total cloud-water content was earlier 
shown (Eq. 1.6) to increase with height according to the fz distribution. Thus, bigger 
size cloud drops are formed on the lesser number of condensation nuclei available 
at higher levels in the cloud. Due to vertical mixing, unsaturated conditions exist 
inside the cloud. Water vapour condenses on fresh nuclei available at each level, 
since, in the unsaturated in-cloud conditions, MFC occurs preferentially on small 
condensation nuclei (Pruppacher and Klett 1997).

Earlier in Sect. 1.6, it was shown that the atmospheric eddy continuum fluctua-
tions hold in suspension atmospheric particulates, namely aerosols, cloud droplets 
and raindrops. The cloud drop-size distribution spectrum also follows the universal 
spectrum derived earlier for atmospheric aerosol size distribution.

Fig. 2.5  Cloud-growth time
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2.2.6  In-Cloud Raindrop Spectra

In the cloud model, it is assumed that bulk conversion of cloud water to rainwater 
takes place mainly by collection, and the process is efficient due to the rapid in-
crease in the cloud-water flux with height. The in-cloud raindrop size distribution 
also follows the universal spectrum derived earlier for the suspended particulates in 
the atmosphere (Sect. 1.6.4).

The total rainwater content Qr (c.c) is given as

 (2.5)

The above concept of raindrop formation is not dependent on the individual drop 
collision coalescence process.

Due to the rapid increase of cloud water flux with height, bulk conversion to 
rain water takes place in time intervals much shorter than the time required for the 
conventional collision–coalescence process.

The cloud-base CCN size spectrum and the in-cloud particle (cloud and raindrop) 
size spectrum follow the universal spectrum (Fig. 1.8) for suspended particulates in 
turbulent fluid flows. The cloud-base CCN spectra and the in-cloud particulates 
(cloud and raindrops) size spectra at two levels, 100 m and 2 km, plotted in conven-
tional manner as dN/Nd (log R) versus R on log–log scale are shown in Fig. 2.6. The 
in-cloud particulate size spectrum shifts rapidly towards larger sizes associated with 

Q r N r N fzr a as= =
4
3

4
3

3 3 2π π * ·

Fig. 2.6  Cloud-base CCN spectra and the in-cloud particulates (cloud and raindrops) size spectra 
at two levels—100 m and 2 km. CCN cloud condensation nuclei
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rain formation. According to the general systems theory for suspended particulate 
size spectrum in turbulent fluid flows (Sect. 1.6), larger suspended particulates are 
associated with the turbulent regions (smaller scale length with larger fluctuation 
speed) of the vertical velocity spectrum. Spontaneous formation of larger cloud/
raindrops may occur by collision and coalescence of smaller drops in these regions 
of enhanced turbulence.

2.2.7  Rainfall Commencement

Rainfall sets in at the height at which the terminal velocity wT of the raindrop be-
comes equal to the mean cloud updraft W. Let the mean volume radius Rm be rep-
resentative of the precipitation drop at level z above cloud base. In the intermediate 
range (40 μm < Rm < 0.6 mm), an approximated formula for the fall speed is given 
by Yau and Rogers (1989) as w K RmT = 3 , where K3 = 8 × 103 s−1.

For droplets with radii < 30 μm, the terminal velocity is given as w K RT m= 1
2 , 

where K1 ~ 1.19 × 106 cm−1 s−1.
For large drops, w RmT K= 2 . K2 can be approximated as K2 = 2010 cm1/2 s−1 for 

a raindrop size between 0.6 and 2 mm (Yau and Rogers 1989).

2.2.8  Rainfall Rate

The in-cloud rainfall rate ( Rt) can be computed as shown below.
Rain water production rate over unit area (rainfall rate mm/s/unit area) Qrt in the 

cloud at any level z above the cloud base (Eq. 2.5) is given by

The in-cloud rainfall rate Rtz is derived from the normalized flux value for height z, 
i.e. eddy wavelength z. Therefore, for unit-normalized height interval z, the rainfall 
rate Rt is equal to Rtz/z cm/s.

In the above equation, WT in cm/s is the terminal velocity of the raindrop of mean 
volume radius Rm at level z. Rainfall rate ( Rt) derived above is representative of the 
mean cloud scale rain intensity.

Rain formation computed for two different cloud-base CCN mean volume ra-
dius, namely 2.2 and 2.5 μm are shown in Fig. 2.7. Rain with larger rain rate forms 
at a lower level and extends up to a higher level for the larger size (mean volume 
radius 2.5 μm) cloud-base CCN spectrum.

R W W R Ntz T m= −( ) .4
3

3π

t tz( / ) 3600 10 mm/h.R R z= × ×
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2.3  Warm Cloud Responses to Hygroscopic 
Particle Seeding

In Sects. 1.3 and 1.4, it is shown that the production of buoyant energy released by 
condensation in turbulent eddies is mainly responsible for the formation and growth 
of the cloud. When warm clouds are seeded with hygroscopic particles, the turbulent 
buoyant energy production increases due to condensation and results in enhance-
ment of vertical mass exchange. This would result in enhancement of convergence 
in the sub-cloud layer and invigoration of the updraft in the cloud. If sufficient mois-
ture is available in the sub-cloud air layer, the enhanced convergence would lead to 
increased condensation and cloud growth. According to the above physical concept 
and theory of the cumulus cloud model presented in this chapter, it can be concluded 
that hygroscopic particle seeding alters the dynamics of warm clouds.

2.3.1  Dynamic Effect of Salt Seeding

Woodcock and Spencer (1967) hypothesized that dispersion of NaCl particles in a 
nearly water-saturated atmosphere would be sufficient to initiate a cumulus cloud. 
Their experiments have produced visible clouds when dry NaCl particles in the 
size range 0.5–20 μm diameter, were released from the aircraft in the warm moist 
marine boundary layer near Hawaii. The temperatures in the salt-laden air were 
about 0.4 °C higher than that of the environment on the average. Observations of 

Fig. 2.7  In-cloud rain rate (mm/h)
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the possible dynamic effects in warm clouds by hygroscopic particle seeding have 
been recorded (Murty et al. 1975, 1981; Parasnis et al. 1982). The dynamic effect 
of salt seeding has been estimated from the following calculations that are based on 
the theory and the physical concept of the cumulus cloud model discussed earlier.

The latent heat released by condensation on the hygroscopic nuclei is computed 
for the turbulent vertical velocities of 1 m/s and the turbulent eddy radius of 50 m. 
The relative humidity inside the cloud at the seeding level near the cloud base is 
assumed to be equal to 90 %. A seeding rate of 500 g/s and a volume dispersion rate 
of 45,000 m3/s are assumed. The value of the seeding rate assumed is based on that 
used in the aircraft warm cloud modification experiment in India (Krishna et al. 
1974; Murty et al. 1975). The value of the dispersion rate used in the computation 
is equal to half the value assumed by Woodcock and Spencer (1967). The median 
volume diameter of the salt nuclei is 10 μm. One such nucleus gives rise to the 
formation of a water droplet of radius 9.5 μm in a time period of 1 s at the assumed 
relative humidity of 90 % inside the cloud (Keith and Aarons 1954). Thus, the mass 
of water condensed on the seed nuclei per second per cubic metre of the seeded vol-
ume can be computed. The latent heat released by this condensation will give rise 
to a heating rate of 0.09 cm−3 s−1 of the seeded volume. The temperature increase 
will result in a vertical velocity increase of about 0.3 cm s−2. This increase in the 
vertical velocity occurs in successive 50 m lengths of the cloud along the flight path 
of the aircraft whose speed is 50 m s−1. The mean increase in the turbulent vertical 
velocity along a 500 m length of the cloud can be approximately taken to be equal 
to one tenth of the vertical velocity in individual 50 m length of aircraft path, i.e. 
equal to 0.03 cm s−2. Therefore, the mean increase in the vertical velocity for the 
total path length of 500 m, i.e. the large eddy updraft region is equal to one fourth of 
the mean increase in turbulent vertical velocity (Eq. 1.1). Thus, the vertical velocity 
perturbation in large eddy updraft region is equal to about 0.01 cm s−2. This cloud 
scale vertical velocity perturbation due to the hygroscopic particle seeding is equal 
to the naturally occurring vertical velocity perturbation at the cloud-base level for 
the sample cloud case discussed in Sect. 2.2. Also, it was shown that the cloud-
base vertical velocity production is the main driving agent for the cloud growth 
processes. The sample computations of the dynamic effect of salt seeding discussed 
above indicated that the total cloud-growth processes in the case of seeded clouds 
would be increased by 100 %. Evidence of such dynamic effects due to salt seeding 
in warm cumulus clouds (Fig. 2.8) can be seen from the observation of cloud LWC, 
in-cloud temperature and cloud-top growth rates made in seeded clouds (Murty 
et al. 1975; Murty et al. 1981, Murty et al., 2000).

 Conclusions

Atmospheric flows exhibit self-similar fractal fluctuations, a signature of long-
range correlations on all space–time scales. Realistic simulation and prediction 
of atmospheric flows require the incorporation of the physics of observed fractal 
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 fluctuation characteristics in traditional meteorological theory. A general systems 
theory model for fractal space–time fluctuations in turbulent atmospheric flows 
(Selvam 1990, 2007, 2009, 2012a, b, 2013, 2014) is presented. Classical statistical 
physical concepts underlie the physical hypothesis relating to the dynamics of the 
atmospheric eddy systems and satisfy the maximum entropy principle of statistical 
physics. The model predictions are as follows:

• Fractal fluctuations of atmospheric flows signify an underlying eddy continuum 
with overall logarithmic spiral trajectory enclosing a nested continuum of vortex-
roll circulations that trace the quasi-periodic Penrose-tiling pattern. Satellite im-
ages of cyclones and hurricanes show the vivid logarithmic spiral cloud pattern 
whose precise mathematical equiangular spiral (golden) geometry has been used 
by meteorologists (Senn et al. 1957; Senn and Hisar 1959; Sivaramakrishnan and 
Selvam 1966; Wong et al. 2008) for locating the centre (eye) of the storm.

• The logarithmic law of wall for boundary layer flows is derived as a natural 
consequence of eddy mixing process. The von Karman’s constant is equal to 1/τ2 
(≈ 0.38), where τ is the golden mean (≈ 0.618).

Fig. 2.8  Seeded cloud that 
developed rain following 
seeding in 20 min. Fall streak 
of the raining cloud is clearly 
seen in the photograph 
(Murty et al. 2000)
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• The probability distribution for amplitude as well as variance of fractal fluc-
tuations of meteorological parameters are given by the same universal inverse 
power-law function P, namely P = τ− 4t where the normalized standard deviation 
t designates the eddy length step growth number. Such a result that the additive 
amplitudes of eddies when squared represent the probability densities of the fluc-
tuations is observed in the subatomic dynamics of quantum systems. Therefore, 
fractal fluctuations are signatures of quantum-like chaos in dynamical systems.

• The probability distribution P of amplitudes of fractal fluctuations is close to 
the statistical normal distribution for values of normalized standard deviation t 
values equal to or less than two. The probability of occurrence of extreme events, 
i.e. normalized deviation t values greater than two, is close to zero as given by 
the statistical normal distribution, while P distribution for fractal fluctuations 
gives appreciably high values as observed in practice.

• Atmospheric eddy energy (variance) spectrum follows the universal inverse 
power-law form P = τ− 4t indicating long-range space–time correlations between 
local (small-scale) and global (large-scale) perturbations.

• Atmospheric particulates are suspended in the fractal fluctuations of vertical ve-
locities with amplitudes given by the universal inverse power-law P. A universal 
scale-independent mass or radius size distribution for homogeneous suspended 
atmospheric particulates is expressed as a function of the golden mean τ, the 
total number concentration and the mean volume radius. The general systems 
theory model for aerosol size distribution is scale-free and is derived directly 
from atmospheric eddy dynamical concepts. At present, empirical models such 
as the log-normal distribution with arbitrary constants for the size distribution of 
atmospheric suspended particulates are used for quantitative estimation of earth-
atmosphere radiation budget related to climate warming/cooling trends.

• Numerical computations of cloud parameters were performed for two different 
cloud-base CCN mean volume radius, namely 2.2 and 2.5 μm and computed val-
ues are compared with the observations. Cloud-base vertical velocity production 
by MFC is the main driving agent for the cloud growth processes. The cloud-
growth time is about 30 min as observed in practice (McGraw and Liu 2003) and 
is the same for the two CCN spectra since the primary trigger for cloud growth 
is the persistent turbulent energy generation by condensation at the cloud base in 
primary turbulent eddy fluctuations of radius r* and perturbation speed w*. How-
ever, for the larger CCN mean volume radius, namely 2.5 μm, raindrops form 
earlier at a lower level and extend up to higher levels in the cloud. Under suitable 
conditions of humidity and moisture in the environment, warm rain formation 
can occur at a time interval short as 30 min.

• Hygroscopic particle seeding alters the dynamics of warm clouds and enhances 
rainfall up to 100 % under favourable conditions of moisture supply in the envi-
ronment.

Conclusions 
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Chapter 3
Universal Spectrum for Atmospheric Suspended 
Particulates: Comparison with Observations: 
Data Set I

© The Author(s) 2015  
A. M. Selvam, Rain Formation in Warm Clouds, SpringerBriefs in Meteorology, 
DOI 10.1007/978-3-319-13269-3_3

Abstract Atmospheric flows exhibit self-similar fractal space–time fluctuations on 
all space–time scales in association with inverse power law distribution for power 
spectra of meteorological parameters such as wind, temperature, etc., and thus 
implies long-range correlations, identified as self-organized criticality generic to 
dynamical systems in nature. A general systems theory based on classical statistical 
physical concepts discussed in Chaps. 1 and 2 visualizes the fractal fluctuations to 
result from the coexistence of eddy fluctuations in an eddy continuum, the larger 
scale eddies being the integrated mean of enclosed smaller scale eddies. The model 
satisfies the maximum entropy principle and predicts that the probability distribu-
tions of component eddy amplitudes and the corresponding variances (power spec-
tra) are quantified by the same universal inverse power law distribution which is a 
function of the golden mean. Atmospheric particulates are held in suspension by the 
vertical velocity distribution (spectrum). The atmospheric particulate size spectrum 
is derived in terms of the model predicted universal inverse power law character-
izing atmospheric eddy spectrum. Model predicted spectrum is in agreement with 
the four experimentally determined data sets: (i) CIRPAS mission TARFOX_WAL-
LOPS_SMPS aerosol size distributions, (ii) CIRPAS mission ARM-IOP (Ponca 
City, OK) aerosol size distributions, (iii) SAFARI 2000 CV-580 (CARG Aerosol 
and Cloud Data) cloud drop size distributions (DSDs), and (iv) TWP-ICE (Darwin, 
Australia) rain DSDs.

Keywords Universal spectrum for atmospheric suspended particulates · Fractal 
fluctuations in atmospheric flows · Chaos and nonlinear dynamics · TARFOX and 
ARM-IOP aerosol size spectra · SAFARI 2000 cloud drop size spectra · TWP-ICE 
(Darwin, Australia) rain drop size spectra

3.1  Introduction

Information on the size distribution of atmospheric suspended particulates (aero-
sols, cloud drops, and raindrops) is important for the understanding of the physical 
processes relating to the studies in weather, climate, atmospheric electricity, air pol-
lution, and aerosol physics. Atmospheric suspended particulates affect the radiative 
balance of the Earth/atmosphere system via the direct effect whereby they scatter 
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and absorb solar and terrestrial radiation, and via the indirect effect whereby they 
modify the microphysical properties of clouds thereby affecting the radiative prop-
erties and lifetime of clouds (Haywood et al. 2003). At present empirical models for 
the size distribution of atmospheric suspended particulates are used for quantitative 
estimation of earth-atmosphere radiation budget related to climate warming/cooling 
trends. The empirical models for different locations at different atmospheric con-
ditions, however, exhibit similarity in shape implying a common universal physi-
cal mechanism governing the organization of the shape of the size spectrum. The 
pioneering studies during the last three decades by Lovejoy and his group (Love-
joy and Schertzer 2008, 2010) show that the particulates are held in suspension 
in turbulent atmospheric flows which exhibit self-similar fractal fluctuations on 
all scales ranging from turbulence (mm-sec) to climate (kms-years). Lovejoy and 
Schertzer (2008) have shown that the rain drop size distribution (DSD) should show 
a universal scale invariant shape. In this study, a general systems theory for frac-
tal space––time fluctuations developed by the author (Selvam 1990, 2005, 2007, 
2009) (see Sect. 1.3) is applied to derive a universal (scale independent) spectrum 
for suspended atmospheric particulate size distribution expressed as a function of 
the golden mean τ (≈ 1.618), the total number concentration and the mean volume 
radius (or diameter) of the particulate size spectrum. A knowledge of the mean 
volume radius and total number concentration is sufficient to compute the total 
particulate size spectrum at any location. Model predicted spectrum is in agree-
ment with the following four experimentally determined data sets: (i) CIRPAS mis-
sion TARFOX_WALLOPS_SMPS aerosol size distributions, (ii) CIRPAS mission 
ARM-IOP (Ponca City, OK) aerosol size distributions, (iii) SAFARI 2000 CV-580 
(CARG Aerosol and Cloud Data) cloud DSDs, and (iv) TWP-ICE (Darwin, Austra-
lia) rain DSDs (Selvam 2012).

3.2  Atmospheric Suspended Particulates: Current 
State of Knowledge

3.2.1  Aerosol Size Distribution

As aerosol size is one of the most important parameters in describing aerosol prop-
erties and their interaction with the atmosphere, its determination and use is of fun-
damental importance. Aerosol size covers several decades in diameter and hence a 
variety of instruments are required for its determination. This necessitates several 
definitions of the diameter, the most common being the geometric diameter d. The 
size fraction with d > 1–2 μm is usually referred to as the coarse mode, and the 
fraction d < 1–2 μm is the fine mode. The latter mode can be further divided into 
the accumulation d ~ 0.1–1 μm, Aitken d ~ 0.01–0.1 μm, and nucleation d < 0.01 μm 
modes. Due to the d3 dependence of aerosol volume (and mass), the coarse mode 
is typified by a maximum volume concentration and, similarly, the accumulation 
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mode by the surface area concentration and the Aitken and nucleation modes by the 
number concentration.

Aerosol formation arises from heterogeneous or homogeneous nucleation. The 
former refers to condensation growth on existing nuclei, and the latter to the forma-
tion of new nuclei through condensation. Heterogeneous nucleation occurs prefer-
entially on existing nuclei. Condensation onto a host surface occurs at a critical su-
persaturation, which is substantially lower (< 1–2 %) than for homogeneous nucle-
ation in the absence of impurities (> 300 %). Examples of gas-to-particle conversion 
are the combustion processes and the ambient formation of nuclei from gaseous 
organic emissions. Particles in the Aitken/accumulation mode typically arise from 
either: (i) the condensation of low volatility vapors; or (ii) coagulation. Particles 
in the accumulation mode have a longer atmospheric lifetime than other modes, as 
there is a minimum efficiency in sink processes. Particles in the coarse mode are 
usually produced by weathering and wind erosion processes. Dry deposition (pri-
marily sedimentation) is the primary removal process. As the sources and sinks of 
the coarse and fine modes are different, there is only a weak association of particles 
in both modes (Hewitt and Jackson 2003). The aerosol chemistry data organized 
first by Peter Mueller and subsequently analyzed by Friedlander and coworkers 
showed that the fine and coarse mass modes were chemically distinctly different 
(Husar 2005).

Husar (2005) has summarized the history of aerosol science as follows. The 
modern science of atmospheric aerosols began with the pioneering work of Chris-
tian Junge who performed the first comprehensive measurements of the size distri-
bution and chemical composition of atmospheric aerosols (Junge 1952, 1953, 1955, 
1963). Based on tedious and careful size distribution measurements performed over 
many different parts of the world, Junge and coworkers have observed that there is 
a remarkable similarity in the gathered size distributions (number concentration N 
versus radius ra): they follow a power law function over a wide range from 0.1 to 
over 20 μm in particle radius.

The inverse power law exponent α of the number distribution function ranged be-
tween 3 and 5 with a typical value of 4. This power law form of the size distribution 
became known as the Junge distribution of atmospheric aerosols. In the 1960s, the 
physical mechanisms that were responsible for producing these similarities in the 
atmospheric aerosol size spectra were not known, although it was clear that homo-
geneous and heterogeneous nucleation, coagulation, sedimentation, and other re-
moval processes were all influential mechanisms. In particular, it was unclear which 
combination of these mechanisms is responsible for maintaining the observed qua-
sistationary size distribution of the size spectra.

Whitby (1973) introduced the concept of the multimodal nature of atmospheric 
aerosol and Jaenicke and Davies (1976)added the mathematical formalism used 
today. Around 1970–1971, Whitby et al. (1972) collected and analyzed several size 
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distribution data sets arising from different locations, times, and sampling meth-
ods, and the broad range of data provided strong evidence that bimodal distribu-
tion occurs as a ubiquitous feature of atmospheric aerosols in general, though the 
causal processes and mechanisms were unclear. Semiquantitative explanation of 
the observed fine particle dynamics provided the scientific support for the bimodal 
concept and became the basis of regional dynamically coupled gas-aerosol mod-
els. As pointed out by Whitby (1978) and Junge (1963)an actual size distribution 
comes from the sum of single modes. There is an equivalency between the optical 
properties of a combination of several modes and a representative single mode. 
From previous work, it can reasonably be assumed that aerosol size distributions 
follow a lognormal distribution (Tanre et al. 1996). Physical size distributions can 
be characterized well by a trimodal model consisting of three additive lognormal 
distributions (Whitey 2007). Typically, the planetary boundary layer (PBL) aerosol 
is combination of three modes corresponding to Aitken nuclei, accumulation mode 
aerosols, and coarse aerosols, the shape of which is often modeled as the sum of 
lognormal modes (Whitey 2007; Chen et al. 2009). In a nutshell, the bimodal distri-
bution concept states that the atmospheric aerosol mass is distributed in two distinct 
size ranges, fine and coarse and that each aerosol mode has a characteristic size 
distribution, chemical composition, and optical properties (Husar 2005).

3.3  Cloud Drop Size Distribution

3.3.1  Cloud Microphysics and Associated Cloud 
Dynamical Processes

Prupaccher and Klett (1997) have summarized the current state of knowledge of 
cloud microphysical processes as follows. One principal continuing difficulty is 
that of incorporating, in a physically realistic manner, the microphysical phenom-
ena in the broader context of the highly complex macrophysical environment of 
natural clouds. Mason (Mason 1957) also refers to the problem of scale in cloud 
microphysics. Cloud microphysics deals with the growth of particles ranging from 
the characteristic sizes of condensation nuclei (≤ 10−2 μm) to precipitation particles 
(≤ 104 μm for raindrops, ≤ 105 μm for hailstones). This means we must follow the 
evolution of the particle size spectrum, and the attendant microphysical processes 
of mass transfer, over about seven orders of magnitude in particle size. Similarly, 
the range of relevant cloud–air motions varies from the characteristic size of tur-
bulent eddies which are small enough to decay directly through viscous dissipation 
(≤ 10−2 cm), since it is these eddies which turn out to define the characteristic shear-
ing rates for turbulent aerosol coagulation processes, to motion on scales at least as 
large as the cloud itself (> 105 cm). Thus, relevant interactions may occur over at 
least seven orders of magnitude of eddy sizes. A complete in-context understanding 
of cloud microphysics including dynamic, electrical, and chemical effects is not yet 
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available. Many microphysical mechanisms are still not understood in quantitative 
detail (Pruppacher and Klett 1997).

Although the relative humidity of clouds and fogs usually remains close to 100 %, 
considerable departures from this value have been observed. The spatial and tempo-
ral nonuniformity of the humidity inside clouds and fogs results in a corresponding 
rapid spatial variation of the concentration of cloud drops and the cloud liquid water 
content. Based on his observations, Warner (1969) suggested that bimodal DSDs 
are the result of a mixing process between the cloud (cumulus) and the environ-
ment. Warner proposed that the mixing process producing the bimodality is due 
mostly to entrainment of drier air at the growing cloud top, and to a lesser degree, 
to entrainment at the cloud edges. The size distribution experiences a broadening 
effect with increasing distance from cloud base. Spectra with double maxima have 
also been observed by others in other regions. If we consider the spatial distribution 
of the drop size, number concentration, and liquid water content, we find strongly 
inhomogeneous conditions. The cloud liquid water content wL varies rapidly over 
short distances along a horizontal flight path in a manner which is closely related 
to the variation of the vertical velocity in the cloud and also wL varies essentially as 
the total number concentration of drops. Vulfson et al. (1973) demonstrate that the 
cloud water content typically increases with height above the cloud base, assumes 
a maximum somewhere in the upper half of the cloud, and then decreases again 
toward the cloud top. In most cases, a comparison between the observed cloud 
water content wL and adiabatic liquid water content (wL)ad computed on the basis 
of a saturated adiabatic ascent of moist air shows that generally wL < (wL)ad. In most 
cases, wL/(wL)ad is found to decrease with increasing height above cloud base but 
to increase with cloud width. This implies that the entrainment is especially pro-
nounced near the cloud top, while the net dilution effect by entrainment is less in 
wider clouds than narrower ones.

3.3.2  Formulations for DSDs in Clouds and Fog

For many fog and cloud modeling purposes, it is necessary to be able to approxi-
mate the observed DSD by an analytical expression. Fortunately, DSDs measured 
in many different types of clouds and fogs under a variety of meteorological condi-
tions often exhibit a characteristic shape. Generally, the concentration rises sharply 
from a low value to a maximum, and then decreases gently towards larger sizes. 
Such a characteristic shape can be approximated reasonably well by either a gamma 
distribution or a lognormal distribution. In order to describe a DSD with two or 
more maxima, one or more unimodal distributions may be superposed. As an ex-
ample, according to Khrgian and Mazin (1952)(in Borovikov et al. (1963), many 
DSDs with a single maximum may also be quite well be represented by a gamma 
distribution. Another convenient representation of the cloud DSD is the empirical 
formula developed by Best (1951a, 1951b). These various analytical expressions 
only represent average distributions. Individual drop size spectra may be signifi-
cantly different (Pruppacher and Klett 1997). A wealth of aircraft measurements in 
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the Soviet Union indicates that droplet size spectra in stratocumulus are distributed 
in logarithmic normal (Levin 1954) or gamma (Borovikov et al. 1963) forms. The 
droplet size spectra in stratus and stratocumulus are now commonly described by 
the gamma distribution. Droplet size spectra in altostratus and altocumulus as a 
function of temperature and cloud thickness are given according to Mazin and Khr-
gian (1989) (Hobbs 1993).

3.4  Rain Drop Size Distribution

3.4.1  Classical Cloud Microphysical Concepts

Rain drops are large enough to have a size-dependent shape which cannot be char-
acterized by a single length. The conventional resolution is to describe rain spectra 
in terms of the equivalent diameter D0 defined as the diameter of a sphere of the 
same volume as the deformed drop. The overall shaping of the spectrum is obvi-
ously quite complicated, and determined in part by such meteorological variables as 
temperature, relative humidity, and wind in the subcloud region.

Various empirical relations have been advanced to describe the size spectra of 
raindrops. One often used is the size distribution proposed by Best (1950). Probably 
the most widely used description for the raindrop spectrum is the size distribution 
of Marshall and Palmer (MP) (Marshall and Palmer 1948), which is based on the 
observations of Laws and Parsons (1943). More detailed studies have demonstrated 
that the MP distribution is not sufficiently general to describe most observed rain-
drop spectra accurately.

Numerous studies have also used the gamma distribution. Another alternative 
is the log normal distribution. Detailed comparison between the raindrop spectra 
actually observed and these empirical distributions show that in most cases only a 
partial fit can be achieved at best.

The observed raindrop spectra also show, apart from a main mode, some second-
ary modes. It is reasonable to attribute the main mode as well as the subpeaks to col-
lisional drop breakup. Unexpectedly, these peaks are not present in all rain DSDs. 
One explanation for this may be that the breakup-induced peaks become masked 
due to turbulent and evaporative effects. Additional factors which complicate an in-
terpretation of observed raindrop distributions are related to instrumental problems 
(Pruppacher and Klett 1997).

3.4.2  Cloud Microphysics and Self-Similar Turbulent 
Atmospheric Flows

Lovejoy and his group (Lovejoy and Schertzer 2008, 2010) have done pioneer-
ing studies on self-similar fractal fluctuations ubiquitous to turbulent atmospheric 
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flows and have emphasized the urgent need to incorporate, in modeling studies of 
microphysics of clouds and rain, the theory of nonlinear dynamical systems as sum-
marized in the following.

Rain is a highly turbulent process yet there is a wide gap between the turbu-
lence and precipitation research. It is still common for turbulence to be invoked as 
a source of homogenization, an argument used to justify the use of homogeneous 
(white noise) Poisson process models of rain.

Dimensional analysis shows that the cumulative probability distribution of non-
dimensional drop mass should be a universal function dependent only on scale. 
Starting in the 1980s, a growing body of the literature has demonstrated that—at 
least over large enough scales involving large numbers of drops—rain has nontriv-
ial space–time scaling properties. While the traditional approach to drop modeling 
is to hypothesize specific parametric forms for the DSD and then to assume spatial 
homogeneity in the horizontal and smooth variations in the vertical, the nonlinear 
dynamics approach on the contrary assumes extreme turbulent-induced variability 
governed by the turbulent cascade processes and allows the DSD to be constrained 
by the turbulent fields.

The conventional methods of modeling the evolution of raindrops give turbu-
lence at most a minor (highly “parameterized”) role: the atmosphere is considered 
homogeneous and the spatial variability of the DSD arises primarily due to complex 
drop interactions.

It is shown on dimensional grounds that the dimensionless cumulative DSD as 
a function of the dimensionless drop mass should be a universal function of dimen-
sionless mass (Lovejoy and Schertzer 2008). Khain et al. (2007) have given critical 
comments to results of investigations of drop collisions in turbulent clouds and 
conclude that the fact that turbulence enhances the rate of particle collisions can be 
considered as being established.

3.5  Data

Four data sets, namely, two aerosol (I and II), one cloud drop size (III), and one 
rain drop size (IV) were used for comparison of observed with model predicted 
suspended particle size spectrum in turbulent atmospheric flows.

3.5.1  Data Set I, Aerosol Size Spectrum

TARFOX_WALLOPS_SMPS: Tropospheric Aerosol Radiative Forcing Observa-
tional eXperiment (TARFOX), Langley DAAC Project—Scanning Mobility Par-
ticle Sizer (TSI Incorporated, St. Paul, MN) data taken at Wallops ground station 
(37.85° lat, − 75.48° lon) in the US Eastern seaboard. Ground-based ambient size 
distribution of aerosol (10.7–749 nm diameter, fine mode) at point measurements 
at 5 min time intervals was taken during the period 10th–31st July 1996. Raw data 
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exported using SMPS 2.0 (TSI), then imported to Microsoft Excel, adjusted to local 
time, then saved as comma delimited. Data were obtained from http://eosweb.larc.
nasa.gov/PRODOCS/tarfox/table_tarfox.html and http://eosweb.larc.nasa.gov/cgi-
bin/searchTool.cgi?Dataset=TARFOX_WALLOPS_SMPS

3.5.2  Data Set II, Aerosol Size Spectrum

PCASP files (replaced on January 14, 2005): Contain 1 Hz size distribution data 
measured aboard the Center for Interdisciplinary Remotely-Piloted Aircraft Studies 
(CIRPAS) Twin Otter during the Atmospheric Radiation Program (ARM) Intensive 
Operational Period (IOP) 2003 using the PCASP, with SPP-200 electronics. PCASP 
is Passive Cavity Aerosol Spectrometer manufactured by PMS Inc., but with an 
SPP-200 data system manufactured by DMT Inc., Ponca City, Oklahoma, USA, 
was the base from which the flights were conducted. These were typically between 
3 and 5 h flights, carried out during the month of May 2003. The Aerosol IOP 
was conducted between May 5 and 31, 2003 over the ARM Southern Great Plains 
(SGP) site. There were a total of 16 science flights, for a total of 60.6 flight hours, 
conducted by the CIRPAS Twin Otter aircraft on 15 days during this period. Most 
of the Twin Otter flights were conducted under clear or partly cloudy skies to assess 
aerosol impacts on solar radiation.

The aerosol particle size concentrations ranging in diameter from 0.1 to 
3.169701 µm (accumulation and coarse modes) were measured in 20 channels (size 
ranges). The geometric mean radius of the class interval was used for computing 
d(lnran). The data sets were obtained from ARM IOP Data Archive http://www.
archive.arm.gov/armlogin/login.jsp.

3.5.3  Data Set III, Cloud Drop Size/Number Concentration

Cloud drop size/number concentration. Project SAFARI 2000, CARG Aerosol and 
Cloud Data from the Convair-580. Web Site: http://cargsun2.atmos.washington.
edu/. The Cloud and Aerosol Research Group (CARG) of the University of 
Washington participated in the SAFARI-2000 Dry Season Aircraft campaign 
with their Convair-580 research aircraft. This campaign covered five countries in 
southern Africa from 10 August through 18 September, 2000 on the 31 research 
flights. (http://daac.ornl.gov/data/safari2k/atmospheric/CV-580/comp/SAFARI-
MASTER.pdf).

Data Citation: Hobbs P. V. 2004. SAFARI 2000 CV-580 Aerosol and Cloud 
Data, Dry Season 2000 (CARG). Data set. Available online (http://www.daac.ornl.
gov) from Oak Ridge National Laboratory Distributed Active Archive Center, Oak 
Ridge, Tennessee, USA, doi:10.3334/ORNLDAAC/710. All data taken at latitude: 
14.00 to 26.00 S, longitude: 36.00 to 11.00E.

http://eosweb.larc.nasa.gov/PRODOCS/tarfox/table_tarfox.html
http://eosweb.larc.nasa.gov/PRODOCS/tarfox/table_tarfox.html
http://www.archive.arm.gov/armlogin/login.jsp
http://www.archive.arm.gov/armlogin/login.jsp
http://cargsun2.atmos.washington.edu/
http://cargsun2.atmos.washington.edu/
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Data details: cloud particle concentration per cc between 1.7 and 47.0 μm in 
15 channels. Particle Measuring Systems Model FSSP-100. Calculated from raw 
counts and sample time. Seven data sets containing cloud drop size/number con-
centration were used for the study. The data are output at 1-s resolution (http://daac.
ornl.gov/S2K/guides/s2k_CV580.html).

3.5.4  Data Set IV: TWP-ICE, Joss–Waldvogel Disdrometer 
Rain DSDs

The Tropical Western Pacific—International Cloud Experiment (TWP-ICE) was 
held near Darwin, Australia, to collect in-situ and remote-sensing measurements 
of clouds, precipitation, and meteorological variables from the ground to the low-
er stratosphere. During TWP-ICE, vertically pointing profiling radar, surface rain 
gauge, and disdrometer observations were collected for the whole wet season from 
November 2005 through March 2006. The Joss–Waldvogel disdrometer was opera-
tional from 3 November 2005 through 10 February 2006.

3.6  Analysis and Discussion of Results

The atmospheric suspended particulate size spectrum is closely related to the verti-
cal velocity spectrum (Sect. 1.6). The mean volume radius of suspended aerosol 
particulates increases with height (or reference level z) in association with decrease 
in number concentration. At any height (or reference level) z, the fractal fluctua-
tions (of wind, temperature, etc.) carry the signatures of eddy fluctuations of all 
size scales since the eddy of length scale z encloses smaller scale eddies and at the 
same time forms part of internal circulations of eddies larger than length scale z 
(Sect. 1.4). The observed atmospheric suspended particulate size spectrum also ex-
hibits a decrease in number concentration with increase in particulate radius. At any 
reference level z of measurement the mean volume radius raswill serve to calculate 
the normalized radius ran for the different radius class intervals as explained below.

The general systems theory for fractal space–time fluctuations in dynamical sys-
tems predicts universal mass size spectrum for atmospheric suspended particulates 
(Sect. 1.6.4). For homogeneous atmospheric suspended particulates, i.e., with the 
same particulate substance density, the atmospheric suspended particulate mass and 
radius size spectrum is the same and is given as (Sect. 1.6.4) the normalized aerosol 
number concentration equal to 1

N
N
r

d
d(ln an )

 versus the normalized aerosol radius ran, 

where (i) ran is equal to r
r

a

as
, ra being the mean class interval radius and ras the mean 

volume radius for the total aerosol size spectrum; (ii) N is the total aerosol number 
concentration and dN is the aerosol number concentration in the aerosol radius class 
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interval dra; and (iii) d(ln ran) is equal to dr
r
a

a

for the aerosol radius class interval ra 
to ra + dra.

3.6.1  Analysis Results, Data I: TARFOX_WALLOPS_SMPS, 
Aerosol Size Spectra

A total of 23 data sets between 16 July and 26 July 1996 are available for the study. 
The data consists of particle number concentration per cc in 59 class intervals rang-
ing from 10.7 to 749 nm (fine mode) for the particle diameter. The midpoint diam-
eter of the class interval was used to compute the corresponding value of d(lnran). 
The average aerosol size spectra for each of the 23 data sets are plotted on the 
left-hand side and the total average spectrum for the 23 data sets is plotted on the 
right-hand side in Fig. 3.1a along with the model predicted scale independent aero-
sol size spectrum. The corresponding standard deviations for the average spectra are 
shown as error bars in Figs. 3.1a. The average values of mean volume radius (nm), 
total number concentration (cm−3), the number of spectra, the number of particle 
size class intervals for each of the 23 data sets and the upper and lower bounds of 
particle size (diameter in nm) intervals are given in Fig. 3.1b.

The aerosol size spectra cover the fine size range and display large deviations 
from the mean, particularly for the individual flights (left-hand side of Fig. 3.1a). 
The source of the uncertainties displayed by the error bars (Fig. 3.1a) may be due to 
measurement noise, independent in every size interval, also may be due to different 
aerosol sources with different particle substance densities. However, a major por-
tion of the total average aerosol size spectrum (right-hand side of Fig. 3.1a) shows 
a reasonably good fit (within plus or minus two standard deviations) to the model 
predicted universal spectrum for homogeneous aerosols, i.e., same aerosol source.

3.6.2  Analysis Results, Data II: CIRPAS Twin Otter 
Flight Data Sets, Aerosol Size Spectra

ARM Aerosol IOP at the SGP site over a 3–4 week period centered on May 2003. 
CIRPAS Twin Otter flight data sets using the PCASP. A total of 16 data sets are 
available for the study.

The aerosol particle size concentrations ranging in diameter from 0.1 to 
3.169701 µm consisting of accumulation mode (up to 1 µm) and coarse mode (di-
ameter > 1 µm) were measured in 20 channels (size ranges). The geometric mean 
radius of the class interval was used for computing d(lnran). The data sets were ob-
tained from ARM IOP Data Archive http://www.archive.arm.gov/armlogin/login.
jsp. The average aerosol size spectra for each of the 16 data sets are plotted on the 
left-hand side and the total average spectrum for the 16 data sets is plotted on the 
right and side in Fig. 3.2a along with the model predicted scale independent aerosol 

http://www.archive.arm.gov/armlogin/login.jsp
http://www.archive.arm.gov/armlogin/login.jsp


Fig. 3.1  a Average aerosol size spectrum for each of the 23 data sets ( left) and total average aero-
sol size spectrum for the 23 data sets ( right). Error bars indicate one standard deviation on either 
side of the mean. Model predicted scale independent aerosol size spectrum also is shown in the 
figure. b Details of (i) mean volume radius nm, (ii) aerosol total number concentration cm−3 num-
ber of spectra, (iv) lower bound, (v)upper bound diameter nm for the particle size class intervals 
used (total available = 59), and (vi) number of particle size class intervals for each of the 23 data 
sets available for TARFOX aerosol size spectra

a

b
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Fig. 3.2  a Average aerosol size spectrum for each of the 16 data sets ( left) and total average aero-
sol size spectrum for the 16 data sets ( right). Error bars indicate one standard deviation on either 
side of the mean. Model predicted scale independent aerosol size spectrum also is shown in the 
figure. b Details of (i) mean volume diameter µm, (ii) aerosol total number concentration cm−3, 
and (iii) number of spectra for the 16 data sets and the lower bound, upper bound and geometric 
mean diameter µm for the 20 particle size class intervals

a

b

   



size spectrum. The corresponding standard deviations for the average spectra are 
shown as error bars in Figs. 3.2a. The average values of mean volume radius, total 
number concentration, the number of spectra and the upper and lower bounds of 
particle size (radius) intervals are given in Fig. 3.2b.

The portion of the total average aerosol size spectrum corresponding to the ac-
cumulation mode (up to 1 µm or normalized diameter equal to 4) shows a reason-
ably good fit (within plus or minus two standard deviations) to the model predicted 
universal spectrum. The source of the uncertainties displayed by the error bars may 
be due to measurement noise, independent in every size interval, also may be due 
to different aerosol sources. The coarse mode (diameter > 1 µm) portion of the total 
average aerosol size spectrum shows significant departure from the model predicted 
spectrum and may be attributed to a different source region for the suspended par-
ticulates with a different density. The model predicts universal spectrum for sus-
pended aerosol mass size distribution (Sect. 1.6.4), based on the concept that the 
atmospheric eddies hold in suspension the aerosols and thus the mass size spectrum 
of the atmospheric aerosols is dependent on the vertical velocity fluctuation spec-
trum of the atmospheric eddies.

3.6.3  Analysis Results, Data III: CARG Aerosol and Cloud Data 
from the Convair-580, Cloud Drop Size Spectra

Cloud drop size/number concentration from Project SAFARI 2000, CARG Aerosol 
and Cloud Data from the Convair-580. A total of 7 data sets are available for the 
study. Cloud drop size spectrawere computed for data sets for which the cloud liq-
uid water content (Johnson-Williams) was more than zero.

The cloud drop size/number concentrations ranging in diameter from 1.70 to 
47.0 µm were measured in 15 channels (size ranges). The arithmetic mean radius 
of the class interval was used for computing d(lnran). The data sets were obtained 
from ftp://ftp.daac.ornl.gov/data/safari2k/atmospheric/CV-580/data/. The average 
aerosol size spectra for each of the 7 data sets are plotted on the left-hand side 
and the total average spectrum for the 7 data sets is plotted on the right and side 
in Fig. 3.3a along with the model predicted scale independent aerosol size spec-
trum. The corresponding standard deviations for the average spectra are shown as 
error bars in Figs. 3.3a. The average values of mean volume radius, total number 
concentration, the number of spectra, the number of class intervals for each of the 
7 data sets, and the upper and lower bounds of particle size (radius) intervals are 
given in Fig. 3.3b.

The individual and total average cloud droplet spectra show a close fit to model 
predicted universal spectrum for cloud drop diameter more than 5 µm (correspond-
ing to normalized diameter equal to 1). The observed spectra show appreciably larg-
er radii than model predicted for normalized radius size range less than 1 and may 
be attributed to the large increase in the sampled median volume diameter, from 
about 5 to 20 µm during flights 5 to 7 (Fig. 3.3b). However, even in this region for 
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Fig. 3.3  a Average cloud drop size spectrum for each of the 7 data sets ( left) and total average 
cloud drop size spectrum for the 7 data sets ( right). Error bars indicate one standard deviation on 
either side of the mean. Model predicted scale independent suspended particulate size spectrum 
also is shown in the figure. b Details of (i) mean volume diameter μm, (ii) cloud drop total number 
concentration cm−3, and (iii) number of spectra for each of the 7 data sets and the lower bound and 
upper bound diameter µm for the 15 drop size class intervals

a

b

   



normalized radius less than 1, the model predicted and the total average spectrum 
(right-hand side of Fig. 3.3a) are within two standard deviations from the mean, a 
standard statistical criterion for “goodness of fit.”

3.6.4  Analysis Results Data IV: TWP-ICE, Joss–Waldvogel 
Disdrometer Rain DSDs

The Joss–Waldvogel disdrometer (http://cires.colorado.edu/blogs/twc-ice/2009/09 
/19/4-0-joss-waldvogel-disdrometer) was operational from 3 November 2005 
through 10 February 2006. The original JWD data were collected at the full 127 
diameter channels and with a 10 s dwell time. These high-resolution data were re-
duced to the standard 20 diameter channels and to a 1-min resolution. A dead-time 
correction (Sheppard and Joe 1994; Sauvageot and Lacaux 1995) was applied to 
the raindrop counts. The data products are provided using the dead-time corrected 
raindrop counts and 60 s dwell time.

The ASCII data files are day files with 1-min resolution and contain 1440 rows. 
Bad or missing data values are indicated with a value of − 99.9. The ASCII data 
files can be found on the ftp site: ftp://ftp.etl.noaa.gov/user/cwilliams/Darwin/dis-
drometer/dat/

The values of d(lnran) for the rain drop size spectrum was calculated from the 
number of raindrops in each raindrop diameter size in a total of 20 standard di-
ameter channels ranging from 0.34 to 5.37 mm and corresponding channel width 
(mm). A total of 99 data sets (days) are available for the study. The average (daily) 
rain drop size spectra for each of the 99 data sets are plotted on the left-hand side 
and the total average (daily) spectrum for the 99 data sets is plotted on the right-
hand side in Fig. 3.4a along with the model predicted scale independent aerosol size 
spectrum. The corresponding standard deviations for the average spectra are shown 
as error bars in Fig. 3.4a. The average values of (i) mean volume diameter mm, (ii) 
rain drop total number, (iii) number of observations in each of the 20 channels, and 
(iv) channel diameter and channel width (mm) for the 20 drop size channels are 
given in Fig. 3.4b.

The total average raindrop size spectrum (right-hand side of Fig. 3.4a) shows a 
reasonably good fit (within two standard deviations from the mean) even though 
the individual average raindrop size spectra (left-hand side of Fig. 3.4a) show large 
error bars which may be attributed to the large variability in total number of drops 
sampled corresponding to each mean volume radius (Fig. 3.4b).

 Conclusions

A general systems theory for fractal space–time fluctuations in turbulent atmospher-
ic flows predicts a universal scale-independent mass or radius size distribution for 
homogeneous suspended atmospheric particulates expressed as a function of the 
golden mean τ, the total number concentration and the mean volume radius. Model 
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http://cires.colorado.edu/blogs/twc-ice/2009/09/19/4-0-joss-waldvogel-disdrometer
http://cires.colorado.edu/blogs/twc-ice/2009/09/19/4-0-joss-waldvogel-disdrometer
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Fig. 3.4  a Average (daily) rain drop size spectra for each of the 99 data sets are plotted on the left-
hand side and the total average (daily) spectrum for the 99 data sets is plotted on the right-hand 
side along with the model predicted scale independent aerosol size spectrum. The corresponding 
standard deviations for the average spectra are shown as error bars. b Average values of (i) mean 
volume diameter mm, (ii) rain drop total number, (iii) number of observations in each of the 20 
channels, and (iv) channel diameter and channel width (mm) for the 20 drop size channels

a

b
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predicted spectrum is in agreement (within two standard deviations on either side of 
the mean) with total averaged radius size spectra for the following four experimen-
tally determined data sets: (i) CIRPAS mission TARFOX_WALLOPS_SMPS aero-
sol size distributions; (ii) CIRPAS mission ARM-IOP (Ponca City, OK)aerosol size 
distributions; (iii) SAFARI 2000 CV-580 (CARG Aerosol and Cloud Data) cloud 
DSDs; and (iv) TWP-ICE (Darwin, Australia) rain DSDs. SAFARI 2000 aerosol 
size distributions reported by Haywood et al. (2003) also show similar shape for 
the distributions. Classical statistical physical concepts underlie the physical hy-
pothesis relating to the dynamics of the atmospheric eddy systems proposed in this 
chapter. Model predicted spectrum satisfies the maximum entropy principle of sta-
tistical physics.

The general systems theory model for aerosol size distribution is scale free and 
is derived directly from atmospheric eddy dynamical concepts. At present empiri-
cal models such as the log normal distribution with arbitrary constants for the size 
distribution of atmospheric suspended particulates are used for quantitative estima-
tion of earth-atmosphere radiation budget related to climate warming/cooling trends 
(Sect. 3.2).
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Abstract Atmospheric flows exhibit self-similar fractal space–time fluctuations on 
all space–time scales in association with inverse power law distribution for power 
spectra of meteorological parameters such as wind, temperature, etc., and thus 
implies long-range correlations, identified as self-organized criticality generic to 
dynamical systems in nature. A general systems theory visualizes the fractal fluc-
tuations to result from the coexistence of eddy fluctuations in an eddy continuum, 
the larger scale eddies being the integrated mean of enclosed smaller scale eddies. 
The model predicts that the probability distributions of component eddy amplitudes 
and the corresponding variances (power spectra) are quantified by the same univer-
sal inverse power law distribution incorporating the golden mean. Atmospheric par-
ticulates are held in suspension by the vertical velocity distribution spectrum. The 
atmospheric particulate size spectrum is derived in terms of the model-predicted 
universal inverse power law characterizing atmospheric eddy spectrum. Model-pre-
dicted spectrum is in agreement with PCASP-B aerosol-size spectra measurements 
made during the VOCALS ((VAMOS Ocean-Cloud-Atmosphere Land Study) 2008.

Keywords Universal spectrum for atmospheric suspended particulates · Fractal 
fluctuations in atmospheric flows · Chaos and nonlinear dynamics · Maximum 
entropy principle · VOCALS 2008 PCASP-B aerosol size spectra

4.1  Introduction

A general systems theory for fractal space–time fluctuations (Selvam 1990 2005, 
2007, 2009) (see Sect. 1.3) is applied to derive universal (scale-independent) inverse 
power law distribution incorporating the golden mean for atmospheric eddy energy 
distribution. Atmospheric particulates are held in suspension by the spectrum of at-
mospheric eddy fluctuations (vertical). The suspended atmospheric particulate size 
distribution is expressed in terms of the atmospheric eddy energy spectrum and is 
expressed as a function of the golden mean τ(≈ 1.618), the total number concentra-
tion and the mean volume radius (or diameter) of the particulate size spectrum. 
A knowledge of the mean volume radius and total number concentration is suf-
ficient to compute the total particulate size spectrum at any location. Model pre-
dicted atmospheric eddy energy spectrum is in agreement with earlier observational 
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results (Selvam et al. 1992; Selvam and Joshi 1995; Selvam et al. 1996; Selvam and 
Fadnavis 1998; Joshi and Selvam 1999; Selvam 2011). Model-predicted suspended 
particulate (aerosol) size spectrum (Sect. 1.6.4) is in agreement with observations 
using VOCALS 2008 PCASP data (Selvam 2012).

4.2  Data

VOCALS PCASP-B data sets were used for comparison of observed with model-
predicted suspended particle-size spectrum in turbulent atmospheric flows.

During October and November, 2008, Brookhaven National Laboratory (BNL) 
participated in VOCALS (VAMOS Ocean-Cloud-Atmosphere Land Study), a mul-
tiagency, multinational atmospheric sampling field campaign conducted over the 
Pacific Ocean off the coast of Arica, Chile. Support for BNL came from U.S. De-
partment of Energy (DOE)’s Atmospheric Science Program (ASP) which is now 
part of the Atmospheric System Research (ASR) program following a merger with 
DOE’s Atmospheric Radiation (ARM) program. A description of the VOCALS 
field campaign can be found at http://www.eol.ucar.edu/projects/vocals/

Measurements made from the DOE G-1 aircraft are being used to assess the 
effects of anthropogenic and biogenic aerosol on the microphysics of marine stra-
tus. Aerosols affect the size and lifetime of cloud droplets thereby influencing the 
earth’s climate by making clouds more or less reflective and more or less long-
lived. Climatic impacts resulting from interactions between aerosols and clouds 
have been identified by the IPCC Fourth Assessment Report (AR4; 2007) as being 
highly uncertain and it is toward the improved representation of these processes in 
climate models that BNL’s efforts are directed.

The parent data set from which the Excel spreadsheet has been derived is ar-
chived at the BNL anonymous ftp site:

ftp://ftp.asd.bnl.gov/pub/ASP%20Field%20Programs/2008VOCALS/Pro-
cessed_Data/PCASP_BPart/

Data are archived as ASCII files.

4.2.1  VOCALS 2008 PCASP-B Aerosol Size Spectrum

Data from the DOE G-1 Research Aircraft Facility operating during the 2008 VA-
MOS Ocean Cloud Atmosphere Land Study (VOCALS) 2008 based in part at Cha-
calluta Airport (ARI) north of Arica, Chile were used.

PCASP_BPart—contains detailed size-binned (30 bins, 0.1–3 µm diameter) 
data obtained from the PCASP (Passive Cavity Aerosol Spectrometer Probe, Unit 
B). This probe was on the isokinetic inlet in the cabin before 10/29/08. On flight 
081029a it was moved to the nose pylon of the plane.

The following 17 data sets were used for the study, the file names giving Flight 
Designation (yymmdd{flight of day letter}), 081014a_10.txt, 081017a_10.txt, 
081018a_10.txt, 081022a_10.txt, 081023a_10.txt, 081025a_10.txt, 081026a_10.txt, 
081028a_10.txt, 081029a_10.txt, 081101a_10.txt, 081103a_10.txt, 081104a_10.txt, 
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081106a_10.txt, 081108a_10.txt, 081110a_10.txt, 081112a_10.txt, 081113a_10.txt. 
The letter is ‘a’ for first flight. Maximum data frequency is 10 s−1 indicated as ‘_10’ 
in the file name.

4.3  Analysis and Discussion of Results

The atmospheric suspended particulate size spectrum is closely related to the verti-
cal velocity spectrum (Sect. 1.6). The mean volume radius of suspended aerosol 
particulates increases with height (or reference level z) in association with decrease 
in number concentration. At any height (or reference level) z, the fractal fluctua-
tions (of wind, temperature, etc.) carry the signatures of eddy fluctuations of all 
size scales since the eddy of length scale z encloses smaller scale eddies and at the 
same time forms part of internal circulations of eddies larger than length scale z 
(Sect. 1.4). The observed atmospheric suspended particulate size spectrum also ex-
hibits a decrease in number concentration with increase in particulate radius. At any 
reference level z of measurement the mean volume radius ras will serve to calculate 
the normalized radius ran for the different radius class intervals as explained below.

The general systems theory for fractal space–time fluctuations in dynamical sys-
tems predicts universal mass size spectrum for atmospheric suspended particulates 
(Sect. 1.6.4). For homogeneous atmospheric suspended particulates, i.e., with the 
same particulate substance density, the atmospheric suspended particulate mass and 
radius size spectrum is the same and is given as (Sect. 1.6.4) the normalized aerosol 

number concentration equal to 1
N

N
lnr
d

d an( )
versus the normalized aerosol radius ran, 

where (i) ran is equal to r
r

a

as

, ra being the mean class interval radius and ras the mean 

volume radius for the total aerosol size spectrum, (ii) N is the total aerosol number 
concentration and dN is the aerosol number concentration in the aerosol radius class 
interval dra, and (iii) d(ln ran) is equal to dr

r
a

a
for the aerosol radius class interval ra 

to ra + dra.

4.3.1  Analysis Results, VOCALS PCASP-B Aerosol  
Size Spectrum

A total of 17 data sets between 14 October and 13 November 2008 are available for 
the study. The data used in this study for each of the 17 flights are (i) average and 
standard deviation for particle number concentration per cc in 29 class intervals 
ranging from.1 to 3 µm for the particle diameter, (ii) average and standard devia-
tion for total particle number concentration per cc (bins 2–30), and (iii) average and 
standard deviation for total volume (cc).

Details of data sets used for the study are shown in Figs. 4.1 (a–d) as follows. (i) 
Fig. 4.1a: lower and upper radius size limits for bin numbers 2–30, (ii) Fig. 4.1b: 
average and standard deviation for total particle number concentration per cc for 
the 17 flights, (iii) Fig. 4.1c: average and standard deviation for total volume (cc) 
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for the 17 flights (bins 2–30), and (iv) Fig. 4.1d: average and standard deviation 
for mean volume radius (µm) for the 17 flights. The dispersion (equal to standard 
deviation/mean) expressed as percentage gives a statistical measure of variability of 
measured particle number concentration. Computed dispersion (%) values are plot-
ted for the two size ranges (i) less than 1 µm diameter (bins 2–20) and (ii) 1–3 µm 
diameter (bins 21–30) in Fig. 4.2a, b respectively.

The average total number concentration exhibits a variability of about ± 100 cc−1 
around a mean value of about 200 cc−1 except for the first three flights which show 
larger variability (Fig. 4.1b). The total volume is one order of magnitude larger for 
flight numbers 10 onwards compared to earlier flights (Fig. 4.1c) consistent with 
larger median volume radii for flight numbers 10 onwards (Fig. 4.1d) and exhibit 
large variability, particularly for size ranges more than 1 µm (Fig. 4.1d).

For particle diameter range less than 1 µm (bins 2–20) the computed dispersion 
(%) for particle number concentration is within 100 % for bins 2–14 size range 
and thereafter increases rapidly to a maximum of 500 %. The computed dispersion 
(%) for particle number concentration for bins 21–30 (1–3 µm diameter) increases 
steeply from 500 %–5000 % with increase in particle size.

The mid-point diameter of the class interval was used to compute the corre-
sponding value of d(lnran). The average aerosol size spectra for each of the 17 data 
sets are plotted on the left-hand side and the total average spectrum for the 17 data 
sets is plotted on the right-hand side in Fig. 4.3 along with the model-predicted 

Fig. 4.1  a Lower and upper radius size limits for bin numbers 2–30. b Average and standard 
deviation for total particle number concentration per cc for the 17 flights. c Average and standard 
deviation for total volume (cc) for the 17 flights (bins 2–30). d Average and standard deviation for 
mean volume radius (µm) for the 17 flights
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Fig. 4.2  Computed dispersion (%) values for size range. a Less than 1 µm diameter (bins 2–20). 
b 1–3 µm diameter (bins 21–30)

 

Fig. 4.3  Average aerosol size spectra (bins 2–30) for each of the 17 data sets are plotted on the 
left-hand side and the total average spectrum for the 17 data sets is plotted on the right along with 
the model-predicted scale-independent aerosol size spectrum
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scale-independent aerosol size spectrum. The corresponding standard deviations for 
the average spectra are shown as error bars in Figs. 4.3.

The total average aerosol size spectrum (right-hand side of Fig. 4.3) for size 
(radius) range less than about 0.5 µm (accumulation mode) is closer to the model 
predicted spectrum while for particle size range greater than 0.5 µm (coarse) the 
spectrum shows appreciable departure from model-predicted size spectrum pos-
sibly attributed to different aerosol substance densities in the accumulation and 
coarse modes. The aerosol size spectra for the two different homogeneous aerosol 
substance densities corresponding to the two size (radius) ranges, namely (i) 0.1–
0.5 µm (accumulation mode) and (ii) 0.5–1.5 µm (coarse mode) were computed 
separately and shown in Figs. 4.4 and 4.5, respectively. The observed aerosol size 
distribution for the two size categories now follows closely the model predicted 
universal size spectrum for homogeneous atmospheric suspended particulates. Ear-
lier studies (Husar 2005)have shown that the source for submicron (diameter) size 
accumulation mode aerosols is different from the larger (greater than 1 µm diam-
eter) coarse mode particles in the atmosphere and therefore may form two different 
homogeneous aerosol size groups.

Fig. 4.4  Aerosol size spectra for homogeneous aerosol substance density in the accumulation 
mode corresponding to the size (radius) range 0.1–0.5 µm (bins 2–20). The average aerosol size 
spectra for each of the 17 data sets are plotted on the left-hand side and the total average spectrum 
for the 17 data sets is plotted on the right along with the model-predicted scale-independent aerosol 
size spectrum
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The amount and longitudinal gradient of aerosol sulfate, and a consideration of the 
locations of Cu smelters and power plants in Chile, strongly suggest that the sub-
micron aerosol is dominated by anthropogenic emissions (Kleinman et al. 2009).

The source of the uncertainties displayed by the error bars may be due to mea-
surement noise, independent in every size interval, also may be due to different 
aerosol sources. The model predicts universal spectrum for suspended aerosol mass 
size distribution(Sect. 1.6.4), based on the concept that the atmospheric eddies hold 
in suspension the aerosols and thus the mass size spectrum of the atmospheric aero-
sols is dependent on the vertical velocity fluctuation spectrum of the atmospheric 
eddies.

Conclusions

The apparently irregular (turbulent) atmospheric flows exhibit self-similar fractal 
fluctuations associated with inverse power law distribution for power spectra of me-
teorological parameters on all time scales signifying an eddy continuum underlying 

Fig. 4.5  Aerosol size spectra for homogeneous aerosol substance density in the coarse mode cor-
responding to the size (radius) range 0.5–1.5 µm (bins 21–30). The average aerosol size spectra 
for each of the 17 data sets are plotted on the left-hand side and the total average spectrum for the 
17 data sets is plotted on the right along with the model-predicted scale-independent aerosol size 
spectrum
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the fluctuations. A general systems theory (Selvam 1990) visualizes each large eddy 
as the envelope (average) of enclosed smaller scale eddies, thereby generating the 
eddy continuum, a concept analogous to the kinetic theory of gases in classical sta-
tistical physics. It is shown that the ordered growth of atmospheric eddy continuum 
in dynamical equilibrium is associated with maximum entropy production.

Two important model predictions of the general systems theory for turbulent 
atmospheric flows and their applications are given in the following:

• The probability distributions of amplitude and variance (square of amplitude) of 
fractal fluctuations are quantified by the same universal inverse power law in-
corporating the golden mean. Universal inverse power law for power spectra of 
fractal fluctuations rules out linear secular trends in meteorological parameters. 
Global warming-related climate change, if any, will be manifested as intensifi-
cation of fluctuations of all scales manifested immediately in high-frequency 
fluctuations (Selvam et al. 1992; Selvam 2011)

• The mass or radius (size) distribution for homogeneous suspended atmospheric 
particulates is expressed as a universal scale-independent function of the golden 
mean τ, the total number concentration, and the mean volume radius. Model-pre-
dicted aerosol size spectrum is in agreement (within two standard deviations on 
either side of the mean) with total averaged radius size spectra for the VOCALS 
2008 PCASP-B data sets. SAFARI 2000 aerosol size distributions reported by 
Haywood et al. (2003) also show similar shape for the distributions. Specifica-
tion of cloud droplet size distributions is essential for the calculation of radia-
tion transfer in clouds and cloud-climate interactions, and for remote sensing of 
cloud properties. The general systems theory model for aerosol size distribution 
is scale-free and is derived directly from atmospheric eddy dynamical concepts. 
At present empirical models such as the log normal distribution with arbitrary 
constants for the size distribution of atmospheric suspended particulates is used 
for quantitative estimation of the earth-atmosphere radiation budget related to 
climate warming/cooling trends (Sect. 2.1). The universal aerosol size spectrum 
presented in this chapter may be computed for any location with two measured 
parameters, namely, the mean volume radius and the total number concentration 
and may be incorporated in climate models for computation of radiation budget 
of earth-atmosphere system.
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Abstract Atmospheric flows exhibit fractal fluctuations and inverse power law for 
power spectra indicates an eddy continuum structure for the self-similar fluctua-
tions. A general systems theory for aerosol size distribution based on fractal fluctua-
tions is proposed. The model predicts universal (scale-free) inverse power law for 
fractal fluctuations expressed in terms of the golden mean. Atmospheric particulates 
are held in suspension in the fractal fluctuations of vertical wind velocity. The mass 
or radius (size) distribution for homogeneous suspended atmospheric particulates is 
expressed as a universal scale-independent function of the golden mean, the total 
number concentration, and the mean volume radius. Model-predicted spectrum is 
compared with the total averaged radius size spectra for the AERONET (aerosol 
inversions) stations Davos and Mauna Loa for 2010 and Izana for 2009. There is 
close agreement between the model predicted and the observed aerosol spectra. The 
proposed model for universal aerosol size spectrum will have applications in com-
putations of the radiation balance of earth–atmosphere system in climate models.

Keywords  Universal  spectrum  for  aerosol  size  distribution  ∙  General  systems 
theory  for  atmospheric  aerosol  size  spectrum  ∙ AERONET  (aerosol  inversions) 
stations Davos, Mauna Loa, and Izana ∙ Nonlinear dynamics and chaos, radiation 
balance of earthatmosphere system in climate models

5.1  Introduction

Atmospheric aerosol mass size spectrum is expressed in terms of the universal eddy 
energy spectrumand is a function of the mean volume radius and total number con-
centration. Model predictions are in agreement with observed daily mean Aeronet 
aerosol size spectrum at Davos and Mauna Loa for 2010 and at Izana for 2009 
(Selvam 2013).
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5.2  Data

Daily mean volume particle size distribution dV( r)/dlnr (μm3/μm2) retrieved in 22 
logarithmically equidistant bins in the range of sizes 0.05 μm ≤ r ≤ 15 μm for Davos 
(Switzerland) and Mauna Loa (Hawaii) for the year 2010 and Izana (Spain) for the 
year 2009 were obtained from AERONET aerosol robotic network (http://aeronet.
gsfc.nasa.gov/new_web/data.html). For Izana (Spain), the complete data set for the 
12-month period of 2009 was available and hence it was used. Daily average data 
are calculated from all points for each day when three (3) or more points are avail-
able. Data sets for a total of 54, 180, and 133 days, respectively, were available 
for the three stations Davos, Mauna Loa, and Izana. The formulas for calculating 
standard parameters of the particle size distribution (http://aeronet.gsfc.nasa.gov/
new_web/Documents/Inversion_products_V2.pdf) are given below.

AERONET retrieves the aerosol size distribution of the particle volume dV( r)/
dlnr. It relates to the distribution of particle number as follows:

Volume concentration (μm3/μm2):

The details of computations in the present study are as follows:

1. The mid-point (center of size bin) radius r was used to calculate the distribution 
of particle number dN( r)/dln( r) from the volume concentration dV( r)/dln( r) for 
fine (f) and course (c) aerosol modes.

2. The radius range for fine (f) mode is 0.05 < r  ≤ 0.6 µm and the radius range for 
the coarse (c) mode is 0.6 < r ≤ 15 µm.

The total number concentrations N dN r( )∑( )  for fine (f) and coarse (c) modes 
were calculated from dN( r)/dln( r) since dln( r) is a constant equal to d( r)/r for the 
retrieved size spectrum with logarithmically equidistant bins. The constant dln( r) 
computed as equal to ( r2−r1)/r1 from the known values of mid-point (center of size 
bin) radii r is equal to 0.31207.

5.3  Analysis and Results

The atmospheric suspended particulate size spectrum is closely related to the verti-
cal velocity spectrum (Sect. 1.6). The mean volume radius of suspended aerosol 
particulates increases with height (or reference level z) in association with decrease 
in number concentration. At any height (or reference level) z, the fractal fluctuations 
(of wind, temperature, etc.) carry the signatures of eddy fluctuations of all size 
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scales since the eddy of length scale z encloses smaller scale eddies and at the 
same time forms part of internal circulations of eddies larger than length scale z 
(Sect. 1.4). The observed atmospheric suspended particulate size spectrum also ex-
hibits a decrease in number concentration with increase in particulate radius. At any 
reference level z of measurement the mean volume radius ras will serve to calculate 
the normalized radius ran for the different radius class intervals as explained below.

The general systems theory for fractal space–time fluctuations in dynamical sys-
tems predicts universal mass size spectrum for atmospheric suspended particulates 
(Sect.  1.6.4). For homogeneous atmospheric suspended particulates, i.e., with the 
same particulate substance density, the atmospheric suspended particulate mass and 
radius size spectrum is the same and is given as the normalized aerosol number 

concentration equal to 1
N

N
lnr
d

d( an )
 versus the normalized aerosol radius ran, where 

(i) ran is equal to 
r
r

a

as
, ra being the mean class interval radius and ras the mean vol-

ume radius for the total aerosol size spectrum, (ii) N is the total aerosol number 
concentration and dN is the aerosol number concentration in the aerosol radius class 

interval dra, and (iii) d(ln ran) is equal to 
dr
r
a

a
for the aerosol radius class interval ra 

to ra + dra.
The average normalized aerosol size spectra for fine (f) mode for Davos, Mauna 

Loa, and Izanawith 54, 180, and 133 daily mean data sets, respectively, are shown in 
Fig. 5.1 along with the model predicted universal normalized aerosol size spectrum. 
The corresponding aerosol size spectra for coarse (c) mode are given in Fig. 5.2. 
The observed aerosol size spectra are in close agreement with model-predicted 
universal spectrum for suspended particulates in the turbulent atmospheric flows. 
The total average mean volume radius and total number concentration for the three 
stations for the period of study are given in Fig. 5.3. The mean volume radius and 
total number concentration are minimum for Mauna Loa (Hawaii) for both fine and 
coarse aerosol modes. Coarse mode particulate number concentration is a maxi-
mum for Izana (Spain).

Discussion and Conclusions

Atmospheric flows exhibit self-similar fractal fluctuations on all space–time scales. 
Fractal fluctuations are ubiquitous to dynamical systems in nature such as fluid 
flows, heart beat patterns, population growth, etc. Power spectra of fractal fluctua-
tions exhibit inverse power law form indicating long-range correlations, identified 
as self-organised criticality. Identification and quantification of the exact physical 
laws underlying the observed self-organised criticality will help predict the future 
evolution of dynamical systems such as weather patterns. A general systems theory 
which satisfies the maximum entropy principle of classical statistical physics re-
cently proposed by the author enables formulation of precise quantitative relations 
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for the observed universal characteristics of fractal fluctuations in turbulent at-
mospheric flows. The model predictions are as follows. (i) The apparently cha-
otic (unpredictable) fluctuations can be resolved into a nested continuum of vortex 
roll circulations tracing the space filling quasiperiodic Penrose tiling pattern with 
an overall logarithmic spiral trajectory. (ii) The amplitude and also the variance 
(square of the amplitude) of fractal fluctuations are quantified by the same statisti-
cal probability distribution function incorporating the golden mean τ and exhibits 
scale-free universal inverse power law characteristics. Therefore, fractal fluctua-
tions are signatures of quantum-like chaos since square of the eddy amplitudes, i.e., 
variances, represent the probability densities (of amplitudes), a property exhibited 
by the subatomic dynamics of quantum systems such as electron or photon. (iii) At-
mospheric particulates are held in suspension in the fractal fluctuations of vertical 
wind velocity. The mass or radius (size) distribution for homogeneous suspended 
atmospheric particulates is expressed as a universal scale-independent function of 
the golden mean τ, the total number concentration, and the mean volume radius. 
The universal aerosol size spectrum will have applications in computation of radia-
tion balance of earth–atmosphere system in climate models.

Model predictions are in agreement separately, with the fine (0.1–0.6 µm) and the 
coarse (0.6–15 µm) mode AERONET aerosol inversion data sets (daily averages) 

Fig. 5.1  Mean daily average aerosol size distribution, fine mode (0.05 < radius ≤ 0.6 µm) for ( 1) 
Davos for 2010, ( 2) Mauna Loa for 2010, and ( 3) Izana for 2009
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for Davos and Mauna Loa for 2010 and Izana for 2009. The results indicate two dif-
ferent homogeneous aerosol substance densities corresponding to the two size (ra-
dius) ranges, namely (i) 0.1–0.6 µm (fine mode) and (ii) 0.6–15 µm (coarse mode). 
Earlier studies (Husar 2005) have shown that the source for submicron (diameter) 
size accumulation mode aerosols is different from the larger (greater than 1 µm 
diameter) coarse mode particles in the atmosphere and therefore may form two dif-
ferent homogeneous aerosol size groups.

The source of the uncertainties displayed by the error bars (Figs. 5.1 to 5.3) may 
be due to measurement noise, independent in every size interval, also may be due 
to different aerosol sources. The model predicts universal spectrum for suspended 
aerosol mass size distribution (Sect. 1.6.4), based on the concept that the atmo-
spheric eddies hold in suspension the aerosols and thus the mass size spectrum of 
the atmospheric aerosols is dependent on the vertical velocity fluctuation spectrum 
of the atmospheric eddies.

At present empirical models such as the log normal distribution with arbitrary 
constants for the size distribution of atmospheric suspended particulates are used 
for quantitative estimation of earth–atmosphere radiation budget related to climate 
warming/cooling trends. The general systems theory model for aerosol size distribu-
tion is scale-free and is derived directly from atmospheric eddy dynamical concepts. 

Fig. 5.2  Mean daily average aerosol size distribution, coarse mode (0.6 < radius ≤ 15.0 µm) for 
Davos and Mauna Loa for 2010 and Izana for 2009
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The universal aerosol size spectrum, a function of the total aerosol number concen-
tration and the mean volume radius alone, will have applications in computation of 
radiation balance of earth–atmosphere system in climate models.
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Universal Spectrum for Atmospheric Suspended 
Particulates: Comparison with Observations, 
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© The Author(s) 2015 
A. M. Selvam, Rain Formation in Warm Clouds, SpringerBriefs in Meteorology,  
DOI 10.1007/978-3-319-13269-3_6

Abstract Atmospheric flows exhibit self-similar fractal space-time fluctuations 
manifested as the fractal geometry to global cloud cover pattern and inverse power 
law form for power spectra of meteorological parameters such as windspeed, tem-
perature, rainfall, etc. Inverse power law form for power spectra indicates long-range 
space-time correlations or non-local connections and is a signature of self-organ-
iszed criticality generic to dynamical systems in nature. The general systems theory 
discussed in Chaps. 1 and 2 predicts the observed self-organiszed criticality as a 
signature of quantum-like chaos in dynamical systems. The model predictions are 
as follows. (i) The fractal fluctuations can be resolved into an overall logarithmic 
spiral trajectory with the quasiperiodic Penrose tiling pattern for the internal struc-
ture. (ii) The probability distribution represents the power (variance) spectrum for 
fractal fluctuations and follows universal inverse power law form incorporating the 
golden mean. Such a result that the additive amplitudes of eddies when squared 
represent probability distribution is observed in the subatomic dynamics of quan-
tum systems such as the electron or photon. Therefore, the irregular or unpredict-
able fractal fluctuations exhibit quantum-like chaos. (iii) Atmospheric aerosols are 
held in suspension by the vertical velocity distribution (spectrum). The atmospheric 
aerosol size spectrum is derived in terms of the universal inverse power law char-
acterizing atmospheric eddy energy spectrum. Model- predicted spectrum is in 
agreement with the following two experimentally determined atmospheric aerosol 
data sets, (i) SAFARI 2000 CV-580 Aerosol Data, Dry Season 2000 (CARG), (ii) 
World Data Centre Aerosols data sets for the three stations Ny Ålesund, Pallas, and 
Hohenpeissenberg.

Keywords Universal atmospheric aerosol size spectrum ∙ SAFARI 2000 aerosol 
size spectra ∙ World data center aerosol size spectra ∙ Fractal fluctuations in 
atmospheric flows ∙ Chaos and nonlinear dynamics
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6.1  Introduction

Atmospheric aerosols are held in suspension by the vertical velocity distribution 
(spectrum). The normalized atmospheric aerosol size spectrum is derived in terms 
of the universal inverse power law characterizing atmospheric eddy energy spec-
trum. Model-predicted spectrum is in agreement with the following two experimen-
tally determined atmospheric aerosol data sets, (i) SAFARI 2000 CV-580 Aerosol 
Data, Dry Season 2000 (CARG), (ii) World Data Centre Aerosols data sets for the 
three stations Ny Ålesund, Pallas, and Hohenpeissenberg (Selvam 2011).

6.2  Data

The following two data sets were used for comparison of observed with model-
predicted aerosol size spectrum.

6.2.1  Data Set I

SAFARI 2000 CV-580 Aerosol Data, Dry Season 2000 (CARG). The Cloud and 
Aerosol Research Group (CARG) of the University of Washington participated in 
the SAFARI-2000 Dry Season Aircraft campaign with their Convair-580 research 
aircraft. This campaign covered five countries in southern Africa from August 10 
to September 18, 2000. Various types of measurements were obtained on the 31 
research flights of the Convair-580 to study their relationships to simultaneous 
measurements from satellites (particularly Terra), other research aircraft, and SA-
FARI-2000 ground-based measurements and activities. The UW technical report 
for the SAFARI 2000 project (http://daac.ornl.gov/data/safari2k/atmospheric/CV-
580/comp/SAFARI-MASTER.pdf) gives a complete detailed guide to the extensive 
measurements obtained aboard the UW Convair-580 aircraft in support of SAFARI 
2000 (Hobbs 2004).

Aerosol Data (aer) instrument details are given in Table 6.1
Data sets satisfying the following four conditions were chosen for analysis. (i) 

Flights where both pcasp and tsi3320 are available. (ii) There are no unavailable 
(− 999.99) data in any of the size intervals. (iii) The number of class intervals with 
zero aerosol number concentration does not exceed three within the first five class 
intervals for pcasp for data inclusion for both pcasp and tsi3320. (iv) The standard 
deviation of aerosol number concentrations in the class intervals of the size spec-
trum is less than 0.8 in order to exclude any abnormally large fluctuations, particu-
larly in the tail end of the spectrum. Aerosol data sets for 21 aircraft flights were 
used for the study and details of available number of aerosol size spectra for each 
flight are given in Table 6.2. The available number of data values for each of the 15 
size class intervals for pcasp and 52 size class intervals for tsi3320 instrumentation 
systems are shown in Fig. 6.1.
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6.2.2  Data Set II

Aerosol size distributions for three land stations (Ny Ålesund, Pallas, and Hohen-
peissenberg) were obtained from World Data Centre for Aerosols (http://wdca.
jrc.it/data/parameters/data_size.html) at The aerosol size distribution data archive 
and details of these data sets are given in Table 6.3. (Archive: ftp://ftp-ccu.jrc.it/
pub/WDCA/NARSTO_archive/2.301/parameters/Size_Distribution). The annual 
means and corresponding standard deviations of aerosol number concentrations for 
the aerosol size class intervals were used for the study.

6.3  Analysis

The aerosol size spectrum is given as (Sect. 1.6.4) the normalized aerosol number 

concentration equal to 1
N

N
lnran

d
d( )

versus the normalized aerosol radius ran,, where 

(i) ran is equal to 
r
r
a

as
, ra being the mean class interval radius and ras the mean 

Table 6.1  Aerosol Data (aer) instrument details. (ftp://ftp.daac.ornl.gov/data/safari2k/atmo-
spheric/CV-580/comp/CV-580.pdf)
Instrument I
Name pcaspdnc
Definition Particle concentration between 0.1 and 3.0 μm in 15 channels (corrected per 

micron)
Units #/cc
Instrument Particle measuring systems model PCASP-100X
Processing Calculated from raw counts and sample time
Notes Channel limits are: 0.10, 0.12, 0.14, 0.17, 0.20, 0.25, 0.30, 0.40, 0.50, 0.70, 

0.90, 1.20, 1.50, 2.00, 2.50, 3.00 μm
Instrument II
Name tsidnc
Definition Particle concentration between 0.5 and 20 μm in 52 channels (corrected per 

micron)
Units #/cc
Instrument TSI Model 3320 APS
Processing Calculated from raw counts and sample time
Notes There are no data from this instrument on UW flights 1815, 1818, 1820, and 

1830. Channel limits are: 0.487, 0.523, 0.562, 0.604, 0.649, 0.698, 0.750, 
0.806, 0.866, 0.931, 1.000, 1.075, 1.155, 1.241, 1.334, 1.433, 1.540, 1.655, 
1.778, 1.911, 2.054, 2.207, 2.371, 2.548, 2.738, 2.943, 3.162, 3.398, 3.652, 
3.924, 4.217, 4.532, 4.870, 5.233, 5.623, 6.043, 6.494, 6.978, 7.499, 8.058, 
8.660, 9.306, 10.000, 10.746, 11.548, 12.409, 13.335, 14.330, 15.399, 
16.548, 17.783, 19.110, 20.535 μm

ftp://ftp-ccu.jrc.it/pub/WDCA/NARSTO_archive/2.301/parameters/Size_Distribution
ftp://ftp-ccu.jrc.it/pub/WDCA/NARSTO_archive/2.301/parameters/Size_Distribution
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volume radius for the aerosol size spectrum (reference level). (ii) N is the total 
aerosol number concentration and dN is the aerosol number concentration in the 

aerosol radius class interval dra. (iii) d(lnran) is equal to 
dr
r
a

a
for the aerosol radius 

class interval ra to ra + dra.

6.3.1  Data I: SAFARI 2000 CV-580 Aerosol Size Spectra, Dry 
Season 2000 (CARG)

The mean and standard deviation of normalized aerosol size spectrum were com-
puted for 245,037 and 189,761 individual spectra (Table 6.1), respectively, for 
pcasp and tsi3320 aerosol measurement instrument systems and shown in Fig. 6.2 
along with the model-predicted universal normalized aerosol size spectrum.

6.3.2  Data II: World Data Centre for Aerosols

The annual mean normalized aerosol size spectra with associated standard deviation 
were computed for the three stations (Table 6.3) Ny Ålesund, Pallas, and Hohen-
peissenberg for each year and shown in Fig. 6.3.

 

Fig. 6.1  Available number of data values for each of the 15 size class intervals for pcasp and 52 
size class intervals for tsi3320 instrumentation systems
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Parameter: number size distribution
Station: Ny Ålesund
Data QAC narsto permanent archive file name WDCA_GAWA_

NYAZ_SIZEN_2001/2002/2003/2004.csv
Definition Particle concentration between 0.017.8 and 0.7079 μm in 16 

size classes
Units #/cc
Method Differential mobility particle sizer (DMA)
Start 2000/01/01
End ongoing
Data period 2001–2004
Size-class limits 0.017.8, 0.022.4, 0.028.2, 0.0355, 0.0447, 0.0562, 0.0708, 

0.0891, 0.1122, 0.1413, 0.1778, 0.2239, 0.2818, 0.3548, 
0.4467, 0.5623, 0.7079 μm

Station: Pallas
Data QAC narsto permanent archive file name WDCA_GAWA_

PAL_SIZEN_2001/2002/2003/2004.csv
Definition Particle concentration between 0.0069 and 0.53 μm in 30 size 

classes
Units #/cc
Method Differential mobility particle sizer (DMA)
Start 2000/01/01
End Ongoing
Data period 2001–2004
Size-class limits 0.0069, 0.0079, 0.0092, 0.0106, 0.0123, 0.0142, 0.0164, 

0.019, 0.022, 0.0254, 0.0294, 0.034, 0.0393, 0.0454, 0.0525, 
0.0607, 0.0703, 0.0811, 0.0937, 0.1084, 0.1252, 0.1446, 
0.1671, 0.1931, 0.223, 0.2573, 0.2974, 0.3436, 0.3966, 
0.4583, 0.53 μm

Station: Hohenpeissenberg
Data QAC narsto permanent archive file name WDCA_GAWA_

HOP_SIZE_2001/2002/2003/2004/2005.csv
Definition Particle concentration between 0.1 and 6.75 μm in 15 size 

classes
Units #/cc
Method Optical particle counter (OPC)
Start 1996/10/01
End Ongoing
Data period 2001–2005
Size-class limits 0.1, 0.12, 0.15, 0.2, 0.25, 0.35, 0.45, 0.6, 0.75, 1, 1.5, 2, 3, 4.5, 

6, 7.5 μm

Table 6.3  World data centre aerosols details
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 Conclusion

There is a close agreement between the model-predicted and the observed aero-
sol size distributions for the two aerosol data sets (SAFARI 2000 and World Data 
Center) used in the study. SAFARI 2000 aerosol size distributions reported by 
Haywood et al. (2003) also show similar shape for the distributions.

The distribution of atmospheric aerosols is not only determined by turbulence 
but also by dry and wet chemistry, sedimentation, gas to particle conversion, co-
agulation, (fractal) variability at the surface, among others. However, at any instant, 
the mass (and therefore the radius for homogeneous aerosols) size distribution of 
atmospheric suspensions (aerosols) is directly related to the wind velocity (eddy 
energy) spectrum, which is shown to be universal (scale independent). The source 
for aerosols in the fine mode (less than 1 μm) and coarse mode (greater than 1 μm) 
are different and may account for the observed good fit of the observed radius size 
spectrum mostly for the fine aerosol mode only.

Fig. 6.2  Average aerosol size spectrum for SAFARI 2000 CV-580 aerosol size spectra and com-
parison with model prediction. Error bars indicate one standard deviation on either side of the 
mean
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The general systems theory relating to the dynamics of the atmospheric eddy 
systems proposed in the present chapter can be extended to other planetary, solar, 
and stellar atmospheres.
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Fig. 6.3  Mean aerosol size spectrum for World data center for aerosols data sets and comparison 
with model prediction. Error bars indicate one standard deviation on either side of the mean

 



97© The Author(s) 2015   
A. M. Selvam, Rain Formation in Warm Clouds, SpringerBriefs in Meteorology,  
DOI 10.1007/978-3-319-13269-3

Index

A
AERONET (aerosol inversions) stations 

Davos, 84, 87, 88
Arons, A.B., 49

B
Bak, P.C., 1
Beck, C., 26
Best, A.C., 59, 60
Boers, R., 7
Boltzmann, L., 23
Borovikov, A.M., 59
Brown, R.A., 5
Buchanan, M., 23, 24

C
Chakrabarti, C.G., 26
Chandrasekhar, B.S., 23
Chaos, 3

and nonlinear dynamics, 2, 4
molecular, 23

Checa, R., 27
Chen, W.N., 58
Cohen, E.G.D., 23

D
Damasceno, P., 26
Davies, C.N., 57
De, K., 26
Dennery, P., 23
Detlaf, A., 23
Devenish, B.J., 3
Dorlas, T.C., 23

F
Fadnavis, S., 7, 14, 15, 19
Fractal fluctuations in atmospheric flows, 26

probability distribution of, 15

Fractals
concept of, 2

G
General systems theory, 4, 15, 19, 85

and classical statistical physics, 22–24
and maximum entropy principle, 25, 26, 28
for atmospheric aerosol size spectrum, 2, 

14, 90
Grabowskii, W.W., 13
Gryning, S-E., 7
Guenault, M., 23
Gupta, M.C., 23

H
Haken, H., 4
Haywood, J., 56, 71, 80, 95
Hewitt, C.N., 57
Hobbs, P.V., 60, 90
Hultmark, M., 10
Husar, R.B., 57, 58, 78, 87

I
Inverse power law eddy energy spectrum, 2, 

83, 90

J
Jackson, A.V., 57
Jaenicke, R., 57
Joe, P.I, 69
Joshi, R.R., 74
Junge, C., 38, 57
Junge, C.E., 38, 57, 58

K
Kaniadakis, G., 25, 26
Keith, C.H., 49
Khain, A., 61



98 Index

Khrgian, A.Kh., 59
Kikoin, A.K., 23, 27
Kikoin, I.K., 23, 27
Kleinman, L.I., 79
Klett, J.D., 45, 59, 60
Klir, G.J., 4
Krishna, K., 49

L
Lacaux, J.-P., 69
Laws, J.O., 60
Lebowitz, J.L., 22
Levin, L.M., 60
Liu, V., 13, 27
Liu, Y., 3, 5, 51
Long-range space-time correlations, 1, 15, 

23, 51
Lovejoy, S., 2, 56

M
Marshall, J.S., 60
Marusic, I., 10
Mason, B.J., 58
Mauna Loa and Izana, 84, 85, 88
Maximum entropy principle, 25, 85
Maximum entropy production principle 

(MEPP), 27
Mazin, I.P., 59
McGraw, R., 3, 51
Murty, A.S.R., 33, 49, 50

N
Newman, M.E.J., 4
Nonlinear dynamics, 4, 61

P
Palmer, W., 60
Paltridge, G.W., 26, 27
Pandithurai, G., 40
Parasnis, S.S., 49
Parmeggiani, A., 4
Parsons, D.A., 60
Peters, O., 1
Prandtl, L., 10
Pruppacher, H.R., 5, 45, 59, 60

R
Radiation balance of earth–atmosphere system 

in climate models, 86, 88
Rosser, W.G., 23

S
SAFARI 2000

aerosol size spectra, 90, 95

cloud drop size spectra, 67
Salingaros, N.A., 26
Sauvageot, H., 69
Schertzer, D., 2, 56
Self-organised criticality, 1, 4, 85
Selvam, A.M., 2, 5, 7, 9, 14–16, 19, 25, 28, 33, 

34, 40, 50, 56, 73, 74, 80, 83, 90
Selvam, M.M., 50
Senn, H.V., 50
Sethna, J.P., 26
Sheppard, B.E., 69
Sivak, D.A., 2
Sivaramakrishnan, M.V., 50
Skyttner, L., 4
Sornette, D., 24
Spencer, A.T., 48

T
Tanre, D., 58
Tapiador, F.J., 27
TARFOX and ARM-IOP aerosol size spectra, 

71
Townsend, A.A., 5, 7
Tuck, A.F., 3
TWP-ICE (Darwin, Australia) rain drop size 

spectra, 56, 71

U
Universal atmospheric aerosol size spectrum, 

2, 3
Universal spectrum

for aerosol size distribution, 45, 79, 90
for atmospheric suspended particulates, 90

V
VOCALS 2008 PCASP-B aerosol size 

spectra, 74
Von Bertalanffy, L., 4
Von Karman, T., 10
Vulfson, N.I., 59

W
Wang, L-P., 13
Warner, J., 35, 59
Whitby, K.T., 57
Whitey, K.T., 58
Winkler, P., 38
Wong, K.Y., 50
Woodcock, A.H., 48
World data center aerosol size spectra, 95

Y
Yano, J-I., 1
Yavorsky, B., 23


	Preface
	Contents
	List of Frequently Used Symbols
	Chapter-1
	General Systems Theory Concepts in Atmospheric Flows
	1.1 Introduction
	1.2 Current Concepts in Meteorological Theory and Limitations
	1.3 General Systems Theory for Fractal Space–Time Fluctuations in Atmospheric Flows
	1.4 Large Eddy Growth in the ABL
	1.5 Primary Dominant Eddy Growth Mechanism in the ABL
	1.5.1 Steady-State Fractional Volume Dilution of Large Eddy by Turbulent Fluctuations
	1.5.2 Logarithmic Wind Profile in the ABL
	1.5.3 Fractional Upward Mass Flux of Surface Air

	1.6 Atmospheric Aerosol (Particulates) Size Spectrum
	1.6.1 Vertical Variation of Aerosol Mean Volume Radius
	1.6.2 Probability Distribution of Fractal Fluctuations in Atmospheric Flows
	1.6.3 Primary Eddy Growth Region Fractal Fluctuation Probability Distribution
	1.6.4 Atmospheric Wind Spectrum and Suspended Particulate Size Spectrum
	1.6.5 Large Eddy Growth Time

	1.7 General Systems Theory and Classical Statistical Physics
	1.7.1 General Systems Theory and Maximum Entropy Principle

	References


	Chapter-2
	Cumulus Cloud Model
	2.1 Introduction
	2.1.1 Vertical Profile of q/qa
	2.1.2 In-Cloud Vertical Velocity Profile
	2.1.3 In-Cloud Excess Temperature Perturbation Profile
	2.1.4 In-Cloud Temperature Lapse Rate Profile
	2.1.5 Total Cloud LWC Profile
	2.1.5.1 Cloud-Growth Time


	2.2 Cloud Model Predictions and Comparison with Observations
	2.2.1 Vertical Velocity Profile in the Atmospheric Boundary Layer
	2.2.2 Large Eddy-Growth Time
	2.2.3 In-Cloud Temperature Lapse Rate
	2.2.4 Cloud-Growth Time
	2.2.5 Cloud Drop-Size Spectrum
	2.2.6 In-Cloud Raindrop Spectra
	2.2.7 Rainfall Commencement
	2.2.8 Rainfall Rate

	2.3 Warm Cloud Responses to Hygroscopic Particle Seeding
	2.3.1 Dynamic Effect of Salt Seeding

	Conclusions
	References


	Chapter-3
	Universal Spectrum for Atmospheric Suspended Particulates: Comparison with Observations: Data Set I
	3.1 Introduction
	3.2 Atmospheric Suspended Particulates: Current State of Knowledge
	3.2.1 Aerosol Size Distribution

	3.3 Cloud Drop Size Distribution
	3.3.1 Cloud Microphysics and Associated Cloud Dynamical Processes
	3.3.2 Formulations for DSDs in Clouds and Fog

	3.4 Rain Drop Size Distribution
	3.4.1 Classical Cloud Microphysical Concepts
	3.4.2 Cloud Microphysics and Self-Similar Turbulent Atmospheric Flows

	3.5 Data
	3.5.1 Data Set I, Aerosol Size Spectrum
	3.5.2 Data Set II, Aerosol Size Spectrum
	3.5.3 Data Set III, Cloud Drop Size/Number Concentration
	3.5.4 Data Set IV: TWP-ICE, Joss–Waldvogel Disdrometer Rain DSDs

	3.6 Analysis and Discussion of Results
	3.6.1 Analysis Results, Data I: TARFOX_WALLOPS_SMPS, Aerosol Size Spectra
	3.6.2 Analysis Results, Data II: CIRPAS Twin Otter Flight Data Sets, Aerosol Size Spectra
	3.6.3 Analysis Results, Data III: CARG Aerosol and Cloud Data from the Convair-580, Cloud Drop Size Spectra
	3.6.4 Analysis Results Data IV: TWP-ICE, Joss–Waldvogel Disdrometer Rain DSDs

	Conclusions
	References


	Chapter-4
	Universal Spectrum for Atmospheric Suspended Particulates: Comparison with Observations: Data Set II
	4.1 Introduction
	4.2 Data
	4.2.1 VOCALS 2008 PCASP-B Aerosol Size Spectrum

	4.3 Analysis and Discussion of Results
	4.3.1 Analysis Results, VOCALS PCASP-B Aerosol Size Spectrum

	Conclusions
	References


	Chapter-5
	Universal Spectrum for Atmospheric Suspended Particulates: Comparison with Observations: Data Set III
	5.1 Introduction
	5.2 Data
	5.3 Analysis and Results
	Discussion and Conclusions
	References


	Chapter-6
	Universal Spectrum for Atmospheric Suspended Particulates: Comparison with Observations, Data Set IV
	6.1 Introduction
	6.2 Data
	6.2.1 Data Set I
	6.2.2 Data Set II

	6.3 Analysis
	6.3.1 Data I: SAFARI 2000 CV-580 Aerosol Size Spectra, Dry Season 2000 (CARG)
	6.3.2 Data II: World Data Centre for Aerosols

	Conclusion
	References


	Index



