
 
 

  
 

 

 

 

 

 

D6.2 1st Summer School Lecture Notes 

Grant Agreement number 675675 

Project Acronym COMPLETE 

Project Title  Cloud-MicroPhysics-Turbulence-Telemetry 

Funding Scheme Marie Sklodowska Curie Actions ï ITN - ETN 

Version date of the Annex I against 

which the assessment will be made 29/05/2017 

Start date of the project 01/06/2016 

Due date of the deliverable March 2017 

Actual date of delivery January 2018 

Lead beneficiary UW 

Dissemination level of the deliverable Public 

 
 

Coordinator and main scientific representative of the project 

 

Prof. Daniela Tordella 

Politecnico di Torino 

DISAT, Department of Applied Science and Technology 

Phone: 0039 011 090 6812 

E-mail: daniela.tordella@polito.it, complete-network@polito.it 
 

Project website: https://www.complete-h2020network.eu/ 
 

 

 

 

 

 

 

 

mailto:daniela.tordella@polito.it
mailto:complete-network@polito.it
https://www.complete-h2020network.eu/


2  

 

 
 

 COMPLETE ETN network 1st Training School, Turin, 19-22/06/2017 

 

 

 
 
Page

Contents  
 

Atmospheric turbulence, convection and clouds 
 

¶ Introduction to clouds (Prof. Szymon Malinowski, UW)       Tuesday, 20 June 2017   4 

See detailed index on page 6  

¶ Introduction to turbulence (Prof. Szymon Malinowski, UW)  Tuesday, 20 June 2017  41 

See detailed index on page 42 

 

¶ Cloud microphysics (Prof. Hanna Pawlowska, UW)               Tuesday, 20 June 2017                                                                                               87  

See detailed index on page 89 

 
Entrepreneurship and business planning. Application of the business Canvas Model 
 

¶ Understanding the phenomena that occur behind a technology-based project (Prof. Francesca Montagna, POLITO)  Wednesday, 21 June 
2017                                                                                                                                                                                                                                        180 

 

¶ The role of technology-based entrepreneuship (Prof. Marco Cantamessa, POLITO)    Thursday, 22 June 2017                                             241 
 
For both parts, 1 and 2, see detailed index on pages 181 and 182 

 



3  

 

 



 

1st training school of  COMPLETE 

June 19­22, 2017 

Torino, Italy  
 
 
 
 
 
 
 
 
 
 
 

 

 

 

4 

Szymon MALINOWSKI  

 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ki 
 
 
 
 
 
 
 
 

 

5 



 

 

1. Introduction to clouds 4 

1.1 Clouds: definition. .......................................................................................................................... 7 

1.2 Cloud formation processes. ........................................................................................................... 11 

1.3 Clouds: global view. ....................................................................................................................... 15 

1.4 Stratocumulus clouds. ...................................................................................................................19 

1.5 Cumulus clouds. ............................................................................................................................ 26 

1.6 Readings. ....................................................................................................................................... 38 

1.7 References. ..................................................................................................................................... 39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
6 



 

CLOUD 

Cloud ï A visible aggregate of minute water droplets and/or ice particles in 
the atmosphere above the earthôs surface 

 

Glossary of Meteorology, American Meteorological Society 

 

Cloud ï any visible mass of water droplets, or ice crystals, or a mixture of 
both that is suspended in the air, usually at a considerable height 

 

Britannica Online 

 

What is the typical size of aerosol and cloud particles ? 
From a few nanometers: a few molecules condensed 
To a few centimeters: hailstones 

 
Measurable parameters from in-situ observations 

 
Particle sizeééééééé.Õm, mm, cméééé1Õm<D<10cm 
Number Concentrationéé..cm-3; l -1; m-3ééé.1000cm-3<N<1m-3 

Extinction Coefficientéé.ékm-1ééééééé100km-1<ɓ<03.01 km-1
 

Water Contentéééééé.g/m3ééééééé10g/m3<W<0.0001g/m3
 7 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Cloud particles at various heights (temperatures) imaged by CPI (SPEC Inc.) 8 



 

 
 

Clouds are dispersions of drops and ice particles embedded in and interacting with a complex 
turbulent flow. They are highly nonstationary, inhomogeneous, and intermittent, and embody 
an enormous range of spatial and temporal scales. Strong couplings across those scales 
between turbulent fluid dynamics and microphysical processes are integral to cloud evolution. 

 
Turbulence drives entrainment, stirring, and mixing in clouds, resulting in strong fluctuations in 
temperature, humidity, aerosol concentration, and cloud particle growth and decay. It couples 
to phase transition processes (such as nucleation, condensation, and freezing) as well as 
particle collisions and breakup. All these processes feed back on the turbulent flow by 
buoyancy and drag forces and affect cloud dynamical processes up to the largest scales. 

Bodenschatz et al., Science, 2010. 9 
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Classification of clouds 
 
 
 
 



11  

7 

Cloud formation processes: 
 

Condensation of water vapour into small 
droplets 

 

adiabatic expansion (e.g. ascending motions); 

isobaric cooling (radiative, conductive); 

isobaric mixing. 
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Examples of 
condensation 
(formation of 
clouds) due to 
adiabatic 
expansion. 
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Examples of condensation 
(formation of clouds) 
due to isobaric cooling. 
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Examples of condensation 
(formation of clouds) 
due to isobaric mixing of 
two humid unsaturated 
airmasses. 
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Rayleigh scattering ï Blue Marble 
Mie scattering ï Cloud Cover 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://earthobservatory.nasa 

.gov/Features/BlueMarble/ 15
 

http://earthobservatory.nasa.gov/Features/BlueMarble/
http://earthobservatory.nasa.gov/Features/BlueMarble/
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Importance of clouds in climate system 
 
 
 
 
 
 
 

SPACE 

 
 
 
 

ATMO- 
SPHERE 

 
 
 

SURFACE 

 
 
 

Trenberth et al, 2009, BAMS 
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Stevens 2005, ARES 
 
 

 
 

- cloud processes are a key to understand general circulation of the 
atmosphere; 
- inadequate understanding of clouds is considered a largest gap in 
knowledge of our climate system. 
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Stratocumulus clouds 
 
 

- essential element in Earthôs radiation budget, covering ~ 20% of 
the globe; 
- simple geometry (plain parallel cloud in below capping inversion), 
- despite this, mixing processes at Sc top not well understood. 
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Stevens, 2005 
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In-situ measurements 
in Stratocumulus 
clouds: 
DYCOMS II. 

Stevens et al., 2003, 
BAMS 
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Airborne cloud radar observations of 
drizzle (red areas) in stratocumulus 

 

Stevens et al., 2003 23 
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Stevens et al., 
2005 
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How do Stratocumulus clouds persist? 

JAS, 1980 
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Cumulus clouds 
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Courtesy B.Stevens
 28

 



 

 

Observations on many scales of a 
precipitating small cumulus 
(17 January, 13:59 UTC). 

 

A: Satellite image from DMSP recorded 10 
minutes before penetration by the Wyoming 
King Air. 
B: SPol radar image at 3.5Ǔ elevation; the 
cloud is about 46 km from the radar. 
C: Photograph taken from a position marked 
with the red dot in B. The cross marks the 
approximate location of the aircraft 
penetration at 2630 m altitude. 
D: Vertical sections of radar reþectivity and of 
Doppler velocity from the Wyoming Cloud 
Radar and plots of the in situ updraft, liquid 
water content and rain rate measurements. 
Note that the high rain rates and large drops 
are within the updraft. 
E: Millimeter sized drops seen at two 
different magniýcations from imaging probes 
on the King 

 

Air. Also shown in F/G are scanning electron 
microscope images such as were made from 
data collected on NSF/NCAR C130 sub- 
cloud circles: 2 µm sea-salt particle collected 
by the total aerosol sampler (F); giant sea- 
salt particle (20 µm scale) collected with the 
giant nuclei sampler (G). The location of the 
Research Vessel Seward Johnson is marked 
with a blue triangle in A. 

 

Rauber et al., 2007 
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Conceptual sketch of cumulus and supporting data. 
 
 

Blyth et al., 1988 30 



 

Numerical simulations of small scales of cloud mixing with the environment. 
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Simplified set of equations of cloud dynamics, thermodynamics and 
microphysics : 

 
 
 
 
 
 

 

ˊ ï normalized pressure fluctuation 
C

d 
ï condensation rate 

q
v
, q

c 
ï specific humidity, liquid water content 

B ï normalized buoyancy 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Andrejczuk et al., 2004, 2006, 
2009, Malinowski et al., 2008 
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Schematic for Global 
A.t mosphericModel 

Horiz1ontal Grid (Latitude-L1ong1itud'e) 

 
 

Vertical Grid (Height 01r Pressure) 

 
 
 
 
 
 
 
 

 
· -Å 
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JAS, 1974 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Vertical mass flux 
in the ensemble of 
clouds depends on 
entrainment and 
detainment rates. 

 
This concept 
appeared very 
successful until 
recent years. 
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'  '  

Convective parameterizations simply rearrange 

heat and moisture. 
 

Most schemes today are mass-flux schemes 
 
 
 
 

 

 
Å Air enters updraft 

Å 1-d cloud model 

calculates parcel 

properties 
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including precip 

Å Cloud detrains 

  Å Convecti'v e 

downdraft dumps 

into low levelsl 

might e·v aporate 

some precIp 

Å Compensating 

subsidence 

·  warms and dries 

grid column 
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The C:OME.T Program 
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ISS016E027426 

In modern global models gridboxes are too fine for classical flux sch es. 
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Conclusion: 
 

Don't believe that new generation of models will quickly 
improve weather forecast or climate projections. 

 
Despite recent developments we are proud of, 
our incomplete understanding of base physics and 
differences in ñvirtual realityò of the model and world 
outside are limiting factors. 

 
Without understanding turbulence across its whole range 
of scales we are not able to understand clouds... 

 

and weatheré and climateé 
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Readings 

1. Textbooks: 

Yau, M.K. and R. R. Rogers: ñA Short Course in Cloud Physicsò, Third Edition (International Series in 
Natural Philosophy), Butterworth-Heinemann, 15th May 1996 

 

Cotton, W.R., G. Bryan and S.C. van de Heever: ñStorm and Cloud Dynamicsò, Volume 99 
International Geophysics, 2nd Edition, Academic Press, 15th October 2010 

 

2. Papers: 
 

Stevens, B.: Atmopsheric moist convection, Annu. Rev. Earth. Pl. Sc., 33, 605ï643, 
doi:10.1146/annurev.earth.33.092203.122658, 2005. 

 
Turner, J. S.: Turbulent entrainment: the development of the entrainment assumption, and its 
application to geophysical flows, J. Fluid. Mech., 173, 431ï471, doi:10.1017/S0022112086001222, 
1986. 

 
Wood, R.: Stratocumulus clouds, Mon. Weather Rev., 140, 2373ï2423, doi:10.1175/MWR-D-11- 
00121.1, 2012. 

 
Yano, J.-I.: Basic convective element: bubble or plume? A historical review, Atmos. Chem. Phys., 14, 
7019-7030, https://doi.org/10.5194/acp-14-7019-2014, 2014. 
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WIKIPEDIA: 

 
In fluid dynamics, turbulence or turbulent flow is a flow regime characterized by chaotic and 
suspectedly stochastic property changes. This includes low momentum diffusion, high 
momentum convection, and rapid variation of pressure and velocity in space and time.... 

 
In turbulent flow, unsteady vortices appear on many scales and interact with each other.... 

 
Nobel Laureate Richard Feynman described turbulence as "the most important unsolved 
problem of classical physics." 

AMS Glossary: 

 
1. Irregular fluctuations occurring in fluid motions. 

 
It is characteristic of turbulence that the fluctuations occur in all three velocity components 
and are unpredictable in detail; however, statistically distinct properties of the turbulence 
can be identified and profitably analyzed. Turbulence exhibits a broad range of spatial and 
temporal scales resulting in efficient mixing of fluid properties. Analysis reveals that the 
kinetic energy of turbulence flows from the larger spatial scales to smaller and smaller 
scales and ultimately is transformed by molecular (viscous) dissipation to thermal energy. 
Therefore, to maintain turbulence, kinetic energy must be supplied at the larger scales. 

 
 
 

2. Random and continuously changing air motions that are superp3osed on the mean 
motion of the air. 43 
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Properties of turbulent flows: 

they obey a wide range of spatial and 
temporal scales; 

nonlinear advective effects play an 
important role; 

unpredictability; 

irreversibility. 



45  

 
 
 

 

Other important properties of turbulent flows: 
 

vortex stretching is an important feature ; 
energy cascade from large to small scales can be observed. 
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- 

Osborne Reynolds: ON THE DY AMICAL  THEORY OF INCOIVIPRESSIBLE VIS­ 
COUS FLUIDS AND THE DETERMINA'£ION OF THE 

CRITERION. 

 
[From  the "Philosophical  Transactions of the Royal Society," 1895.] 

 
(Read  May  24, 1894.) 

In 1850, after Joule's discovery of the Mechanical Equivalent of Heat, 

Stokes showed, by transforming the equations of mot io - with arbitrary 

stresses-so as to obtain the equations of ("Vis-viva'') energy, that this 

equation contained a definite function, which represented the difference 

between the work done on the fluid by the·stresses and the rate of increase 

of the energy, per unit of volume, which function, he concluded, must, 

according to Joule, represent the Vis-viva converted into heat. 

This conclusion was obtained from the equations irrespective of any 

particular relation between the stresses and the rates of distortion. Sir G. 

Stokes, however, translated the function into an expression in terms of the 

rates of distortion, which expression has sincebeen named by Lord Rayleigh 

the Dissipation-Function. 
 

2. In 1883 I succeeded in proving, by means of experiments with colour 

bands-the results of which were communicated to the SocietyÅ- t ha.t when 

water is caused by pressure to flow through a uniform smooth pipe, the motion 

of  the  water is direct, i.e., parallel to  the . sides  of  the  pipe,. or  sinuous, i.e., 

crossing and re-crossing the pipe, according as U,,,,, the mean velocity of the 

water, as measured by dividing Q, the discharge, by , the area of the section 
of the pipe, is below or above a certain val.ue given by 

Kµ,/Dp; 

where D is the diameter of the pipe, p the density of the water, and J{ a 

numerical constant, the value of which according to my experiments, and, as 

I  was able  to show,. to  all  the  experiments  by  Poiseuille  and  Darcy, is  fol' 
pipes of circular section between 

1900  and 2000, 

or, in other words, steady direct motion in round tubes is stable or unstable 

according as 

p 
IJUm 

> 1900 or < 2000, 
µ, 

the number K being thus a criterion of the possible maintenance of sinuous 

or eddying motion. 

3. The ex.periments  also showed  tha.t  K  was equally a  criterion  of  the 

law of the re.sistance to be overcome-which changes from a resistance 

proportional to the velocity, and in exact accorda.nce wit-h the theoretical 

results obtained from the singular solution of the equation, when. direct 

motion  changes  to  sinuous,  i.e.., when 

PDUm=K. 
µ 

 

4. In the same paper I pointed out that the existence of this sudden 

change in the law of motion of fluids between solid surfaces when 
 

DUm=f:K 
p 

proved the dependence of the manner of motion of the fluid on a raelation 

between the product of the dimensions of the pipe multiplied by the velocity 

of the fluid, and the product of the molecular dimensions multiplied by the 

molecular velocities which determine the value of 

µ, 

for th-e fluid, also that the equations of motion for viscous fluid contained 

evidence of this relation, 
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Boussinesq incompressible equations: 
 

 

 
 

 

p ïpressure, u ï velocity, t ï time, ɟ - density, b ï buoyancy, f ï 
Coriolis parameter, - ɜ viscosity, ə ï thermal conductivity. 

 

These equations can be supplemented with pressure scalar equation, 
formally similar to (1.3), but not influencing momentum equations. 
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Pathways towards solutions of equations 
or at least towards some properties of these solutions: 

 

- analytical solutions of exact equations for selected 
flows and range of parameters; 
- analytical solution of approximated equations; 
- direct numerical simulations DNS; 
- looking for some statistical properties of solutions 
(more soon); 
- dimensional analysis. 
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Der i,r iat ion ,of RANS E,quations 

The basic tool required for the derivation of the RANS equation .. :fro1n the instantaneous Navier­ Stoke

 equations is the Rgynolds  decornposition.. Reynolds deco1nposition ref:ers to eparation of the 
flow v,ariable (like velocity u) into the mean (time-averaged) co1nponent (U ) and the fluctuating 
co1nponent ( 

I 
.[Z] Thu , 

U  ).. 

u(x = u(x ) + u1
( x 

 
ill  

 

wher,e,X = . X Y Z is the position v,ector. 

The following ru les will be useful while deriving the RANS. If f,andg are two flow variables (like 

density ( p)  veloc i ty (u ),. pressure (p)  etc.) and s is one of the independent variables (x;, z, or t) then 
- 

f = f 
   ,_ 

f  +g -  f  + g 
-
Jg·= J- g 

- - 

J g· =I= fg 

I
-
JJ - 8f 
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KE of the mean flow, x component 
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Kinetic energy of the mean flow, y and z components 
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Kinetic energy of the mean flow 
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Turbulent Kinetic Energy (kinetic energy of fluctuations), x component 
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Turbulent Kinetic Energy (kinetic energy of fluctuations), y and z. 
 
 
 

 


