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Report on the first set of lectures of Alain Pumir, ENS Lyon and CNRS

This set of lectures was delivered on Monday, July 9, from 2pm to 6pm, and consisted of 4 

lectures, each of approximately 45-50mn.

 The first set of lectures of Alain Pumir (ENS Lyon) were devoted to fundamental process of 

fluid microphysics, leading to the formation of drops via the process known as “collision 

coalescence”, i.e., on the aggregation of small droplets to form much bigger drops. In this 

process, turbulence plays one of the very important role, which was stressed during the lecture. 

 

 The original plan of the lecturer was to present this material in 3 lectures, and to present the 

second set of lectures on the first days. Overall, the lecture was based on the recent review article 

by the lecturer in Annual Review of Condensed Matter Physics [1]. The lecturer chose to spend 

some time deriving some of the most important results on the white board, made available for the 

lectures. It turned out that the presentation of the material, as well as the derivation of the 

theoretical results took more time than originally planned by the lecturer, who considered as 

more important to present in an articulate manner the material, rather than rushing to finish.

 The first lecture was devoted to a presentation of the subject in the context of cloud 

microphysics (discussion of the role of the various processes involved, and of the approximations 

made in the study presented in the lectures). From a technical side, the first effective treatment of 

collisions was carried out in the case of a bi-disperse solution of particles, with two different 

sizes, settling with different terminal velocities. The general formula was derived on the white 

board. The role of turbulence, which consists of bringing particles together, can be qualitatively 

understood by focusing on the velocity gradient tensor in the flow, whose properties were briefly 

presented.

 The second lecture was devoted to the general formulation of the collision problem, and to the 

definition of the collision kernel. With this result, in the case of tracer particles (particles that 

follow exactly the velocity of the flow), it is relatively simple to establish the seminal result of 

Saffman and Turner [2]. The derivation of these two results was presented in detailed on the 

white board.

 The third lecture was devoted to a description of the effects of particle inertia. In particular, the 

effect of preferential concentration, which manifests itself by an inhomogeneous distribution of 

particles in the flow, can be qualitatively understood by a simple argument, originally due to 

Maxey and Riley [3], which was presented on the white board. The sling effect, which results 

from the possibility of two particles in the flow to collide with very different velocities was also 

discussed.

 In the last lecture, the consequence of these processes for the functional dependence of the 

collision kernel on the various parameters was discussed, and illustrated by numerical results. A 

brief discussion of the use (and the potential dangers!) of the Smoluchowski approach to study 

the evolution of the size distribution of the particles.
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 The hand-written notes of the lecturers, corresponding to the derivations on the white board, as 

well as the transparencies, were made available to the students.

 Among the vast literature, the lecturer suggested the following references to the students for 

further reading:

[1] A. Pumir and M. Wilkinson, Ann. Rev. Cond. Matt. Phys. 7 (2016)  

[2] P. G. Saffman and J. S. Turner, J. Fluid Mech. 1, 16 (1956).

[3] M. R. Maxey and J. J. Riley, Phys. Fluids 26, 883 (1983)

[4] E. Bodenschatz, S.P. Malinowski, R. A. Shaw and F. Stratmann, Science 327, 5968 (2010)

[5] G. Falkovich, A. Fouxon and M. Stepanov, Nature, 419, 151 (2002)

[6] G. Falkovich and A. Pumir, Phys Fluids 16 (2004) and J. Atmos. Sci. 64 (2007)

[7] T. Gotoh, T. Suheiro and I. Saito, New Journal Physics 18, 043042 (2016).

[8] T. Gotoh and I. Saito, New Journal Physics, 20, 023001 (2018).

[9] A. Kostinski and R. A. Shaw, BAMS 86, 235 (2005)

[10] R. A. Shaw, Ann. Rev. Fluid Mech. 35, 183 (2003)

[11] M. Voßkuhle et al., Phys. Rev. E 88 (2013), J. Fluid Mech. 749 (2014) and J. Turbulence 16 

(2015)

[12] L. P. Wang and W. Grabowski, Ann Rev Fluid Mech. 45, 293 (2013)

[13] M. Wilkinson and B. Mehlig, EPL 71, 188 (2005).
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Report on the second set of lectures of Alain Pumir (ENS Lyon and CNRS)

This set of lectures was delivered on Tuesday, July 10, from 10am to 12am, and consisted of 2 

lectures, each of approximately 45mn.

 The second set of lectures was a continuation of the investigation of the “collision coalescence” 

process in the case of mixed-clouds, containing both water droplets, and ice crystals. 

 The original plan of the lecturer was to present general results on turbulent flows, with a focus 

on the properties of the velocity gradient tensor. The rationale for presenting this material was to 

focus on some property of turbulence directly related to one of the aspects already presented, 

namely the motion and orientation of ice crystals. It would not have made much sense to present 

this material without discussing first the problem of crystals in clouds. This is why, after 

discussion with the organizers, the lecturer decided to focus on the properties of collision 

involving crystals.

 Whereas the problem of collisions involving droplets is by now relatively standard, far fewer 

results are available in the presence of ice crystals. The results presented in this second set of 

lectures were based on several recent articles by the lecturer and his collaborators [1-3]. 

The first lecture began by a short reminder of the context of the lectures, in particular in 

cumulonimbus, and other deep convection clouds. The inherent simplification of the problem of 

the motion of the crystals, approximated as an ellipsoid, was discussed at length. The equations 

of the problems were briefly described, as well as the numerical methods used to solve the 

equations. The problem of orientation of the crystals as they are settling through a turbulent flow 

was discussed; it shows a strong anisotropy of the distribution of orientation when turbulence is 

weak. 

 The second part was devoted to a discussion of numerical results, first in the case of collisions 

between crystals (favoring the formation of large graupel particles), and then in the case of 

collisions between crystals and droplets (giving rise to the process known as “riming”). In all 

cases, the numerical results show that the physical processes have a clear signature on the 

collision rate, which should be useful for parametrization of the processes. 

 The following references were pointed out to the students, for further reading:

[1] K. Gustavsson et al., Phys. Rev. Lett. 119, 24501 (2017)

[2] J. Jucha et al., Phys Fluids 3, 01460 (2018)

[3] A. Naso et al., J. Fluid Mech. 845, (2018)

[4] C. Siewert et al, J. Fluid Mech. 758, 686 (2014)

[5] C. Siewert et al., Atmos. Res. 142, 45 (2014)
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13th ERCOFTAC SIG 33 Workshop, Progress in Flow Instability, Transition and Control

March 6-8, 2018, Paraty, Brazil

OPTIMAL GUIDANCE OF BUOYANCY-CONTROLLED BALLOONS IN TUR-
BULENT FLOWS USING A NON-QUADRATIC OBJECTIVE AND DISCON-
TINUOUS ACTUATION

Paolo Luchini1, Thomas Bewley2, Gianluca Meneghello3
1Università di Salerno – DIIN, 84084 Fisciano (SA), Italy
2Flow Control Lab, Dept of MAE, UC San Diego, La Jolla CA, USA
3Dept of Earth, Atmospheric and Planetary Sciences, MIT, Cambridge MA, USA

Meteorological forecasting of extreme phenomena like hurricanes could strongly benefit from sensor-laden
vehicles (typically, balloons) that could be guided to remain in the geographical area of interest for a few
days at a time, rather than a dozen minutes or so as is the case with today’s free-flying balloons and
dropsondes. A promising energy-sparing technology consists of balloons with mechanically-adjustable
volume [1] which can reversibly provide increased or decreased buoyancy and move to an altitude where
the prevailing wind blows in the desired direction. In previous work we have shown that a) guidance
of balloons in specified orbits, and even in orderly formations, can numerically be achieved in realistic
hurricane simulations [2], and b) a control objective proportional to the absolute value of the inflation
rate, more representative of required electric power than its square, leads to the choice of a discontinuous
control law where the balloon is left most of the time at a constant volume and only inflated or deflated
for abrupt short periods (ideally, in a discontinuous way) [3, 4].

Whereas the optimal control of a linear system, disturbed by white noise, towards a quadratic objective
can be mathematically proved to require a linear feedback control and to lead to gaussian statistical
distributions of all the quantities involved, a non-quadratic objective removes all these nice mathematical
properties, and in particular the optimal controller can no longer be assumed to be linear even when the
system to be controlled is linear. In this context, result (b) mentioned above was achieved by extremely
simplifying the dynamics, to the point that the entire turbulent flow was replaced by a white noise with
its spectral amplitude as the only tunable parameter. A more realistic approximation must at least in-
volve a spectrum that more closely resembles a turbulent flow. It is an almost forgotten result that the
lagrangian correspondent of the Kolmogorov k

−5/3 spatial spectrum of turbulent energy is a temporal
spectrum proportional to ω

−2 [5]. An ω
−2 power spectrum implies an ω

−1 amplitude spectrum, and is
quite easy to achieve in a lumped numerical simulation by passing white noise through an integrator.

The simplest abstract model of the motion of a balloon in a hurricane is then a two-degree-of-freedom
mechanical system disturbed by once-integrated white noise. The power spent to inflate and deflate the
balloon is proportional to the absolute value of vertical velocity, and its integral is the energy to be
minimized. This nonquadratic objective makes even such a simplified system nontrivial to analyze; its
optimization implies solving a partial differential Fokker-Planck equation for the statistical distribution
function of position and velocity, a mathematical technique often referred to as dynamic programming.
The numerical solution of this problem and the resulting discontinuous, stepwise optimal control strate-
gies will be discussed at the conference.

References

[1] G. Meneghello, T.R. Bewley, M. de Jong, and C. Briggs. A coordinated balloon observation system for sustained in-situ
measurements of hurricanes. IEEE Aerospace Conference, Big Sky. 2017

[2] T.R. Bewley and G. Meneghello. Efficient coordination of swarms of sensor-laden balloons for persistent, in situ, real-
time measurement of hurricane development, Phys. Rev. Fluids 1, 060507, 2016.

[3] G. Meneghello, P. Luchini, and T.R. Bewley On the control of buoyancy-driven devices in stratified, uncertain flowfields,
International Symposium on Stratified Flows (ISSF), San Diego. 2016.

[4] G. Meneghello, P. Luchini, and T.R. Bewley. A Probabilistic Framework for the Control of Systems with Discrete States
and Stochastic Excitation, Automatica, to appear. 2017.

[5] H. Tennekes. Eulerian and Lagrangian time microscales in isotropic turbulence. J. Fluid Mech. 67(3):561–567, 1975.
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Ten lectures on tropical cloud dynamics

Juan Pedro Mellado, Ann Kristin Naumann and Julia Windmiller

1 General Aim

The aim of these 10 lectures is to use examples from on-going research to illustrate how clouds
actively shape climate-relevant tropospheric dynamics, how clouds are polymorphous paradigms
of multi-physics, multi-scale problems, compounding fluid dynamics, micro-physics and radiative
transfer from millimeter to hundreds of kilometers, and how clouds remain a key uncertainty for
understanding our warming climate. For conciseness and because of its relevance, the lectures
focus on tropical and subtropical cloud regimes.

2 Introductory lectures

The first two lectures introduce the course.

The first lecture explains the relevance of clouds in the climate system, and the large un-
certainty associated with them in the analysis of the consequence of the current warming. The
lecture emphasizes the relevance of moist convection in the tropics and subtropics because this
region constitutes more than half of Earth’s surface and is a paradigm to study clouds, circulation
and climate sensitivity: as we move from the subtropics towards the equator following the trade
winds, we find stratocumulus, shallow cumulus and deep convection regimes. The lectures have
been organized around specific aspects of these three regimes. This first lecture also describes
the three challenges of moist convection: it is multi-scale, multi-physics, and polymorphous.

The second lecture summarizes the governing equations commonly used in the study of
tropical convection. Starting from first principles, we derive typical approximations to the
governing equations in differential and integral forms, typical moist variables, and discuss various
formulations of the condensate phase: Lagrangian, statistical, and bulk formulations. The
lecture also emphasizes the importance of the various lapse rates, namely, the environmental
lapse rate, the dry adiabatic lapse rate, and the moist adiabatic lapse rate, introducing the
concept of convective instability.

Recommended references:

• on moist convection Stevens (2005).

• on climate relevance of clouds: Stevens and Bony (2013a), Stevens and Bony (2013b),
Bony and coauthors (2015).

• on the formulation of cloud droplets: Shaw (2003), Grabowski and Wang (2013), Khain
et al. (2015), Seifer and Beheng (2006).

• on microphysics: Rogers and Yau (1989), Pruppacher and Klett (1997)
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3 Stratocumulus Clouds

The first lecture on stratocumulus clouds introduce their relevance, the stratocumulus-topped
boundary layer, the various processes controlling their dynamics, and various modeling ap-
proaches.

The relevance of stratocumulus in the climate system stems from their large area coverage
and net cooling effect (low level and high albedo), which makes them crucial for Earth’s energy
budget. Early estimates showed that increasing the area coverage by 4% could offset about
2 K of climate warming. There is some consensus that low-level clouds contribute to a positive
global cloud feedback, but its quantification remains a challenge.

Stratocumulus are intricately coupled to the planetary boundary layer that contains them.
We refer to it as stratocumulus-topped boundary layer (STBL). The lecture describes the vertical
and horizontal structure of the STBL, and the transition towards shallow cumulus through the
decoupling between the sub-cloud and clouds layers.

Turbulence generation by cloud-top cooling distinguishes stratocumulus from other cloud
types. Radiative cooling is the main process, as a source of turbulence generation by convective
instability and by maintaining a sharp interface. It is induced by the cloud-top divergence of
net upward long-wave radiative flux. Other processes, however, strongly modulate it. Cloud-top
entrainment causes warming and drying of the cloud. Turbulence in the STBL interior brings
water from near the surface towards the cloud. Surface latent heat flux maintains the moist
conditions necessary to form the cloud. Latent heat effects, namely, evaporative cooling at the
top, and condensational warming in the updrafts, promote turbulence and mixing. Microphysical
properties (the droplet size distribution) determines sedimentation and drizzle, and finite rate
effects of phase change. The delicate compensating effects of these various processes is a challenge
for quantification of the sensitivity of stratocumulus to a warming climate.

Regarding the modeling approaches, the lecture introduces and compares three of them, from
more parameterized to less parameterized: mixed layer models, large eddy simulations and direct
numerical simulations. All of them have advantages and disadvantages and complement each
other. Last, the concept of Reynolds number similarity is reviewed, explaining the relevance of
the Ozmidov scale at the top of the STBL to understand entrainment and cloud-top properties,
which are crucial for stratocumulus because they are predominantly controlled by cloud-top
cooling.

Recommended references: Stevens (2002), Stevens et al. (2005), Wood (2012), Mellado et al.
(2018).

4 Entrainment in Stratocumulus Clouds

This second and last lecture on stratocumulus focuses on cloud-top entrainment. It explains
that the cloud-top region has a complex structure where interfacial layers of various properties,
such as liquid water content, turbulence and buoyancy, coexist but not necessarily coincide, and
therefore inferring properties from one property to another is difficult. The lecture also shows
how one of the most important variables in the study of entrainment, the mean entrainment
velocity, can be analytically related to well-defined and quantifiable terms associated with various
phenomena: mixing, radiative cooling, evaporative cooling, and droplet sedimentation.

The lecture considers two examples to illustrate the interaction and local analysis of some
of those processes. The first example considers the role of shear and evaporation. This pair of
phenomena is interesting because, separately, each of them do not play a key role in the cloud
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dynamics. However, together they can, showing a clear example of two phenomena that do not
add linearly. The second example considers the entrainment reduction by droplet sedimentation
(or gravitational settling of droplets). Comparing results from simulations with 2.5-5.0 m reso-
lution and with 20-40 cm resolution, we observe that the relevance of settling can become 2 to
3 times more important in the highly resolved case. The likely reason is that turbulence models
mix too much when the grid spacing is larger than the Ozmidov scale. This example shows
the relevance of having high resolution in measurements and simulations. Besides, this second
example shows the need to better characterize the droplet size distribution in the cloud-top
region.

Recommended references: Stevens (2002), Malinowski et al. (2013), de Lozar and Mellado
(2017), Mellado (2017).

References

S. Bony and coauthors. Clouds, circulation and climate sensitivity. Nature Geosci., 8:261–268,
2015.

A. de Lozar and J. P. Mellado. Reduction of the entrainment velocity by cloud-droplet sedimen-
tation in stratocumulus. J. Atmos. Sci., 74:751–765, 2017.

W. W. Grabowski and L.-P. Wang. Growth of cloud droplets in a turbulent environment. Annu.
Rev. Fluid Mech., 45:293–324, 2013.

A. Khain, K. D. Beheng, A. Heymsfield, A. Korolev, S. O. Krichak, Z. Levin, M. Pinsky,
V. Phillips, T. Prabhakaran, A. Teller, S. C. van den Heever, and J.-I. Yano. Representation
of microphysical processes in cloud-resolving models: Spectral (bin) microphysics versus bulk
parameterization. Rev. Geophys., 53:247–322, 2015.

S. P. Malinowski, H. Gerber, I. Jen-La Plante, M. K. Kopec, W. Kumala, K. Nurowska, P. Y.
Chuang, D. Khelif, and K. E. Haman. Physics of Stratocumulus Top (POST): turbulent
mixing across capping inversion. Atmos. Chem. Phys., 13:15234–15269, 2013.

J. P. Mellado. Cloud-top entrainment in stratocumulus clouds. Annu. Rev. Fluid Mech., 41:
145–169, 2017.

J. P. Mellado, C. S. Bretherton, B. Stevens, and M. C. Wyant. DNS and LES of stratocumulus:
Better together. J. Adv. Model. Earth Syst., 2018.

H. R. Pruppacher and J. D. Klett. Microphysics of clouds and precipitation. Kluwer Academic
Publishers, 1997.

R. R. Rogers and M. K. Yau. A Short Course in Cloud Physics. Butterworth-Heinemann, third
edition, 1989.

A. Seifer and K. D. Beheng. A two-moment cloud microphysics parameterization for mixed-phase
clouds. Part 1: Model description. Meteorol. Atmos. Phys., 92:45–66, 2006.

R. A. Shaw. Particle-turbulence interactions in atmospheric clouds. Annu. Rev. Fluid Mech.,
35:183–227, 2003.

B. Stevens. Entrainment in stratocumulus-topped mixed layers. Q. J. Roy. Meteorol. Soc., 128:
2663–2690, 2002.

B. Stevens. Atmospheric moist convection. Annu. Rev. Earth Planet. Sci., 33:605–643, 2005.
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B. Stevens and S. Bony. What are climate models missing? Science, 340:1053–1054, 2013a.

B. Stevens and S. Bony. Water in the atmosphere. Phys. Today, 66:29–34, 2013b.

B. Stevens, C.-H. Moeng, A. S. Ackerman, C. S. Bretherton, A. Chlond, S. de Roode, J. Ed-
wards, J.-C. Golaz, H. Jiang, M. Khairoutdinov, M. P. Kirkpatrick, D. C. Lewellen, A. Lock,
F. Müller, D. E. Stevens, E. Whelan, and P. Zhu. Evaluation of large-eddy simulations via
observations of nocturnal marine stratocumulus. Mon. Wea. Rev., 133:1443–1462, 2005.

R. Wood. Stratocumulus clouds. Mon. Wea. Rev., 140:2373–2423, 2012.
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Lecture notes UFS summer school - Shallow cumulus - Ann Kristin Naumann

Three lectures on shallow cumulus convection are given. The first one is supposed to give an 
overview of general concepts of shallow cumulus clouds, while the second and the third lecture are 
intended to reflect two particular aspects of shallow cumulus, which are still areas of active 
research.

Lecture 1: Introduction to shallow cumulus convection

The introductory lecture gives an overview of the climatology of shallow clouds, the boundary layer 
structure in the shallow cumulus regime, and the role of mixing and turbulence for the shallow 
cumulus lifecycle and their moisture transport. The following aspects are emphasized: 
• Shallow cumulus undergo a distinct lifecycle, which is moderated by mixing with the 

environment.
• Shallow cumulus are imbedded in the large-scale circulation in the tropics. By transporting 

moisture towards the ITCZ, shallow cumulus fuel the large-scale circulation.
• The representation of shallow cumulus in large-scale models remains a challenge.

Recommended reading:
Stevens, 2005: Atmospheric moist convection. Ann. Rev. Earth Plant. Sci. 33: 605-634.

Siebesma, 1998: Shallow convection. In Buoyant Convection in Geophysical Flows, ed. EJ Plate, 
EE Fedorovich, DX Viegas, JC Wyngaard, 513:441–86. Dordrecht, The Neth.: Kluwer Acad. 491 
pp.

Lecture 2: How do shallow cumulus rain?

Although precipitation from shallow cumulus is often neglected, shallow cumulus are found to rain 
about 30 % of the time. This lecture introduces the size gap (or the collision-coalescence 
bottleneck), the role of turbulence for warm rain microphysical processes and the super-droplet 
method to study recirculation of raindrops in shallow cumulus. The following aspects are 
emphasized:
• Shallow cumulus clouds produce rain through warm microphysical processes.
• Turbulent enhancement of collision rates and recirculation of raindrops contribute to rapid rain 

formation.
• The Lagrangian super-droplet method is too expensive for large-scale models but can be used 

for process studies on small domains.

Recommended reading:
Size gap:
Curry and Webster, 1999: Cloud characteristics and processes. In Thermodynamics of 
Atmospheres and Oceans, ed. J. Holton, 65: 209-220. International geophysics series, Academic 
press. (Here, in particular Section 8.2: Precipitation processes)

Lagrangian super-droplet method:
Shima et al., 2009: The super-droplet method for the numerical simulation of clouds and 
precipitation: A particle-based and probabilistic microphysics model coupled with a non-hydrostatic 
model. Q. J. R. Meteorol. Soc. 135: 1307–1320.

Naumann, A. K., and A. Seifert (2016), Recirculation and growth of raindrops in simulated shallow 
cumulus, J. Adv. Model. Earth Syst., 08, doi:10.1002/ 2016MS000631.

Lecture 3: How do shallow cumulus organize?
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Organization of shallow cumulus has been noted at least since early field studies in the 50s and 
60s. This lecture introduces different form of mesoscale organisation of shallow cumulus. The 
following aspects are emphasized:
• Organization of shallow cumulus is ubiquitous in the trades. This organisation occurs in a 

variety of different forms, which reflects the mechanism of their formation:
• Cold pools occur due to evaporative cooling and organize shallow cumulus into 

arcs and lines.
• Radiatively driven shallow circulations are able to suppress convection in colder 

areas and enhance convection in warmer areas.
• Shallow circulations are not well captured in coarse resolution models but might influence cloud 

feedbacks for global warming.

Recommended reading:
Organisation by cold pools:
Seifert and Heus, 2013: Large-eddy simulation of organized precipitating trade wind cumulus 
clouds. Atmos. Chem. Phys., 13:5631-5645.

Organisation by shallow circulation:
Bretherton and Blossey, 2017: Understanding Mesoscale Aggregation of Shallow Cumulus 
Convection Using Large-Eddy Simulation, J. Adv. Mod. Earth Syst., 9:2798–2821.

Naumann et al.: A conceptual model for the BL structure and radiatively driven shallow circulations 
in the trades. In preparation.
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Lecture notes UFS summer school - Deep convection - Julia Windmiller

The three lectures on deep convection were centered around three key questions. First, what 
drives deep convection (with a particular focus on what determines the amount of precipitation)? 
Second, what determines the distribution of deep convection, in particular why are updrafts 
narrow and have a life-cycle? Finally, lecture three addressed the question of how deep 
convection is represented in climate models and some common problems of parameterizing 
convection. 


Lecture 1 - What drives deep convection? 

Deep convection, as stratocumulus and shallow cumulus clouds, is a type of atmospheric moist 
convection. In contrast to the two other types of atmospheric convection, deep convection rises 
up to the tropopause, where the ozone layer absorbs most of the incoming UV radiation.


Deep convection is driven by the sun warming the surface more strongly than the atmosphere, as 
the atmosphere is almost transparent to the incoming solar radiation which is therefore mostly 
absorbed at the surface. The importance of deep convection for the mean state of the 
atmosphere can easily be seen when comparing observed temperature profiles in the atmosphere 
with the radiative equilibrium profile, the temperature profile calculated from only the radiative 
forcing. This radiative equilibrium state is characterized by higher than observed temperatures at 
the surface and lower temperatures in the free troposphere. This temperature profile is unstable to 
convection. The effect of the resulting convection is to render the atmosphere closer to a profile 
neutral to further convection. As the convective timescale is shorter than the radiative timescale, 
the mean state of the atmosphere is close to the profile neutral to moist convection, i.e. moist 
adiabatic. The difference between the observed and the radiative equilibrium temperature profile 
highlights the importance of deep convection for the mean state of the tropical atmosphere and 
also constraints the average precipitation rate. 


Recommended Reading


General introduction: 


Stevens, B. (2005). Atmospheric Moist Convection. Annual Review of Earth and Planetary 
Sciences, 33:605–643.


Radiative equilibrium:


Wallace, J. M. and Hobbs, P. V. (2006). Radiative Transfer. Atmospheric Science : an Introductory 

Survey (pp. 113-145). Academic Press, Cambridge, Massachusetts, 2. edition. 


Radiative-convective equilibrium:


Emanuel, K. A. (1994). Deep Convective Regimes. Atmospheric convection (pp. 463-487). Oxford 
University Press. 


Lecture 2 - What determines the spatial distribution of deep convection? 

While the previous lecture focussed on the average amount of precipitation, the topic of the 
second lecture was to understand how precipitation is distributed. In particular addressing the 
questions of why deep convective updrafts (which account for most of the precipitation in the 
tropics) are narrow compared to the subsiding regions and why deep convective clouds have a 
life-cycle. To understand these properties it was first noted that the typical state of the tropical 
atmosphere is conditional instability, which requires the temperature lapse rate of the atmosphere 
to be larger than the dry adiabatic lapse rate and smaller than the moist adiabatic lapse rate. 


Using this condition, one can argue that fast and narrow updrafts and slow subsiding downdrafts 
are the most unstable as this type of updraft, within the time of their ascent, induce the least 
warming of the surrounding atmosphere. That single updrafts do not prevail for a long time but 
typically end within one hour is explained by so called cold pools, downdrafts induced by 
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precipitation, which act as a self-destruct mechanism in typical thunderstorms. Aside from cutting 
off the ascending air and thus ending the convective life-cycle, cold pools can trigger new 
convection in the surrounding of the previous updraft. 


Recommended Reading


Narrow updrafts:


Randall, D. A. (2012). How turbulence and cumulus clouds carry energy upward. Atmosphere, 
clouds, and climate (pp. 55-96). Princeton University Press.


Bjerknes, J. (1938). Saturated-adiabatic ascent of air through dry-adiabatically descending 
environment. Quart. J. Roy. Meteor. Soc., 64: 325-330. 


Deep convective lifecycle and cold pools:


Wallace, J. M. and Hobbs, P. V. (2006). Deep Convection. Atmospheric Science : an Introductory 

Survey (pp. 344-366). Academic Press, Cambridge, Massachusetts, 2. edition.


Nakajima, K. and Matsuno, T. (1988). Numerical Experiments Concerning the Origin of Cloud 
Clusters in the Tropical Atmosphere. Journal of the Meteorological Society of Japan. Ser. II, 66(2):
309–329.


Rotunno, R., Klemp, J. B., and Weisman, M. L. (1988). A Theory for Strong, Long-Lived Squall 
Lines. Journal of the Atmospheric Sciences, 45(3):463–485.


Lecture 3 - Representation of convective organization—Challenges for climate models  

Resolution of current climate models is too coarse to represent deep convective updrafts 
explicitly and thus their effect has to be parameterized. The goal of the parameterization is to 
determine the impact of convection on the mean state, in particular temperature and humidity. To 
this end, one possibility is to try to estimate the number and properties of the convective updrafts 
expected in each grid cell and then estimate their impact. 


The parameterization of deep convection is an important source of uncertainty. One problem of 
the above mentioned approach is that it usually makes the amount of convection a function of the 
large-scale atmospheric state only and thus cannot represent any triggering of deep convection 
by previous deep convection. This deficiency might explain why climate models have problems in 
reproducing propagating systems, such as squall lines over Africa. Ongoing work suggests that 
one way to address this problem is by coupling the convective activity of neighboring grid-cells.


Recommended Reading


Challenges for climate models:


Bony, S., Stevens, B., Frierson, D. M. W., Jakob, C., Kageyama, M., Pincus, R., Shepherd, T. G., 
Sherwood, S. C., Siebesma, A. P., Sobel, A. H.,Watanabe, M., and Webb, M. J. (2015). Clouds, 
circulation and climate sensitivity. Nature Geoscience, 8:261–268.


Convection parameterization:


Emanuel, K. A. (1994). Cumulus representation in numerical models. Atmospheric convection (pp. 
524-558). Oxford University Press.


Arakawa, A. and Schubert, W. H. (1974). Interaction of a cumulus cloud ensemble with the large 
scale environment, Part I. Journal of the atmospheric sciences, 31:674–701.
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Donnelly, Oregon
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Bodenschatz, Cornell

, Corrsin windtunnel with active  grid;  Johns Hopkins
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• closed container

• no meanflow in middle

• driven by 1kW DC motors

• temperature controlled to 50mK

• water filtered to 0.3 microns

Rel = 1000

(Re  = 70.000)

The Flow

• closed container

• no meanflow in middle

• driven by 1kW DC motors

• temperature controlled to 50mK

• water filtered to 0.3 microns

Rel = 1000

(Re  = 70.000)
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Lagrangian stochastic models (Langevin-model -- Pope, Sawford)

R. Barlow (Sandia Nat. Lab.)

Spatial Properties (Eulerian) 

Inertial scale:

Point measurements 
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Image 1:

Image 2:
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1. Imaging and camera model (Xu)

2. 2-d particle centre localization

3. 3-d particle localization 

4. tracking algorithm

5. drop out correction - segment connection

6. example.

Lagrangian Particle Tracking

CMOS cameras:  

2000 x 2000  pixels        6,000 fps

256  x 256   pixels       70,000 fps 

typical in 3d: 

2000 x 2000               20000 particles

1000 x 1000   5000 particles 

256 x 256                    300 particles        

+ real time compression (Voth et al., Liberzon & Luethi, us)
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Distortion

Barrel Pin-cushion Tangential distortion

Radial distortion

Distorted position:

Camera Position

Rotation matrix

Translation vector

world camera
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Calibration masks

blue < 0.5 pixel  

red > 0.5 pixel
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1. Imaging and camera model 

2. 2-d particle centre localization (Oullette)

3. 3-d particle localization

4. tracking algorithm

5. drop out correction - segment connection

6. example.

2-d particle centre localization

Issues:

Definition of a particle

Sub-pixel accuracy

Computational speed

Noise

Particle overlap

57





Weighted Average

2D Gaussian Fit
1D Gaussian Fit
Neural Network

● No noise

Weighted Average

2D Gaussian Fit
1D Gaussian Fit
Neural Network

● Particle image half-width:   0.8 pixels● Noise variance: 5.6

Experiments in Fluids. 40(2):301-313, 2006 Feb.
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1. Imaging and camera model 

2. 2-d particle centre localization

3. 3-d particle localization (Xu)

4. tracking algorithm

5. drop out correction - segment connection

6. example.

Ideal Camera Case

Intersection of “Ray of sight”:
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Brute-force Algorithm

● Consider all possible particle image combinations from 

all cameras

● Easy to program

● Computation cost

N:  average number of particles per image

M:  number of cameras

Dracos Algorithm

Project “beam of sight” onto the other cameras

Computation cost:

P: number of particle centers on image plane within 

tolerance
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Risoe Algorithm

● Working with pairs of cameras first

● Find a line in 3D space that is perpendicular to the two axes of 

cameras.

● Then project particle centers from image plane onto that line, use 

the projection as the generalized height-coordinate.

Computation cost

Our Algorithm

● Mixed Dracos and Risoe

● Working with camera pairs first

● Consider “common axis” on image plane

Computation cost
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Camera with Distortion

● Correct distortion first, then using the same algorithm 

described before.

Distortion correction:

Match 

● Each pair of camera gives a list of possible matches.

● Search through the lists to find consistent list entries.

● Allow overlap.
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Broken Trajectories

Causes of “particle drop-out”

• Fluctuations of the intensity of the light source

• Angular dependence of scattering intensity

• Presence of light-insensitive circuits on CMOS sensors

• “Cross-over” of trajectories

• Thermal, shot, and environmental noise
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Segments i and j belong to the same trajectory if:

Estimates:

Results: connected trajectories
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Results: trajectory length

Average trajectory length increased by a factor of 5

Lagrangian trajectories

: measured trajectories
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Acceleration PDF

Acceleration PDF
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Acceleration Autocorrelation

Measured position:

Acceleration Autocorrelation

?

Corrected Acceleration Autocorrelation
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Test with DNS Data

Biferale et al, Phys. Fluids (2005)

10243 DNS:

DNS:

Test with DNS Data

Exponential fit:

Our technique:

77



Experimental Data

Experimental Data
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Thank you!
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Why EU projects?

© fotolia
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© fotolia

Why EU projects?

© fotolia
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| 1323.07.2018

or

EU / International

National / regional?

© fotolia

© fotolia

Requirements

and Challenges

© fotolia
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| 2123.07.2018

Horizon 2020 – very simplified

Pillar 1:         

Excellent Science

Pillar 2:

Industrial Leadership

Pillar 3:

Societal Challenges

| 2223.07.2018

Water Topics in Horizon 2020 – very sketchy

Work programme:

 LEIT NMP

Work programme:

 Food

 Climate

Work programme:

 Marie Curie 

Actions, e.g. 

Fellowships

Pillar 1:

Excellent Science

Pillar 2:

Industrial Leadership

Pillar 3:

Societal Challenges
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| 3523.07.2018

Coordinator or Partner ?

© fotolia
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© European Commission
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Numerical Resources

Discussions

UFS Summer School

Available Codes (DNS, LES etc)

• Incompact3d (Tai)

• Sixth-order compact finite difference NS solver (spatial)

• https://github.com/xcompact3d/Incompact3d

• Sparkle (Vishnu, Marco)

• Fourth-order central difference NS solver (temporal/spatial)

• Not open (Ask Maarten)

• System for Atmospheric Modeling (Sara)
• evolved from the Large-Eddy Simulation (LES) model

• http://rossby.msrc.sunysb.edu/~marat/SAM.html
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Available Codes (DNS, LES etc)

• Eulag (Emmanuel)

• Fractal SGS model, fractal model

• https://www.swmath.org/software/14823

• Turbulencia (Juan Pedro, MPI)

• Compact finite difference NS solver (temporal/spatial)

• https://github.com/turbulencia/tlab

• Geophysical High-Order Suite for Turbulence (Alain, Dhawal)
• highly scalable pseudospectral code that solves a variety of PDEs

• https://wp.df.uba.ar/mininni/ghost/

Available Codes (DNS, LES etc)

• TurIsMis (Tara and Mina, Politecnico di Torino)

• HIT solving Boussinesq approximation, scalars and Lagrangian particles.

• https://areeweb.polito.it/ricerca/philofluid/
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Available tools?

• Professors (Alain, Paolo, Juan Pedro)

• If you find interesting techniques in their paper, they might be able to share 
small tools!

Problems

• Tara

• 2048^3 simulation (attached two HIT box)

• NS solver is fine. Droplets code is slow.

• What scale (or nondimensional number) is needed? – Case Design Problem

• Starting from working state or smaller DNS could be the key?

• (Still open question)

• Mina

• Nucleation modeling

• (Still open question)
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Collaboration

• People working on particle tracking in their code can share their 

experiences? (Or possibly working together?)
• Most effective MPI implementation

• Particle/Droplets Seeding etc….
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A Changelog

Version Date Changes

a 12 Oct 2018 Initial version

b 15 Oct 2018 Added Prof. Allegretti’s contribution. Added changelog.
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