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NATURAL  AND  LABORATORY  CLOUDS 

Cumulus congestus 

Cumulus mediocris 

RN ++ 2011 PNAS  

Cumulus flow is a 

transient diabatic 

plume  



MOVIE 



CLOUD  LIFE-TIMES 



Electrodes 

THE  APPARATUS 

ULS:   Upper level stratification 

LLS:    Lower level stratification 

HIZ:    Heat injection zone 

O:       Orifice 

RTD:   Resistance thermometer 

H-CP: Heat control panel 

T:        Temperature 

:      Density difference 

Xus:     X at upper stratification 

XLs:    X at lower stratification 

Xc:      X at plume chamber 

VI:      Voltage, current 
 

 

RN+ 2011 PNAS  



 Clouds are complex flows involving multiple phases, 

thermodynamics, microphysics, radiation . . . ? ? 

 A central problem in the fluid dynamics of clouds concerns 

their entrainment characteristics; entrainment is also the 

dynamic behind shape 

 Taylor’s entrainment hypothesis for free turbulent shear 

flows (Morton, Taylor, Turner 1956): 

 entrainment velocity Ve  characteristic mean velocity Uc 

 Later refinements: replace Uc by  

       uc, (u w )1/2 etc. 

 Often works well (Turner 1973, 

       1986 JFM) 

 Suggest constant entrainment  
      coefficient  

CLASSICAL IDEAS DO  NOT WORK 

Uc 

Ve Ve 

 

Plume 
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PHYSICAL  FLOW  MODELS 



DYNAMICAL  SIMILARITY 



CUMULUS  CONGESTUS 





Heat Release causes ‘Structural’ Changes  

Venkatakrishnan et al. 1998 

Curr. Sci. 

Plume with off-source heating 

Off-source heat generation  

   begins here 

Canonical plume 



A  COLLAGE  :  STEADY  DIABATIC  JETS   



Effect of Off-source Heating on a Plume 

Left  : No off-source heating 

Right  : Off-source heating  

                over region shown 

Based on Venkatakrishnan + 1998 



TURBULENT ENTRAINMENT:  

How Ambient becomes Cloud Fluid 

Brown, Roshko JFM 

Stage I: Engulfment – the induced action of large eddies in 

bringing the ambient non-turbulent air into the plume /jet 

 

Stage II: Mingling – the stirring action of eddies in breaking 

down the large non-turbulent parcels into smaller and smaller 

scales 

 

Stage III: Mixing – the action of molecular diffusion (t the 

scales) to make the mingled fluid turbulent i.e. to convert dry 

air into saturated cloudy air 

 

Lehmann, Siebert and Shaw (2009): homogeneous  

versus  inhomogeneous mixing 

 



VARIATION  OF  ENTRAINMENT COEFFICIENT   

Variation of 

entrain-

ment 

coefficient 

with axial 

distance 

Venkata-

krishnan +  

2003 Curr. 

Sci. 



MEASURED    ENTRAINMENT   COEFFICIENTS,  

STEADY  FLOWS 



DILUTION AND PURITY 

Romps & Kuang 2010 JAS 
Comparison with Lab results  

 (RN+2011PNAS) 



FIRST  ORDER  NON-PRECIPITATING  CUMULUS  SYSTEM 

Microphysics + 

Thermodynamics 
Phase Transitions 

Cloud-fluid Macrodynamics 

(Navier-Stokes-Boussinesq) 
HEAT   RELEASE 



PARTING  THOUGHT 

Cumulus  flows  are 

 

T R A N S I E N T      D I A B A T I C      P L U M E S 



   Particle Image Velocimetry (PIV) 

LASER 

Tank 

camera 

lens 

Timing 

hub 

Software 

+computer 
cables 

Laser 

sheet 

Measuring area : 380X280 mm2 

LASER: ND-YAG pulse rate-10Hz, 

200mJ/pulse, Pulse width 4ns 

Camera: IDT-Y5 , 

Software: IDT ,Provision 

Processing: Interrogation window = 32X32  

 Overlap = 50% 

 No. of vectors = 10K 

LASER 

Mirror 

SIDE 

VIEW 

TOP 

VIEW 

X, U 

Z,  V 

jet 



Y

  

Vexit = 0.88 m/s ,  d = 4 mm ,  Re ~ 3500, G = 0,  Experiment  duration = 64s 

Stream-wise mean velocity Mean vorticity (y component) 

Averaging time = 20 s Vybhav + 2012 IITM Pune 

MEAN  VELOCITY  AND  VORTICITY  FIELDS 



-- t=7.5s 

--t=9.5s 

--t=12s 

--t=14.5s 

Vexit = 0.88 m/s , d = 4 mm,  Re ~ 3500  

m/mo 

z
/d

 

Unheate

d 

   
   

Variation of mass flux with height 

Heated 



Calculation of Entrainment Coefficient 

Centerline Velocity  

----- t=9s 

  Large statistical 

fluctuations observed 

that are inherent in 

instantaneous flow 

fields 

  Data smoothing 

necessary  

Unheated 

Jet  

Mass 

flux    
z
/d

 

Vc 



Effect of Heating on Entrainment Coefficient 

Vexit = 0.875 m/s , d = 4 mm,  Re ~ 3500, For heated jet Q ~ 850 W  

αE =0.056 for 

jet 

Turner 

1986,JFM 

 

Entrainment Detrainment-like behavior 



Conclusions  

1. We now have a laboratory apparatus that can simulate a 

complete life-cycle of an evolving cumulus cloud. 

2. The capability of measuring entrainment co-efficient in a 

transient diabatic jet is demonstrated. 

3. The large variation in entrainment coefficient values are 

because of the statistical fluctuations inherent in individual 

realizations. With averages taken over an ensemble of five to 

ten realizations, these fluctuations can be smoothed out (work 

in progress).  

4. The present technique has the capability to provide precise 

entrainment data on cumulus cloud flows, and hence to help in 

devising better cumulus parameterization schemes.  



THE  GOAL, 2010 

Real Cloud Laboratory Cloud Cyber Cloud 



LABORATORY SETUP AND TEMPORAL 

SIMULATION  OF  STEADY  JETS 

Basu, Narasimha 1999 



EQUATIONS  FOR  A  ‘BOUSSINESQ  CLOUD’   

(mass) 

(momentum) 

(energy) 

Basu, RN 1999 J. Fluid Mech. 

B H 



VORTICITY  IN  BOUSSINESQ  CLOUD 

advect tilt, stretch diffuse create 

Basu, RN 1999 J. Fluid Mech. 



THE   BOUSSINESQ  CLOUD  EQUATIONS 



THE   BOUSSINESQ  CLOUD  EQUATIONS 

Using continuity, can eliminate pressure and  replace first two 

terms on r.h.s. of momentum equation by 

where  



CREATING  VORTICITY BY  BAROCLINIC  TORQUE 

Basu, RN 1999 J. Fluid Mech. 



COHRERENT  STRUCTURE  IN  AZIMUTHAL 

VORTICITY 

 UNHEATED JET 

t = 35, x = 65 Volume flux vs. z/d at t = 35 
RN, Shivakumar 1999 IUTAM Goettingen 

 UNHEATED JET 



AZIMUTHAL VORTICITY 

FULLY HEATED JET 

t = 35, x = 65 

Volume flux vs. z/d at t = 35 RN, Shivakumar 1999 IUTAM Goettingen 



UNHEATED, HEATED JETS 

+ z: 0.2(0.2)3 

+ z: 0.5(0.5)10 
RN, 

Bhat 

2008 
(Confirmed by Sau 

 2011 Phys. Fluids) 



HOW  VORTICITY  GOES FROM 1D TO 3D  

Enstrophy Z = 

mean square 

vorticity 

Computed evolution of enstrophy in the unheated jet 

From the top: total, azymuthal, axial, radial.         Basu, RN 1999 

JFM  



Effect of diabatic heating on spectra of different 

components of vorticity (from left azimuthal, axial and 

radial). Heated (upper curve) and unheated (lower 

curve). Note that heating enhances high wave number 

spectra by a factor of nearly 104. 

VORTICITY  SPECTRA 



COMPUTATION  OF  

 

T R A N S I E N T      D I A B A T I C      P L U M E S 

Prasanth, Deshpande, RN, 2013 



WHERE  WE  ARE, 2013 

Real Cloud Laboratory Cloud Cyber Cloud 

Present Simulation RN ++ 2011 PNAS  NOAA Research, Jim Lee 



NAVIER-STOKES-BOUSSINESQ 
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u (passive scalar), 



THE   SOLVER     

• Discretely kinetic energy 

preserving scheme (in the 

inviscid limit) 

• Staggered-clustered grid 

• Second order Adams-

Bashforth time-integration 

scheme 

• Poisson Solver:  

– Successively over-

relaxed Gauss-Seidel 

(optimized by Intel, 

Bangalore). 

– Multigrid based. 

 

1/4 

Staggered grid 



Sample grid layout 
2/4 



Grid Resolution 

• Present coarse grid 

simulations 

– Grid: 4 million 

– RAM: 6.4 GB 

– HD Space: ~200 GB 

– Compute time on 64 

proc: ~ 4 days  

 

• Estimate for the final 

simulations 

– Grid : ~ 4 billion 

– RAM: ~ 7TB 

– HD Space: ~200 TB 

– Compute time: Depends 

on the scalability of the 

code 

3/4 



THE  SOLVER 

• Computing effort for N grid points :   

– Gauss Seidel based Solver (O(N3/2)) 

– Multigrid based Solver (O(N)) 

 

These estimates may change depending on boundary 

conditions and grid (for example clustering factor) 

4/4 



Boundary conditions  

• Bottom boundary: No slip wall with a buoyancy source. 

• Lateral boundary: No slip adiabatic wall (similar to lab 

experiments). 

• Top out flow: Zero normal derivative for all variables except 

pressure. 



GAMES  WITH  CLOUDS : SOME  STILLS 

4M grid points 



1 2 

3 4 



Unheated  Heated 

   Vorticity component normal to the plane 

x/D 

y/D y/D 

Heat Injection Zone 



VORTICITY  BUDGET 

• For simplicity, consider a temporal diabatic 

jet/plume (Basu, RN 1999) 

• Notation: 

 

  Mean Fluctuatio

ns 

Rms 

Velocity U u’ 

Vorticity Ω ω' 

 Temperature T’ 

 Strain rate  Sij  s’ij   



Vorticity budget continued….. 

RN 2012 JoT 



Vorticity budget continued….. 



Vorticity budget continued….. 







VIGOROUSLY  CONVECTING  CUMULUS  CLOUD 

Could the sharply crinkled 

surface of the cloud be due to 

explosive growth in high wave 

number turbulent vorticity? 



RADIAL  DISTRIBUTION  OF  BAROCLINIC  

TORQUE 

Based on         

experiments 

of Agrawal 

et al. 2004 

IJHMT 

P Kulkarni 2012 

JNC Report 



RADIAL  DISTRIBUTION  OF  BAROCLINIC  

TORQUE 

Smoothed data  

P Kulkarni 2012 

JNC Report 



RADIAL  DISTRIBUTION  OF  KINEMATIC  

BAROCLINIC  TORQUE  DENSITY 

P Kulkarni 2012 

JNC Report 



WHAT  WE  NEED 

Also : 3D  

(steoreoscopic) 

Visualization 

software and  

system Present Scenario 

Mixing Transition 

Region of interest 

Reynolds Number 



CONCLUSION 

1. Laboratory and numerical experiments show that a 

transient diabatic plume offers a suitable flow model for a 

cumulus cloud, as it can reproduce the form of several 

species of the genus 

2. The entrainment coefficient in steady or transient diabatic 

plumes shows dramatic variations in space, and large 

departures from similarity plume values 

3. The heating profile in the vertical and its history play a key 

role in determining the evolution of a cumulus flow through 

its whole life cycle  

4. The baroclinic torque, proportional to the horizontal 

temperature gradient, provides simple mechanistic 

explanations for the entrainment characteristics of cumulus 

flows, and for the sharp crinkly edges seen in a cumulus in  

early stage of vigorous convection 



Movies 



Movie 



Movie 



Thank  you ! 



VORTICITY  MOVIE –  TAP (UNHEATED)  



VORTICITY  MOVIE – TDP (HEATED) 









Laboratory Simulation: THE PROTECTED CORE* 

Ordinary Plume Diabatically Heated Plume 

Protected core 
Average pictures of dye concentration in vertical cross-sections of the 

unheated and heated plume.  Note*: Little dilution in the core with diabatic 

heating 

Venkatakrishnan et al. 1999 * Riehl, Malkus 1958 Geophysica  



Instantaneous vorticity and velocity field 

Q~850 W 

Transient 

jet 



Radial displacement 

from the axis 








