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INTRODUCTION 



Diversity of models that predict cloud properties, with wide range of 

resolutions and of levels of detail 



Example:  High-resolution (dx = 2 km) cloud-resolving model of 

aerosol-cloud interaction with 6 species of aerosol and 2-moment 

bulk microphysics (Phillips et al. 2009) 





Example:  Regional model (dx = 50 km) of Pacific and Americas, 

with similar Phillips scheme of aerosol-cloud interaction, for 

prediction of properties of large-scale clouds (Lauer et al. 2009) 





0-D CLOUD MODELS 



0D parcel models 

» Parcel = buoyant element of air with size and shape 

unspecified 

» Assumptions that parcel: 

– maintains its identity in thermodynamic processes 

– Does not disturb or interact with environment 

– Has uniform properties 

– Its pressure is always equal to that of ambient air 

 



Adiabatic parcel model 

»
𝑑2𝑧

𝑑𝑡2
= 𝐹𝐵 =

𝑔𝑇′

𝑇0
   

»
𝑑𝜃𝑒

𝑑𝑡
= 0 

 

» Optionally, moisture too: 

»
𝑑𝑄𝑣

𝑑𝑡
= 𝑆𝑣 

»
𝑑𝑄𝑤

𝑑𝑡
= 𝑆𝑤 

»
𝑑𝑄𝑟

𝑑𝑡
= 𝑆𝑟 − 𝑄𝑟/𝜏𝑓𝑎𝑙𝑙  

Example: 

𝑤𝑑𝑤 = 𝐹𝐵⟹𝑤2 = 𝑤𝑐𝑏
2 + 2 𝐹𝐵

𝑧

𝑧0

𝑑𝑧  

𝑤𝑚𝑎𝑥 = 2 𝐶𝐴𝑃𝐸 

𝐶𝐴𝑃𝐸 =  𝐹𝐵
𝑐𝑡

𝐿𝐹𝐶
𝑑𝑧  



Adiabatic parcel model 

»
𝑑2𝑧

𝑑𝑡2
= 𝐹𝐵 =

𝑔𝑇′

𝑇0
   

»
𝑑𝜃𝑒

𝑑𝑡
= 0 

»𝜃𝑒 = 𝜃𝑒 𝑇, 𝑝 ⟹ 𝑇 = … 

» Assuming water saturation (conserve 𝑄𝑇 = 𝑄𝑣 + 𝑄𝑤): 

»
𝑑𝑄𝑇

𝑑𝑡
= −𝑆𝑟 

» 𝑄𝑤 = 𝑄𝑇 − 𝑄𝑣,𝑠 

»
𝑑𝑄𝑟

𝑑𝑡
= 𝑆𝑟 − 𝑄𝑟/𝜏𝑓𝑎𝑙𝑙  

Example: 

𝑤𝑑𝑤 = 𝐹𝐵⟹𝑤2 = 𝑤𝑐𝑏
2 + 2 𝐹𝐵

𝑧

𝑧0

𝑑𝑧  

𝑤𝑚𝑎𝑥 = 2 𝐶𝐴𝑃𝐸 

𝐶𝐴𝑃𝐸 =  𝐹𝐵
𝑐𝑡

𝐿𝐹𝐶
𝑑𝑧  



Entraining parcel model (e.g. Donner 

1993)  

» Entrainment rate = 𝐸 =
1

𝑚

𝑑𝑚

𝑑𝑡
~ constant 

»
𝑑2𝑧

𝑑𝑡2
= 𝑔

𝑇𝑣 ′

𝑇0
 − 𝑄𝑤 − 𝑄𝑟 − 𝐸 𝑤 

»
𝑑𝑄𝑇

𝑑𝑡
= −𝑆𝑟  − 𝐸 𝑄𝑇′ 

» 𝑄𝑤 = 𝑄𝑇 − 𝑄𝑣,𝑠 

»
𝑑𝑄𝑟

𝑑𝑡
= 𝑆𝑟 − 𝐸𝑄𝑟  −

𝑄𝑟

𝜏𝑓𝑎𝑙𝑙
 

»
𝑑𝜃𝑒

𝑑𝑡
= −𝐸𝜃𝑒′ 



1-D CLOUD MODELS 



Vertical 1-D draft 

» Include interaction between dynamics and microphysics 

(e.g. Srivastava 1967) 

» Approach: solve Boussinesq eqns for conservation of 

momentum, heat, and mass of moisture for vertical motion 

𝐷𝑈

𝐷𝑡
= 𝑔

𝑇𝑣 ′

𝑇0
 − 𝑄𝑤 − 𝑄𝑟  

𝐷

𝐷𝑇
≡
𝜕

𝜕𝑡
+ 𝑈

𝜕

𝜕𝑧
 

𝐷𝑄𝑣
𝐷𝑡

= 𝑆𝑣 = 𝐸𝑣 

𝐷𝑄𝑤
𝐷𝑡

= 𝑆𝑤 = −𝐸𝑣,1 − 𝑃 

𝐷𝑄𝑟
𝐷𝑡

+
1

𝜌0

𝜕

𝜕𝑧
(𝜌0𝑄𝑟𝑉)  = 𝑆𝑟 = −𝐸𝑣,2 + 𝑃 

Evaporation  

(or condensation) 

 𝐸𝑣 = 𝐸𝑣,1 + 𝐸𝑣,2 

𝐷𝑇

𝐷𝑡
= −𝑈 Γs  − 𝐿𝐸𝑣/𝑐𝑝 



Bulk microphysics 

» Kessler (1969) analysed drop size 

distributions (DSDs) 

» By approximating a mathematical form 

for DSDs (e.g. exponential), he 

derived:  

» Evaporation (or condensation) 

»  Average fall-speed, V  

» Precipitation production, P,  

– Some cloud-water converts 

spontaneously to rain when a 

threshold on 𝑄𝑤  is exceeded 

𝐸𝑣 = 𝐸𝑣,1 + 𝐸𝑣,2 



Bin microphysics:  more accuracy in treatment 

of coagulation and sedimentation 

» Danielson et al. (1972) explicitly accounts 

for DSDs and for ice size distributions 

– Stochastic coalescence predicted bin 

by bin 

– Concentration is explicitly predicted in 

each of many categories arranged 

logarithmically over size 

»  water drops: from 2 microns to 2.5 

mm 

» Ice:  up to 20 mm 



Results:  Case Study 

» Example:  shower, a convective cell, warm climate 

(Srivastava 1967) 

» In first 10 mins, rain develops at expense of cloud-liquid, 

forming first near cloud-top 

– Updraft starts weakening, due to burden of rain  

» After about 20 mins, rain has descended, forming 

downdraft at low levels 

– updraft strenthens again 

 

 



Overview of 1D models 

»Advantages: 

– Interaction of 

dynamics and 

microphysics treated 

– Computationally 

cheap 

– Good for analysis of 

microphysical 

processes 

»Disadvantages 

– Crude treatment of 

dynamics (no shear) 

– In reality, vertical 

shear controls storm 

structure, and there 

are downdrafts 

flanking updraft 



2D CLOUD MODELS 



» Approach:  solve Boussinesq equations for conservation of 

momentum, heat, and mass of air and moisture on a 

vertical grid (x,z) 

– Density constant, 𝜌0(𝑧), except for FB (Boussinesq)  

– Include convergence of turbulent fluxes, F 

– Treat pressure and temperature as sum of basic state 

(𝑝0(𝑧), 𝑇0(𝑧)) and a perturbation (𝑝′(𝑥, 𝑧, 𝑡), 𝑇′(𝑥, 𝑧, 𝑡)) 

– Convection started by warm bubble initially 

𝐷

𝐷𝑇
≡
𝜕

𝜕𝑡
+ 𝑢

𝜕

𝜕𝑥
+ 𝑤

𝜕

𝜕𝑧
 



𝐷𝑇

𝐷𝑡
= −Γ𝑠𝑤 + 𝐹𝑇 + 𝑆𝑇 

𝐷𝑄𝑣
𝐷𝑡

= 𝑆𝑣 + 𝐹𝑣 

𝐷𝑄𝑤
𝐷𝑡

= 𝑆𝑤 + 𝐹𝑤 

𝐷𝑄𝑟
𝐷𝑡

+
1

𝜌0

𝜕

𝜕𝑧
𝜌0𝑄𝑟𝑉 = 𝑆𝑟 + 𝐹𝑟 

𝐷𝑢

𝐷𝑡
= 𝐹𝑢 −

1

𝜌0

𝜕𝑝′

𝜕𝑥
 

𝐷𝑤

𝐷𝑡
= 𝑔

𝑇𝑣 ′

𝑇0
 − 𝑄𝑤 − 𝑄𝑟 + 𝐹𝑤 −

1

𝜌0

𝜕𝑝′

𝜕𝑧
 

0 =
𝜕 𝜌0𝑢

𝜕𝑥
+
𝜕 𝜌0𝑤

𝜕𝑧
 



Results:  Case Study 

» Takeda (1971) used above 2D model but with bin 

microphysics, treating stochastic coalescence and breakup 

» Type 1: weak vertical shear, moderate instability 

– Clouds develop in-cloud downdraft due to precipitation 

burden and evaporative cooling 

– Cold pool near surface spreads and triggers new cell 

– New clouds develop around dissipating cloud 

» Type 2:  strong shear, moderate instability 

– Downdraft forms on downshear side 

– No new cells triggered, cloud is short-lived 



Overview of 2D model 

»Advantages: 

– Effects from vertical 

shear on longevity 

and intensity of 

storm simulated 

– Cheaper than 3D 

»Disadvantages: 

– Vertical motions 

grossly distorted 

– Vertical pressure 

pertubation forces 

grossly 

overestimated 

– Turbulence  ? 

– Forecasting ?  



3D CLOUD MODELS 



Need for 3D model for realism 

» In reality,  

– wind speed and direction change with height: 

– Vortices are advected, tilted and stretched in 3D (e.g. 

tornadoes), updrafts rotate 

– Outflow in downdrafts can interact with ambient flow, 

foming multicell storms 

– PPGF and updraft speeds differ between 2D and 3D 

– Clouds act as barriers to ambient flow at some (near 

steering) levels, move with the wind at other levels 

 



» Approach:  solve numerically 3D version of Boussinesq 

equations for 2D models 

𝐷

𝐷𝑇
≡
𝜕

𝜕𝑡
+ 𝑢

𝜕

𝜕𝑥
+ 𝑣

𝜕

𝜕𝑦
+ 𝑤

𝜕

𝜕𝑧
 



Results:  
» Splitting of supercells simulated by Wilhelmson and Klemp  

(1978)  

– Sensitivity test shows splitting is due to rain 

– Right-moving storms are more common after splitting 

(than left-moving ones) because ambient flow turns 

clockwise with height usually 

» Low-level convergence due to downdrafts sustains the 

storm and the downdrafts are promoted by mid-level 

inflow from south, which is linked to such a sounding 

» Tornadoes simulated and explained in terms of 

intensification of mesovortex (Klemp et al. 1981) 

 

 



EXAMPLE OF MODELING 

SYSTEM FOR RESEARCH AND 

FORECASTING 

 



Example of 3D model: Weather, 

Research and Forecasting (WRF) 

 



Components of WRF modeling system 



Components of WRF modeling system 

 



 



 



WRF as cloud model 

 



WRF as regional model 

 



 



WRF Parametrisations: Radiation 

 



Options:  microphysics schemes 

 



 



 



SUMMARY 



» Complex mechanisms elucidated by models 

» Parcel models can elucidate microphysical processes 

» 1D, 2D and 3D models include an increasing range of 

mechanisms 

» Modeling systems (e.g. WRF) have flexibility for choice of 

any resolution and of corresponding parameterizations  



Obrigado 

 



Example:  Very high resolution (about 0.5 km) 2D model with bin 

microphysics 

 - explicit prediction of size distributions and cloud-processes 



New  transformation of hydrometeors during hail formation  in HUCM: 

Nucleation drop freezing 

Drop-snow-collisions 

Graupel-water collisions 

Ice crystal-water collisions 

Freezing 
drops Total freezing of   

freezing drops  

wet growth of graupel 

Graupel > 1 cm 

Freezing drops –liquid 
drop collisions 

Hail formation 

Formation  
and growth 
of freezing 

drops 

graupel Snow-water collisions 
Hail 

Hail-water drop collisions 

Hail growth 

Drop-ice-collisions 



 



 





» Type 3:  low-level jet, with strong opposite shears above and 

below it 

– Precipitation and updraft are both inclined in direction of low-

level shear at low levels,  

– Updraft has opposite tilt aloft 

– Cold pool from downdraft spreads out, triggering ascent near 

base of original updraft 

– Long-lived cloud  

 

» Other 2D models:  Farley and Orville (1986), Khain et al. (2004) 



 



 


