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OUTLINE 

I.  ParameterizaKon of Symmetric Turbulence ( i.e., PBL Scheme ) 
•  Dry Turbulence Scheme ( CAM3 PBL ) 

•  Moist Turbulence Scheme ( CAM4 PBL ) 

II.  Cloud Macrophysics 
•  Net CondensaKon Rate of Water Vapor into Cloud Liquid ( Q ) 
•  Cloud FracKon ( a ) 

•  VerKcal Overlap of Cloud FracKon 



DEFINITIONS 

  Model Names 

•   CAM3.5    : CAM3.0 + Revised Deep Convection + etc.  

•   CAM4       : CAM3.5 + All New Atmospheric Physics ( ~ CAMUW  ) 



I.  
ParameterizaKon of Symmetric Turbulence in CAM 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PBL 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CAM3 Dry Turbulence Scheme with Non‐Local Term 

CAM4 Moist Turbulence Scheme 

Higher Order 
Closure 

Transilient Theory 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1st Order Non‐Local Closure for Dry Turbulence : CAM3 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1.5 Order Local Closure for Moist Turbulence : CAM4 



Dry Stable PBL 
: GABLS 



Dry ConvecKve PBL 



Dry ConvecKve PBL 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Comparison of Turbulence Velocity 

CAM3 
Dry Turbulence 

CAM4 
Moist Turbulence 

CAM4 handles elevated sources of turbulent energy. 
 CriKcal for simulaKng moist turbulence associated with clouds. 



[ Nicholls 1984, Quart. J. R. Met. Soc. ] 

LW RadiaKve Flux at the top of Cloud 

Cloud 

PBL 

[ W m‐2 ] 

LW  LW Z [ m ] 

270  350 

Strong LW cooling is confined  

at the stratocumulus top.   



TURBULENCE GENERATED BY BOUNDARY HEATING 

Warm air rises 
&  

Cold air sinks 

PotenKal energy 
is converted to 
kineKc energy 

Turbulence 
is generated 

Surface Warming 
or  

Top Cooling MBL Top 

MBL Base 

Turbulence is generated by MBL top LW cooling driven by stratocumulus  



TURBULENCE GENERATED BY CONDENSATION HEATING 

Unsaturated PerturbaKon 

The perturbed air 
parcel will return to 
its original posiKon 

Turbulence 
is dissipated 

Saturated PerturbaKon 

The perturbed air 
parcel will conKnue 
its original moKon 

Turbulence 
is generated 

Turbulence is generated by condensaKon‐evaporaKon heaKng, which is in turn 
controlled by cloud fracKon within the grid.  



 Cloud‐top  
LW cooling 

Cloud‐RadiaKon‐Turbulence InteracKons 

•  Sustain Saturated PBL Top 
•  Deeper, Drier, Well‐Mixed 
   mean PBL 

Entrainment 

CondensaKon‐EvaporaKon 



Cloud‐Topped PBL 
: DYCOMS 



Fog Amount. JJA. 

ObservaKon 

CAM35 

CAM4 



SUMMARY 

In contrast to the dry turbulence scheme in CAM3,  
the moist turbulence scheme in CAM4 takes into account of 

elevated sources of TKE associated with clouds.  
   

 CAM4 successfully simulates cloud‐topped PBL as well as dry PBL.  



II.  
Cloud Macrophysics in CAM 



WHAT IS CLOUD ? 

CLOUD : The sum of volume elements containing condensates. 
                5 key properKes : a, LWC, IWC, N(rl), N(ri)  

Liquid 

liquid droplet 

ice crystal 

volume element 

vapor flux 

vapor pressure 



CLI   : Heterogeneous (Immersion) freezing  
    Bergeron‐Findeisen deposiKon freezing 
CLS  : AccreKon of cloud liquid by snow 
    Bergeron‐Findeisen conversion 
CLR   : Autoconversion of cloud liquid into rain 
    AccreKon of cloud liquid by rain 
CIS  : Autoconversion of cloud ice into snow 
    AccreKon of cloud ice by snow 
CRS  : AccreKon of rain by snow 
    Heterogeneous freezing 
    Homogeneous freezing 

CSED,L  : SedimentaKon of cloud liquid  
CSED,I  : SedimentaKon of cloud ice 
EL  : EvaporaKon of sedimented cloud liquid 
EI  : EvaporaKon of sedimented cloud ice 
ER  : EvaporaKon of rain 
ES  : EvaporaKon of snow 
QL  : Net condensaKon into cloud liquid 
QI  : Net condensaKon into cloud ice 

CLOUD 
LIQUID 

CLOUD 
ICE 

RAIN  SNOW 

CLI 

CRS 

CLS  CIR=0 
CLR  CIS 

QL  QI 

ER  ES 

CSED,L EL  CSED,I  EI 

Self‐CollecKon  Self‐CollecKon 

Condensate System ( a ) 

ATc  
, Aqt 



What does Cloud Macrophysics do? 

•  CondensaKon rate of water vapor into cloud liquid ( Q ) 

•  Cloud fracKon ( a ) 

•  VerKcal overlap of cloud fracKon 



I. BULK SATURATION ADJUSTMENT 

€ 

a(U)

€ 

ˆ U =1

in‐cloud 
condensaKon 

clear sky 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II. PDF‐based SATURATION ADJUSTMENT 

€ 

Δqt

Aqt > 0 

€ 

Q > 0 , ∂a
∂t

> 0

AT > 0 

€ 

Q < 0 , ∂a
∂t

< 0



BULK vs PDF‐based Approach 

€ 

a(U) =
U −Uc

1−Uc

 

 
 

 

 
 

2

€ 

Δqt
qs,w

 

 
 

 

 
 =1−Uc

€ 

a(U) = ...

0.88 0.9 0.92 0.94 0.96 0.98 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RH  vs  a

RH

a

CAM35

CAM40

0.88 0.9 0.92 0.94 0.96 0.98 1
0

2

4

6

8

10

RH  vs  G of PDF

RH

G

€ 

Uclr =
U − a
1− a

=
(1−Uc ) a +Uc − a

1− a

€ 

Uclr(a→1) =
1+Uc

2
 

  
 

  € 

Uclr =
U − a
1− a

= ......

€ 

Uclr(a→1) =1



Consistency between Cloud FracKon and In‐Cloud LWC 

•  Force the layer at p = 900 [hPa], T = 280 [K], qv = 6.84 [g kg‐1], ql = 0.16 [g kg‐1], a = 
0.6, ∆p = 20 [hPa] with various external forcings of temperature (AT) and water 
vapor (Aqv) 

•  Examine ‘Q’ and ‘∆a vs ∆ql,cloud’. 

•  Test for Bulk and PDF‐based approach with a half width of total specific humidity = 
0.1*qs(T,p) corresponding to Uc= 0.9. 



ConvecKon 

RadiaKon 

PBL Process 

Dynamics 

Macro‐Microphysics 

ConvecKons  CAM3  CAM35 

Equilibrium CAM35 
= CAM4 

3 Different ConfiguraKons of Bulk SaturaKon Adjustments 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large in‐cloud LWC 
compared to cloud fracKon 



VerKcal Cloud Overlap  

x 

x 

Maximum Overlap 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Δz
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a1 = 0.5
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a2 = 0.5

€ 

amax,overlap = 0.5

x 

x 

Minimum Overlap 

€ 

amin,overlap = 0

x 

x 

Random Overlap 

€ 

aran,overlap = 0.25

€ 

aoverlap = λ ⋅ amax,overlap + (1− λ) ⋅ aran ,overlap

€ 

λ = exp(−Δz /2000)



Cloud 

Top 
Interface 

Base 
Interface 

PrecipitaKon 

Maximum Overlap 

: Aerosol  : Cloud Droplet  : PrecipitaKon Droplet 

ParameterizaKon of ’Cloud Overlap Structure’  

has direct influences on 

   ProducKon of PrecipitaKon  

   EvaporaKon of PrecipitaKon 

   DeposiKon of Aerosol  Aerosol Indirect Effect 

   RadiaKon 

   etc. (wet chemistry…) 

Clear Sky 

PrecipitaKon 

Minimum Overlap 



•  Cumulus 

•  RH (RelaKve Humidity) Stratus 

•  KH ( Klein‐Hartmann ) Stratus 

€ 

as,KH = f (S) , S ≡θv (700) −θv (1000)

3 Cloud Types in CAM3 

€ 

ac = f (M) , M : ConvecKve Updrat Mass Flux 

€ 

as,RH = f (RH) , RH : Grid‐Mean RelaKve Humidity 



: Cumulus 

: RH Stratus 

: RH Stratus + Cumulus 

: RH Stratus + KH Stratus 

: KH Stratus  : KH Stratus + Cumulus 

: Cumulus 

: RH Stratus = Stratus 

Horizontal Geometry of Clouds in CAM 

CAM35  CAM4 



VerKcal Cloud Overlap in CAM  

•  RadiaKon ( SW and LW ) 
•  Combine ‘cumulus’ and ‘stratus’ into ‘one single cloud’ in each layer. 
•  Maximum overlap in each of three regions represenKng the lower, middle,  
  and upper troposphere and random overlap between these regions. 

•  ConvecKon (deep and shallow convecKons ) 
•  Whenever convecKve precipitaKon flux is posiKve,  
  convecKve precipitaKon area is 1. 

•  StraKform Microphysics 
•  Stratus is maximally overlapped with straKform precipitaKon area. 

•  Wet DeposiKon of Aerosol 
•  Use addiKonal overlapping assumpKons different from the above…. 

We need to use a unified verKcal cloud overlap structure for all schemes  
by considering different verKcal overlapping natures of cumulus and stratus. 



•  Cumulus is not horizontally overlapped with stratus in a single layer. 

•  Cumulus has its own LWC different from the LWC of stratus. 
   Cumulus and stratus have different radiaKve properKes. 

•  Cumulus has a different verKcal overlapping structure from stratus :  
    Cumulus is maximally overlapped with cumulus regardless of 
         verKcal separaKon distance. 



Unified Cloud Overlapping Scheme 

•  Horizontal Geometry 

–  ‘Cumulus’ and ‘Stratus’ are non‐overlapped  

•  VerKcal Geometry 

–  Cumulus: ‘Maximally’ overlapped 

–  Stratus: ‘Randomly’ overlapped 



Overlapping Area Between 
‘ConvecKve PrecipitaKon Area’ and ‘Stratus Cloud FracKon’ 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Western Pacific Warm Pool 
(6.6oN,100oE). ANN. 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SUMMARY 

I.  ParameterizaKon of Symmetric Turbulence 
•  Dry Turbulence Scheme ( CAM3 PBL ) 

•  Moist Turbulence Scheme ( CAM4 PBL )  
•  Treatment of elevated source of TKE associated with cloud  successful simulaKon of 
             cloud‐topped PBL as well as dry stable and dry unstable PBL 

II.  Cloud Macrophysics 
•  Net CondensaKon Rate of Water Vapor into Cloud Liquid ( Q ) 

•  Bulk SaturaKon Adjustment 
•  PDF‐Based SaturaKon Adjustment 

•  Cloud FracKon ( a ) 
•  QuadraKc formula of a(U) 
•  a(U) from the PDF‐based approach 
•  Consistency between cloud fracKon and in‐cloud LWC 

•  VerKcal Overlap of Cloud FracKon 
•  Unified cloud overlapping scheme for simultaneous treatment of cumulus and stratus 





Response of MSC to increasing SST 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TransiKon of MBL from well‐mixed stratocumulus to the decoupled state. 

Deepening‐Decoupling and DissipaKon of Stratocumulus 

Cold SST  Warm SST 

Cumulus 
 develops 



Morning  Mid Aternoon 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Stratocumulus – SW RadiaKon 
Diurnal Cycle 


