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Mo#va#on	  

§  The	  CAP-‐MBL	  ARM	  field	  campaign	  from	  Jun.	  2009	  to	  Dec.	  2010	  
—  Unique	  resource	  targeWng	  marine	  boundary	  layer	  (MBL)	  clouds	  	  

	  

§  ScienWfic	  ObjecWve	  
—  To	  evaluate	  cloud	  parameterizaWons	  and	  idenWfy	  deficiencies	  
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
diverse range of airmasses from North America, from the Arctic and from Northern Europe. (c) 751 
Photograph of the AMF site looking to the SE; (d) Map of the location of Graciosa (and Pico) in 752 
the Azores archipelago.    753 
 754 

(Wood et al. 2014) 
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§ CAM5.3	  control;	  CLUBB-‐MG2;	  CLUBB-‐MG1	  	  
— From	  05/31/2009	  to	  12/30/2010:	  Day	  2	  at	  one	  grid	  column	  
(39.1N,	  27.5W)	  	  	  	  

Methodology	  
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Hourly	  cloud	  cover	  vs.	  in-‐cloud	  liquid	  water	  path	  

UW scheme 
MG1 scheme 
ZM scheme 

§ Would	  this	  improvement	  impact	  on	  the	  cloud	  radiaWve	  effects?	  
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Cloud	  sta#s#cs	  	  

Mean 

•  Negative cloud cover biases 
•  CLUBBMG2 has a larger variability in low-level-cloud cover   
•  Obs. in-cloud LWP has a positively skewed distribution 

Low-level-cloud cover  
In-cloud LWP  



LLNL-PRES-xxxxxx 
6	  6 

Surface	  SW	  cloud	  radia#ve	  effect	  (CRE)	  and	  
transmissivity	  	  

•  Positive SW CRE/transmissivity biases in CAM5.3 and CLUBBMG2 
•  CLUBBMG2: larger positive biases in the mean values of CRE and cloud transmissivity. 

Mean 

Median 

CRE = SW↓ − SWClear
↓ Transmissivity = SW↓ SWClear

↓

CLUBB-MG2 
CAM5.3 

§  Where	  do	  the	  biases	  come	  from?	  

Mean 

Median 
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CAM5.3	  	  
The	  negaWve	  biases	  in	  the	  
surface	  SW	  transmissivity	  for	  
all	  cloud	  cover	  bins	  
compensates	  the	  CAM5.3	  
cloud	  cover	  bias	  
	  
CLUBB-‐MG2	  
Not	  enough	  overcast	  cloud	  
condiWon	  and	  too	  oken	  clear-‐
sky	  and	  broken	  cloud	  
condiWon	  +	  the	  reducWon	  of	  
compensaWng	  errors	  in	  CWP	  
results	  in	  a	  higher	  cloud	  SW	  
transimissivity	  bias.	  

Median	  values	  binned	  by	  cloud	  cover	  	  
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Precipita#on	  flux	  	  

•  Precipitation flux decreases in CLUBBMG2 compared with CAM5.3 and 
CLUBBMG1. 

•  Deep convection scheme is active during 34 days in CAM5.3, 56 days in 
CLUBBMG1 and 55 days in CLUBBMG2. 

CAM5.3  CLUBBMG1  CLUBBMG2  

H
ei

gh
t (

km
) 

mm day-1 
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Cloud/BL	  oscilla#on	  in	  CLUBBMG2	  

subtime step = 5 min subtime step = 30 sec 

Cloud fraction 

Water vapor tendency X107 (g/kg/s) 

Third Moment Vertical Velocity (m3/s3) 

~4 hrs 

~2 hrs 
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Oscillation frequency becomes higher in CLUBB-MG2 
(clubb_rainevap_turb = .false.) 

Third Moment Vertical Velocity (m3/s3) 

Cloud fraction Cloud fraction 

Third Moment Vertical Velocity (m3/s3) 

Water vapor tendency X107 (g/kg/s) Water vapor tendency X107 (g/kg/s) 

(22.5 o S, 17.5 o W) 
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A	  precipita#ng	  cumulus	  cloud	  case	  

CAM5.3 

CLUBB-MG2 

Obs 

Radar 

05/22/2010 
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The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 

Results 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
 
 
 
 
 
 
 
 

  

 

ARM Obs. cloud fraction 

CAM5.3  

CLUBB-MG2 

ARM ARSCL Cloud Radar reflectivity (dBZ)  

Fig. 2 One example of the cloud 
oscillation identified in CAM5 
simulations based on ARM 
observations  
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
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Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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A  lower-freq and stronger oscillation occurs in CLUBB-MG2. 
A  higher-freq and weaker oscillation occurs in CLUBB-MG2 no Turb-Evp. 
No oscillation in CLUBB-MG2 without precipitation evaporation   
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Cloud/PBL	  life	  cycles	  

Water vapor tendency from CLUBB (g kg-1 s-1) 

 We composite the life 
cycle of the boundary 
layer evolution 



LLNL-PRES-xxxxxx 
15	  

The	  composite	  life	  cycle	  of	  BL	  and	  cloud	  	  

The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
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Fig. 2 One example of the cloud 
oscillation identified in CAM5 
simulations based on ARM 
observations  
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Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 
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formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
 
 
 
 
 
 
 
 

  

 

ARM Obs. cloud fraction 

CAM5.3  

CLUBB-MG2 

ARM ARSCL Cloud Radar reflectivity (dBZ)  

Fig. 2 One example of the cloud 
oscillation identified in CAM5 
simulations based on ARM 
observations  
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
diverse range of airmasses from North America, from the Arctic and from Northern Europe. (c) 751 
Photograph of the AMF site looking to the SE; (d) Map of the location of Graciosa (and Pico) in 752 
the Azores archipelago.    753 
 754 

Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 

Results 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
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simulations based on ARM 
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
diverse range of airmasses from North America, from the Arctic and from Northern Europe. (c) 751 
Photograph of the AMF site looking to the SE; (d) Map of the location of Graciosa (and Pico) in 752 
the Azores archipelago.    753 
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Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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The cloud and precipitation vary closely with the PBL life cycle. 
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The	  impact	  of	  the	  rain	  evapora#on	  	  	  The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 

Results 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
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oscillation identified in CAM5 
simulations based on ARM 
observations  
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
diverse range of airmasses from North America, from the Arctic and from Northern Europe. (c) 751 
Photograph of the AMF site looking to the SE; (d) Map of the location of Graciosa (and Pico) in 752 
the Azores archipelago.    753 
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Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
 
 
 
 
 
 
 
 

  

 

ARM Obs. cloud fraction 

CAM5.3  

CLUBB-MG2 

ARM ARSCL Cloud Radar reflectivity (dBZ)  

Fig. 2 One example of the cloud 
oscillation identified in CAM5 
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
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Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
 
 
 
 
 
 
 
 

  

 

ARM Obs. cloud fraction 

CAM5.3  

CLUBB-MG2 

ARM ARSCL Cloud Radar reflectivity (dBZ)  

Fig. 2 One example of the cloud 
oscillation identified in CAM5 
simulations based on ARM 
observations  
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Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
diverse range of airmasses from North America, from the Arctic and from Northern Europe. (c) 751 
Photograph of the AMF site looking to the SE; (d) Map of the location of Graciosa (and Pico) in 752 
the Azores archipelago.    753 
 754 

Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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The impact of rain evaporation Motivation 
 

Based on ARM observations in the Azores, we identified a spurious 
cloud/PBL oscillation in CAM5 with CLUBB-MG2 schemes. Global 
screening proves that the oscillation is a common phenomenon in 
trade cumulus regimes over the world. This study uses single-column 
simulations to fully understand the mechanism of  how drizzle-cloud-
turbulence interactions in CLUBB-MG2 causes the oscillation. 
 

Conclusions   
!  The single-column simulations with constant large-scale forcing can generate the 

cloud/PBL oscillation found in CAM5 3D hindcasts with CLUBB-MG2 schemes " 
the horizontal advection terms are not the cause of this oscillation. 

!  The life cycle of qt shows a qt increasing near the cloud top " entrainment drying is 
not the cause of this oscillation. 

!  Evaporative cooling below 500 m height stabilizes the BL, weakens the mid-level 
moisture flux and decouples the BL. Cloud decays due to the decreasing of 
moisture transport. The surface turbulent transport builds up a new BL before the 
old BL completely collapses. " a shorter and weaker oscillation occurs  in CLUBB-
MG2 no Turb-Evp.  

!  The positive feedback between rain evaporation and sub-grid spatial variance of 
moisture and heat enhances the cooling in the lower BL by increasing the mid-level 
heat transport, which further stabilizes the BL, and cuts off the moisture transport 
from the surface " the BL completely collapses and cloud decays without moisture 
transport from the surface. " a longer and stronger oscillation occurs in CLUBB-
MG2. 

Single-column simulation 
•  A  case study with initial condition and large-scale forcing from the model output from 

CAM5 hindcasts with CLUBB and MG2 schemes (Zheng et al., To be submitted) 

•  CAM5.3 with default schemes (CAM5.3) and with CLUBB and MG2 schemes (CLUBB-
MG2) 

•  Sensitivity tests on the impact of rain evaporation  

#  CLUBB-MG2: the simulation includes a positive feedback between rain evaporation 
and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .true.) 

#  CLUBB-MG2 no Turb-Evp: the simulation excludes the positive feedback between rain 
evaporation and the sub-grid spatial variance of moisture and temperature (i.e. 
clubb_rainevap_turb = .false.)  

#  CLUBB-MG2 no Evap: the simulation turns off the rain evaporation process. 
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A Single-Column Modeling Study on a Spurious Cloud Oscillation 
 in CAM5 with CLUBB-MG2 Schemes 

Background 
 

What is CLUBB? 

The Cloud Layers Unified By Binomials scheme (CLUBB) is an “incomplete” third-order turbulence 
closure (Golaz et al. 2002).  
  
What is MG2? 

MG2 is a double moment microphysics scheme which updated the diagnostic precipitation 
formulation to a prognostic one (Gettelman and Morrison 2015).  
 
What is the spurious cloud oscillation? 
A type of cloud/boundary layer oscillation in CAM5 simulations with CLUBB and MG2: clouds 
disappear and reoccur while the boundary(BL) layer undergoes a 4-6-hour cycle of growth, 
decoupling, and replacement.  
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oscillation identified in CAM5 
simulations based on ARM 
observations  

34 
 

 744 

 745 

Figure 1: (a) Map of Graciosa Island showing terrain elevation, and the location of the AMF site 746 
at the airport approximately 2 km west of the main town Santa Cruz de Graciosa. (b) Map 747 
showing the location of the Azores in the North Atlantic. Colors show the annual mean cloud 748 
droplet concentration for warm, overcast clouds as observed by the Moderate Resolution 749 
Imaging Spectroradiometer (MODIS) on the NASA Terra satellite. The Azores receives a 750 
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the Azores archipelago.    753 
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Fig.1 The location of the Azores in the 
North Atlantic (Wood et al. 2014).  

1-month AMIP run, November, 2009 

A simple screening method based on the 
altitude of the maximum w3 and qv 
tendency. The cloud/PBL oscillation day 
means at least 4 oscillation cycles 
occurred within this day.  

Fig. 3 The occurrence of the cloud/PBL 
oscillation over the world  

Fig. 4 (left) the time evolution of the cloud fraction; (right) the time evolution of PBL 
height based on the critical Richardson number = 0.3  

Fig. 5 The time evolution of the water vapor 
tendency from CLUBB (g kg-1 s-1) 

 We composite the life cycle of the 
oscillation based on the altitude of the 
maximum qv tendency for CLUBB-MG2 and 
CLUBB-MG2 no Turb-Evp. There is no 
oscillation in CLUBB-MG2 no Evp.  

Fig. 6 The composite life cycle of  the oscillation from 
CLUBB-MG2 (left)  and CLUBB-MG2 no Turb-Evp (right)   
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Cumulus	  clouds	  in	  CLUBB	  are	  sensiWve	  to	  the	  evaporaWve	  cooling	  induced	  
boundary	  layer	  decoupling.	   
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Summary	  

§  CLUBB-‐MG2	  simulates	  a	  more	  realisWc	  cloud	  variaWon	  from	  broken	  
thin	  clouds	  to	  thick	  solid	  clouds.	  	  

§  CAM5.3	  produces	  stronger	  negaWve	  surface	  SW	  CRE	  by	  excessive	  
in-‐cloud	  LWP.	  	  

§  Due	  to	  the	  reducWon	  of	  compensaWng	  errors	  in	  LWP,	  	  the	  lack	  of	  
overcast	  cloud	  condiWons	  results	  in	  larger	  bias	  of	  SW	  cloud	  
transmissivity	  in	  CLUBB-‐MG2	  than	  that	  in	  CAM5.3.	  	  	  

§  A	  single-‐column	  modeling	  study	  demonstrates	  that	  cumulus	  
clouds	  in	  CLUBB	  are	  sensiWve	  to	  the	  evaporaWve	  cooling	  induced	  
boundary	  layer	  decoupling.	  	  	  	  	  	  	  
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