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Low Cloud Transitions
• Air masses associated with subtropical stratocumulus decks are 

advected over warmer SSTs by trade winds.

• Breakup of cloud is important for albedo both locally and globally.
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182 VOLUME 54J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S

FIG. 10. A conceptual diagram of the STCT.

m deepening of the boundary layer during Dbase is
nearly identical to that observed in Cbase, as are the
mean evolution of the soundings of ^ul& and ^qt&. The
diurnally averaged cloud thickness in Dbase is quite
similar to the cloud thickness in Cbase, as are long-term
changes in cloud type and boundary layer structure. The
decoupling and stability parameters for Dbase (Fig. 3,
dotted line) increase almost in lock step with those of
Cbase over the 10-day length of the simulation as do
the surface heat and moisture fluxes (Fig. 9e).
Afternoon cloud thinning occurs due to decoupling

driven by shortwave heating in the cloud. Starting on
the second day there is significant afternoon clearing,
which increases in magnitude and duration as the sim-
ulation proceeds (Figs. 8a and 9a). The radiative effect
of the daytime shortwave heating is amplified by the
reduction in longwave cooling as the stratocumulus
thins or evaporates (Fig. 9d, dashed line). The cumu-
lative effect is a drastic reduction in the net MBL cool-
ing during the daytime (Fig. 9d, solid line) becoming
more pronounced each day. These effects reduce the
buoyant production of TKE, especially below the stra-
tocumulus cloud layer, resulting in a pronounced after-
noon minimum in ^w92& (Fig. 8b). After the sun sets,
longwave cooling at the cloud top (or the upper MBL
if clouds are completely absent) revitalizes convection.
This leads to reformation or thickening of stratocumulus
cloud, often reinforced by an unusually vigorous cu-
mulus burst.
The diurnal cycle is strongly evident in the MBL-

entrainment rate (not shown). During the first two days
the entrainment rate fluctuates from about 2 mm s21

during the day to 4 mm s 21 at night. As the simulation
progresses, the entrainment rate drops to nearly zero
during the afternoon clearings and grows progressively
larger each night.
Starting at day 7 of the simulation, there is significant

clearing at nighttime as well, though the diurnal radi-
ative forcing still heavily modulates the fractional cloud-
iness. In these late stages of Dbase, the occurrence of
cumulus cloud bursts is fairly evenly distributed over
the diurnal cycle. The changes in cloudiness relate in-
stead to the lifetimes of the stratocumulus clouds de-
trained near the MBL-top by the cumulus clouds; during
the daytime the solar absorption by the stratocumulus
clouds keeps their lifetimes much shorter than at night.

5. A conceptual model of the STCT
We now present a conceptual model of the STCT,

DIDECUPE (Deepening-Induced Decoupling and Cu-
mulus Penetrative Entrainment), sketched in Fig. 10,
which explains the main features of both our modeling
results and of observations. The starting point of this
model (Bretherton 1992) is that the transition in cloud-
iness occurs in two steps, as seen in Cbase. They are
1) deepening–warming decoupling of a shallow cloud-
topped mixed layer into a regime characterized by CuSc,

and 2) increasingly vigorous penetrative entrainment of
dry free-tropospheric air by the cumulus, which even-
tually evaporates the stratocumulus and exposes the un-
derlying trade cumulus cloud layer. Figure 10 is a sche-
matic illustration of the essential feedbacks involved in
the two-step conceptual model of the STCT.
These steps follow inexorably from the systematic

downstream deepening of the MBL following boundary
layer air parcel trajectories, driven by the downstream
decrease in lower-tropospheric stability and by decreas-
ing mean subsidence. Other processes such as precipi-
tation, the diurnal cycle, systematic changes in insola-
tion or mean upper-level mixing ratio, and changing
surface winds are important in actually determining
fractional cloudiness as a function of position, but are
not required for the MBL transition. We now consider
the dynamics responsible for the two steps in more de-
tail.
A mechanism for the first step, the decoupling tran-

sition, is discussed in a companion paper (BW97) and
borne out in the brief analysis of Cbase presented above.
Summarizing this mechanism, a buoyancy-driven mixed
layer can be maintained only if the generation of eddy
kinetic energy by buoyancy fluxes is predominantly pos-
itive throughout most of the mixed layer. As SST warms
and the MBL deepens, upward latent heat fluxes in the
boundary layer increase dramatically. This increases the
buoyancy fluxes and turbulence levels within the cloud,
creating more entrainment per unit of cloud radiative
cooling. The increased entrainment leads to increasingly
negative buoyancy fluxes below cloudbase associated
with a downward flux of warm entrained air. This dis-
rupts the mixed layer and creates a weak stable layer

Wyant et al (1997)



Two	
  studies	
  related	
  to	
  cloud	
  transi0ons	
  
in	
  the	
  Northeast	
  Pacific

How do low clouds Northeast Pacific and their 
transitions respond to 

1. changes in aerosols?

2. climate perturbations?

Plan: 

Study these along Lagrangian trajectories in the 
Northeast Pacific using Large Eddy Simulations and 
Single Column Models.



1. Sensitivity to Changes in Aerosol
(Modeled as changes in cloud droplet number 
concentration, Nd)



Introduction: Aerosol Impacts on Clouds
• Aerosols can impact clouds through

- cloud brightening (1st indirect effect) or

- modification of cloud lifetime (2nd indirect effect).
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More	
  aerosol	
  thins	
  nearly	
  nonprecipita0ng	
  Sc	
  

• Ackerman et al (2004) found that 
stratocumulus clouds only 
thicken with increasing cloud 
droplet concentration Nd until 
surface precipitation rate 
becomes small (<0.1 mm d-1).

• Due to enhanced entrainment of 
dry air with higher Nd.

• Bretherton et al (2007):            
Higher Nd → Less sedimentation   
→ more efficient entrainment,       
due to increased evaporation of 
liquid water in the entrainment 
zone. wsed w*

25 mentrainment zone



Par0al	
  Cancella0on	
  of	
  Aerosol	
  Indirect	
  Effects

• Wood (2007) looked at the cancellation of aerosol indirect effects 
in mixed-layer model (MLM) simulations of marine Sc.  

• Over short times and for thinner clouds, the second indirect effect 
nearly canceled the first.  RIE is their ratio (2nd to 1st).

• The sensitivity to aerosol 
perturbations decreased 
when the baseline Nd 
increased from 100 to 
200.

• Caldwell and Bretherton 
(2009, also a MLM study) 
found a weaker sensitivity 
to aerosol perturbations 
and attributed this to low 
LWP.



LES	
  Study	
  of	
  Nd	
  Sensi0vity	
  in	
  Sc

• In large eddy simulations 
(LES), Sandu et al (2008) 
found that daytime LWP 
changes due to increased 
aerosols worked against the 
Twomey effect.

• Shallow boundary layer 
(based on FIRE), well-mixed 
at night in Nc=600 case.

• Decouples during day in 
both cases and on second 
night in Nc=50 case.



Our Study: Case Setup

• Stratocumulus to trade cumulus transition: a 
composite case from the Northeast Pacific (Sandu, 
Stevens & Pincus, 2010; Sandu & Stevens, 2011).  
Summertime conditions (JJA2006-7).

• Simulation follows composite Lagrangian trajectory 
over warmer SSTs with fixed subsidence.

• Finish after 3 days before breakup of capping Sc.

Day 0

Day 3



LES	
  results
• Large eddy simulation model: System for Atmospheric Modeling, v. 6.8 

(SAM, Khairoutdinov & Randall, 2003).  Lx=Ly~4.5km.   ∆x=∆y=35m, 
∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius computed from LWC 
and Nd, assuming σg=1.2.  Includes diurnal cycle.

Day

Night

DayDay

NightNight
Nd = 400 cm-3

Nd = 100 cm-3

Nd = 25 cm-3



• Optical depth of an Sc layer τ~ LWP5/6Nd
1/3.  

	

 	

 40% decrease in LWP  4xNd.

• Nd 25 100 cm-3:  35% daytime LWP decrease, little albedo increase.

• Nd 100 400 cm-3: little daytime LWP decrease, Twomey effect reigns.

Cloud thickness and albedo response to Nd 



Entrainment efficiency A = we∆b/ε
ε = turbulent dissipation rate

Entrainment and Drizzle

• Entrainment efficiency increases with Nd (Bretherton et al. 2007).

• Drizzle evaporating below cloud base is significant for Nd=25 cm-3.

• Note that Sandu & Stevens (2011) found that a simulation w/Nd=33 cm-3 had 
surface precip (~0.3 mm d-1) and had smaller LWP than Nd=100 cm-3.

• Uncertainty in microphysical representations may be large enough to support 
both results.  We will look into this.



Can SCAM5 reproduce this behavior?
• SCAM5 is the single-column version of the CAM5 atmospheric GCM.

• 30-level SCAM5 not bad, except too little cloud on the last day. Cloud fraction



But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more positive 

dLWP/dNd than LES; similar to CAM5-MACM difference that led 
stronger aerosol indirect effect in CAM5 (Wang et al. 2011).

Focus 
period

...suggests single-column modeling 
might illuminate and maybe help 
fix the AIE difference.

Concentrate on focus period: 
well-mixed nocturnal Sc layer

Three possible effects:
1. Cloud droplet sedimentation
2. Precipitation
3. Radiation sensitivity to Nd



SCAM5 sensitivity studies

• Default CAM5 has cloud droplet sedimentation at a predicted rate wsed in stratiform 
microphysics, but no other entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by decreasing cloud 
enhancement to entrainment rate by LES-tuned factor (Bretherton et al 2007)

	

   exp(-asedwsed/w*),   ased = 9 (LES-tuned), w* = convective velocity ~ 1 m s-1    
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Summary
• The sensitivity of marine boundary layer clouds to changes 

in cloud droplet number concentration (Nd) are studied 
using simulations of the stratocumulus to trade cumulus 
transition in large eddy simulations (LES) and a single 
column model (SCAM5).

• In the LES results, the second aerosol indirect effect (AIE) 
nearly cancels the first indirect effect for smaller droplet 
concentrations (Nd=25→100 cm-3), while the second AIE is 
less important when Nd is increased from 100 to 400 cm-3.

• While the single column model roughly reproduces the 
transition in the LES results, the sign of the second indirect 
effect is opposite to that found in the LES results.

Aerosol Impacts on Clouds
Addition of hygroscopic aerosols can impact clouds by:
1.  decreasing particle size, brightening cloud ( ‘albedo’ effect) 
2.  modification of cloud liquid/ice distribution (‘lifetime’ effect).

Nd Sensitivity of Marine Sc
• LES simulations often use changes in cloud droplet number 

concentration (Nd) as a proxy for aerosol changes, since 
they should be well-correlated in liquid clouds.

• Ackerman et al (2004) found that stratocumulus clouds
- only thicken with increasing Nd until surface precipitation 

rate becomes small (<0.1 mm d-1), and
- with little surface precipitation, clouds thin with higher Nd 

due to enhanced entrainment of dry air.
• Bretherton et al (2007): Higher Nd → Less sedimentation   
→ more efficient entrainment, due to increased 
evaporation of liquid water in the entrainment zone.

Case Setup
• Stratocumulus to trade cumulus transition: a composite case 

from the Northeast Pacific (Sandu, Stevens & Pincus, 2010; 
Sandu & Stevens, 2011).  Summertime conditions: JJA2006-7.

• Simulation follows composite Lagrangian trajectory over 
warmer SSTs with fixed subsidence.

• Finish after 3 days before 
breakup of capping Sc.

b. Initial profiles

As available meteorological reanalyses do not capture
well the inversion strength in marine stratocumulus re-
gions (Stevens et al. 2007), we have to reconstruct the
initial profiles of ul and qt (Figs. 2a,b). Given that at the
initial time the conditions are typical of a stratocumulus-
topped boundary layer, we assume the boundary layer to
be well mixed. We specify the initial boundary layer
depth using the mean of all CALIPSO observations
during JJA 2006 and 2007 at the starting point of the
median trajectory. Above this level we use a linear in-
terpolation of the median ERA-Interim ul and qt pro-
files. We then compute the ul and qt values within the
boundary layer so that the integrated quantities of en-
ergy and total water content for our idealized profiles
are identical to the ones of the median ERA-Interim
profiles. For simplicity, we use a linear interpolation of
the median ERA-Interim profiles to initialize the hori-
zontal wind components (Figs. 2c,d). Although we

neglect thus the wind shear across the inversion, we do
not believe that this simplification affects the conclu-
sions of our study. The geostrophic winds are set equal
to these initial wind profiles and are constant throughout
the simulations.

c. Large-scale conditions

For the REF case we force the simulation by imposing
the gradually increasing SST indicated by the reanalysis
(Fig. 1b). Changes along the trajectory in both large-
scale divergence (Fig. 1d) and free-tropospheric ther-
modynamic state (Figs. 1e,f) are neglected, except those
that result from slight imbalances between the radiative
cooling and subsidence warming, or from the slight sub-
sidence drying associated with gradients in the moisture
profile. By neglecting more significant changes in the
free-tropospheric state or variations in the large-scale
divergence D we can ask if the changing SSTs through
the course of the SCT are sufficient to explain the

FIG. 1. Time evolution of (a) the liquid cloud fraction and the environmental factors, (b) SST, (c) LTS, (d) large-scale divergence
averaged from 1000 to 900 hPa, (e) potential temperature at 700 hPa, and (f) water vapor specific humidity at 700 hPa, during the first three
days of the trajectories followed by the air parcels in the subtropical northeastern Pacific (Sandu et al. 2010). The values represent the
medians of the distributions of the different properties obtained for the set of trajectories analyzed for JJA 2002–07 (gray), for JJA 2006–
07 (black), and for two subsets of this last set of trajectories corresponding to the slowest (dotted) and fastest (dashed) transitions in cloud
fraction (see section 5 for a description). The cloud fraction is derived from MODIS level 3 data and the environmental properties from
the ERA-Interim.
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Large Eddy Simulations
• Large eddy simulation model: System for Atmospheric 

Modeling, v. 6.8 (SAM, Khairoutdinov & Randall, 2003).  
Lx=Ly~4.5km.   ∆x=∆y=35m, ∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 
100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius 
computed from LWC and Nd, assuming σg=1.2.  Includes 
diurnal cycle.

Day!

Night!

Day!Day!

Night!Night!
Nd = 400 cm-3!

Nd = 100 cm-3!

Nd = 25 cm-3!

Cloud thickness and albedo response
• Optical depth of an Sc layer τ~ LWP5/6Nd1/3.                           

Suggests that 40% decrease in LWP offsets ~4xNd.
• Nd 25→100 cm-3:  35% daytime LWP decrease, little albedo 

increase.
• Nd 100→400 cm-3: little daytime LWP decrease, Twomey 

effect reigns.

Entrainment and Drizzle
• Entrainment efficiency increases with Nd (Bretherton et al. 

2007).
• Drizzle evaporating below cloud base is significant for 

Nd=25 cm-3
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Entrainment efficiency A = we∆b/ε

ε = turbulent dissipation rate!

Can SCAM5 reproduce this behavior?
• 30-level SCAM5 not bad, except too little cloud on last day.

But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more 

positive dLWP/dNd) than LES; similar to CAM5-MACM 
difference that led stronger aerosol indirect effect in CAM5 
(Wang et al. 2011).

Focus 
period!

...suggests single-column modeling might illuminate and maybe 
help fix the AIE difference.

SCAM5 Sensitivity Studies
Concentrate on focus period (well-mixed nocturnal Sc 
layer) and on three possible effects:
• Cloud droplet sedimentation
• Precipitation
• Radiation sensitivity to Nd

with the following sensitivity studies:
• Default: CAM5 has cloud droplet sedimentation at a 

predicted rate wsed in stratiform microphysics, but no other 
entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform 
microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by 
decreasing cloud enhancement to entrainment rate by LES-
tuned factor exp(-asedwsed/w*) from Bretherton et al 2007, 
where ased = 9 (LES-tuned), w* = conv. vel. ~ 1 m s-1
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Sedimentation Not Decisive in SCAM5 
Cloud Response
• Differences apparent in first night, when simulated PBL is 

well-mixed.
• Addition of stratiform sedimentation reduces LWP in all 

cases
• Addition of entrainment-sedimentation feedback brings a 

little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no 

sedimentation.
•  They are removed when we also suppress stratiform 

precipitation. 

Evaporating Drizzle Likely Responsible
• Look at t = 0.5 day (first night).  Significant evaporating 

drizzle for Nd = 25.
• Loss of ql during each timestep comparable to 400-25 Δql .
• Liquid water rained out of cloud in a timestep reduces LWP?  

Seems not, because results are changed little by halving 
timestep from 1200 to 600 s.

• So we’ve isolated the problem, but not yet a path to its 
solution. 
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Summary
• The sensitivity of marine boundary layer clouds to changes 

in cloud droplet number concentration (Nd) are studied 
using simulations of the stratocumulus to trade cumulus 
transition in large eddy simulations (LES) and a single 
column model (SCAM5).

• In the LES results, the second aerosol indirect effect (AIE) 
nearly cancels the first indirect effect for smaller droplet 
concentrations (Nd=25→100 cm-3), while the second AIE is 
less important when Nd is increased from 100 to 400 cm-3.

• While the single column model roughly reproduces the 
transition in the LES results, the sign of the second indirect 
effect is opposite to that found in the LES results.

Aerosol Impacts on Clouds
Addition of hygroscopic aerosols can impact clouds by:
1.  decreasing particle size, brightening cloud ( ‘albedo’ effect) 
2.  modification of cloud liquid/ice distribution (‘lifetime’ effect).

Nd Sensitivity of Marine Sc
• LES simulations often use changes in cloud droplet number 

concentration (Nd) as a proxy for aerosol changes, since 
they should be well-correlated in liquid clouds.

• Ackerman et al (2004) found that stratocumulus clouds
- only thicken with increasing Nd until surface precipitation 

rate becomes small (<0.1 mm d-1), and
- with little surface precipitation, clouds thin with higher Nd 

due to enhanced entrainment of dry air.
• Bretherton et al (2007): Higher Nd → Less sedimentation   
→ more efficient entrainment, due to increased 
evaporation of liquid water in the entrainment zone.

Case Setup
• Stratocumulus to trade cumulus transition: a composite case 

from the Northeast Pacific (Sandu, Stevens & Pincus, 2010; 
Sandu & Stevens, 2011).  Summertime conditions: JJA2006-7.

• Simulation follows composite Lagrangian trajectory over 
warmer SSTs with fixed subsidence.

• Finish after 3 days before 
breakup of capping Sc.

b. Initial profiles

As available meteorological reanalyses do not capture
well the inversion strength in marine stratocumulus re-
gions (Stevens et al. 2007), we have to reconstruct the
initial profiles of ul and qt (Figs. 2a,b). Given that at the
initial time the conditions are typical of a stratocumulus-
topped boundary layer, we assume the boundary layer to
be well mixed. We specify the initial boundary layer
depth using the mean of all CALIPSO observations
during JJA 2006 and 2007 at the starting point of the
median trajectory. Above this level we use a linear in-
terpolation of the median ERA-Interim ul and qt pro-
files. We then compute the ul and qt values within the
boundary layer so that the integrated quantities of en-
ergy and total water content for our idealized profiles
are identical to the ones of the median ERA-Interim
profiles. For simplicity, we use a linear interpolation of
the median ERA-Interim profiles to initialize the hori-
zontal wind components (Figs. 2c,d). Although we

neglect thus the wind shear across the inversion, we do
not believe that this simplification affects the conclu-
sions of our study. The geostrophic winds are set equal
to these initial wind profiles and are constant throughout
the simulations.

c. Large-scale conditions

For the REF case we force the simulation by imposing
the gradually increasing SST indicated by the reanalysis
(Fig. 1b). Changes along the trajectory in both large-
scale divergence (Fig. 1d) and free-tropospheric ther-
modynamic state (Figs. 1e,f) are neglected, except those
that result from slight imbalances between the radiative
cooling and subsidence warming, or from the slight sub-
sidence drying associated with gradients in the moisture
profile. By neglecting more significant changes in the
free-tropospheric state or variations in the large-scale
divergence D we can ask if the changing SSTs through
the course of the SCT are sufficient to explain the

FIG. 1. Time evolution of (a) the liquid cloud fraction and the environmental factors, (b) SST, (c) LTS, (d) large-scale divergence
averaged from 1000 to 900 hPa, (e) potential temperature at 700 hPa, and (f) water vapor specific humidity at 700 hPa, during the first three
days of the trajectories followed by the air parcels in the subtropical northeastern Pacific (Sandu et al. 2010). The values represent the
medians of the distributions of the different properties obtained for the set of trajectories analyzed for JJA 2002–07 (gray), for JJA 2006–
07 (black), and for two subsets of this last set of trajectories corresponding to the slowest (dotted) and fastest (dashed) transitions in cloud
fraction (see section 5 for a description). The cloud fraction is derived from MODIS level 3 data and the environmental properties from
the ERA-Interim.
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Large Eddy Simulations
• Large eddy simulation model: System for Atmospheric 

Modeling, v. 6.8 (SAM, Khairoutdinov & Randall, 2003).  
Lx=Ly~4.5km.   ∆x=∆y=35m, ∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 
100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius 
computed from LWC and Nd, assuming σg=1.2.  Includes 
diurnal cycle.

Day!

Night!

Day!Day!

Night!Night!
Nd = 400 cm-3!

Nd = 100 cm-3!

Nd = 25 cm-3!

Cloud thickness and albedo response
• Optical depth of an Sc layer τ~ LWP5/6Nd1/3.                           

Suggests that 40% decrease in LWP offsets ~4xNd.
• Nd 25→100 cm-3:  35% daytime LWP decrease, little albedo 

increase.
• Nd 100→400 cm-3: little daytime LWP decrease, Twomey 

effect reigns.

Entrainment and Drizzle
• Entrainment efficiency increases with Nd (Bretherton et al. 

2007).
• Drizzle evaporating below cloud base is significant for 

Nd=25 cm-3
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Entrainment efficiency A = we∆b/ε

ε = turbulent dissipation rate!

Can SCAM5 reproduce this behavior?
• 30-level SCAM5 not bad, except too little cloud on last day.

But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more 

positive dLWP/dNd) than LES; similar to CAM5-MACM 
difference that led stronger aerosol indirect effect in CAM5 
(Wang et al. 2011).

Focus 
period!

...suggests single-column modeling might illuminate and maybe 
help fix the AIE difference.

SCAM5 Sensitivity Studies
Concentrate on focus period (well-mixed nocturnal Sc 
layer) and on three possible effects:
• Cloud droplet sedimentation
• Precipitation
• Radiation sensitivity to Nd

with the following sensitivity studies:
• Default: CAM5 has cloud droplet sedimentation at a 

predicted rate wsed in stratiform microphysics, but no other 
entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform 
microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by 
decreasing cloud enhancement to entrainment rate by LES-
tuned factor exp(-asedwsed/w*) from Bretherton et al 2007, 
where ased = 9 (LES-tuned), w* = conv. vel. ~ 1 m s-1
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Sedimentation Not Decisive in SCAM5 
Cloud Response
• Differences apparent in first night, when simulated PBL is 

well-mixed.
• Addition of stratiform sedimentation reduces LWP in all 

cases
• Addition of entrainment-sedimentation feedback brings a 

little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no 

sedimentation.
•  They are removed when we also suppress stratiform 

precipitation. 

Evaporating Drizzle Likely Responsible
• Look at t = 0.5 day (first night).  Significant evaporating 

drizzle for Nd = 25.
• Loss of ql during each timestep comparable to 400-25 Δql .
• Liquid water rained out of cloud in a timestep reduces LWP?  

Seems not, because results are changed little by halving 
timestep from 1200 to 600 s.

• So we’ve isolated the problem, but not yet a path to its 
solution. 
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Sedimentation not the issue

• Differences apparent in first night, when simulated PBL is well-mixed.
• Addition of stratiform sedimentation reduces LWP in all cases
• Addition of entrainment-sedimentation feedback brings a little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no sedimentation.
•  They are removed when we also suppress stratiform precipitation. 

Low cloud sensitivity to aerosol perturbations in LES and Single Column Models
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Summary
• The sensitivity of marine boundary layer clouds to changes 

in cloud droplet number concentration (Nd) are studied 
using simulations of the stratocumulus to trade cumulus 
transition in large eddy simulations (LES) and a single 
column model (SCAM5).

• In the LES results, the second aerosol indirect effect (AIE) 
nearly cancels the first indirect effect for smaller droplet 
concentrations (Nd=25→100 cm-3), while the second AIE is 
less important when Nd is increased from 100 to 400 cm-3.

• While the single column model roughly reproduces the 
transition in the LES results, the sign of the second indirect 
effect is opposite to that found in the LES results.

Aerosol Impacts on Clouds
Addition of hygroscopic aerosols can impact clouds by:
1.  decreasing particle size, brightening cloud ( ‘albedo’ effect) 
2.  modification of cloud liquid/ice distribution (‘lifetime’ effect).

Nd Sensitivity of Marine Sc
• LES simulations often use changes in cloud droplet number 

concentration (Nd) as a proxy for aerosol changes, since 
they should be well-correlated in liquid clouds.

• Ackerman et al (2004) found that stratocumulus clouds
- only thicken with increasing Nd until surface precipitation 

rate becomes small (<0.1 mm d-1), and
- with little surface precipitation, clouds thin with higher Nd 

due to enhanced entrainment of dry air.
• Bretherton et al (2007): Higher Nd → Less sedimentation   
→ more efficient entrainment, due to increased 
evaporation of liquid water in the entrainment zone.

Case Setup
• Stratocumulus to trade cumulus transition: a composite case 

from the Northeast Pacific (Sandu, Stevens & Pincus, 2010; 
Sandu & Stevens, 2011).  Summertime conditions: JJA2006-7.

• Simulation follows composite Lagrangian trajectory over 
warmer SSTs with fixed subsidence.

• Finish after 3 days before 
breakup of capping Sc.

b. Initial profiles

As available meteorological reanalyses do not capture
well the inversion strength in marine stratocumulus re-
gions (Stevens et al. 2007), we have to reconstruct the
initial profiles of ul and qt (Figs. 2a,b). Given that at the
initial time the conditions are typical of a stratocumulus-
topped boundary layer, we assume the boundary layer to
be well mixed. We specify the initial boundary layer
depth using the mean of all CALIPSO observations
during JJA 2006 and 2007 at the starting point of the
median trajectory. Above this level we use a linear in-
terpolation of the median ERA-Interim ul and qt pro-
files. We then compute the ul and qt values within the
boundary layer so that the integrated quantities of en-
ergy and total water content for our idealized profiles
are identical to the ones of the median ERA-Interim
profiles. For simplicity, we use a linear interpolation of
the median ERA-Interim profiles to initialize the hori-
zontal wind components (Figs. 2c,d). Although we

neglect thus the wind shear across the inversion, we do
not believe that this simplification affects the conclu-
sions of our study. The geostrophic winds are set equal
to these initial wind profiles and are constant throughout
the simulations.

c. Large-scale conditions

For the REF case we force the simulation by imposing
the gradually increasing SST indicated by the reanalysis
(Fig. 1b). Changes along the trajectory in both large-
scale divergence (Fig. 1d) and free-tropospheric ther-
modynamic state (Figs. 1e,f) are neglected, except those
that result from slight imbalances between the radiative
cooling and subsidence warming, or from the slight sub-
sidence drying associated with gradients in the moisture
profile. By neglecting more significant changes in the
free-tropospheric state or variations in the large-scale
divergence D we can ask if the changing SSTs through
the course of the SCT are sufficient to explain the

FIG. 1. Time evolution of (a) the liquid cloud fraction and the environmental factors, (b) SST, (c) LTS, (d) large-scale divergence
averaged from 1000 to 900 hPa, (e) potential temperature at 700 hPa, and (f) water vapor specific humidity at 700 hPa, during the first three
days of the trajectories followed by the air parcels in the subtropical northeastern Pacific (Sandu et al. 2010). The values represent the
medians of the distributions of the different properties obtained for the set of trajectories analyzed for JJA 2002–07 (gray), for JJA 2006–
07 (black), and for two subsets of this last set of trajectories corresponding to the slowest (dotted) and fastest (dashed) transitions in cloud
fraction (see section 5 for a description). The cloud fraction is derived from MODIS level 3 data and the environmental properties from
the ERA-Interim.
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Large Eddy Simulations
• Large eddy simulation model: System for Atmospheric 

Modeling, v. 6.8 (SAM, Khairoutdinov & Randall, 2003).  
Lx=Ly~4.5km.   ∆x=∆y=35m, ∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 
100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius 
computed from LWC and Nd, assuming σg=1.2.  Includes 
diurnal cycle.

Day!

Night!

Day!Day!

Night!Night!
Nd = 400 cm-3!

Nd = 100 cm-3!

Nd = 25 cm-3!

Cloud thickness and albedo response
• Optical depth of an Sc layer τ~ LWP5/6Nd1/3.                           

Suggests that 40% decrease in LWP offsets ~4xNd.
• Nd 25→100 cm-3:  35% daytime LWP decrease, little albedo 

increase.
• Nd 100→400 cm-3: little daytime LWP decrease, Twomey 

effect reigns.

Entrainment and Drizzle
• Entrainment efficiency increases with Nd (Bretherton et al. 

2007).
• Drizzle evaporating below cloud base is significant for 

Nd=25 cm-3
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Entrainment efficiency A = we∆b/ε

ε = turbulent dissipation rate!

Can SCAM5 reproduce this behavior?
• 30-level SCAM5 not bad, except too little cloud on last day.

But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more 

positive dLWP/dNd) than LES; similar to CAM5-MACM 
difference that led stronger aerosol indirect effect in CAM5 
(Wang et al. 2011).

Focus 
period!

...suggests single-column modeling might illuminate and maybe 
help fix the AIE difference.

SCAM5 Sensitivity Studies
Concentrate on focus period (well-mixed nocturnal Sc 
layer) and on three possible effects:
• Cloud droplet sedimentation
• Precipitation
• Radiation sensitivity to Nd

with the following sensitivity studies:
• Default: CAM5 has cloud droplet sedimentation at a 

predicted rate wsed in stratiform microphysics, but no other 
entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform 
microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by 
decreasing cloud enhancement to entrainment rate by LES-
tuned factor exp(-asedwsed/w*) from Bretherton et al 2007, 
where ased = 9 (LES-tuned), w* = conv. vel. ~ 1 m s-1
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Sedimentation Not Decisive in SCAM5 
Cloud Response
• Differences apparent in first night, when simulated PBL is 

well-mixed.
• Addition of stratiform sedimentation reduces LWP in all 

cases
• Addition of entrainment-sedimentation feedback brings a 

little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no 

sedimentation.
•  They are removed when we also suppress stratiform 

precipitation. 

Evaporating Drizzle Likely Responsible
• Look at t = 0.5 day (first night).  Significant evaporating 

drizzle for Nd = 25.
• Loss of ql during each timestep comparable to 400-25 Δql .
• Liquid water rained out of cloud in a timestep reduces LWP?  

Seems not, because results are changed little by halving 
timestep from 1200 to 600 s.

• So we’ve isolated the problem, but not yet a path to its 
solution. 
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So evaporating drizzle is a likely culprit
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Low cloud sensitivity to aerosol perturbations in LES and Single Column Models
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Summary
• The sensitivity of marine boundary layer clouds to changes 

in cloud droplet number concentration (Nd) are studied 
using simulations of the stratocumulus to trade cumulus 
transition in large eddy simulations (LES) and a single 
column model (SCAM5).

• In the LES results, the second aerosol indirect effect (AIE) 
nearly cancels the first indirect effect for smaller droplet 
concentrations (Nd=25→100 cm-3), while the second AIE is 
less important when Nd is increased from 100 to 400 cm-3.

• While the single column model roughly reproduces the 
transition in the LES results, the sign of the second indirect 
effect is opposite to that found in the LES results.

Aerosol Impacts on Clouds
Addition of hygroscopic aerosols can impact clouds by:
1.  decreasing particle size, brightening cloud ( ‘albedo’ effect) 
2.  modification of cloud liquid/ice distribution (‘lifetime’ effect).

Nd Sensitivity of Marine Sc
• LES simulations often use changes in cloud droplet number 

concentration (Nd) as a proxy for aerosol changes, since 
they should be well-correlated in liquid clouds.

• Ackerman et al (2004) found that stratocumulus clouds
- only thicken with increasing Nd until surface precipitation 

rate becomes small (<0.1 mm d-1), and
- with little surface precipitation, clouds thin with higher Nd 

due to enhanced entrainment of dry air.
• Bretherton et al (2007): Higher Nd → Less sedimentation   
→ more efficient entrainment, due to increased 
evaporation of liquid water in the entrainment zone.

Case Setup
• Stratocumulus to trade cumulus transition: a composite case 

from the Northeast Pacific (Sandu, Stevens & Pincus, 2010; 
Sandu & Stevens, 2011).  Summertime conditions: JJA2006-7.

• Simulation follows composite Lagrangian trajectory over 
warmer SSTs with fixed subsidence.

• Finish after 3 days before 
breakup of capping Sc.

b. Initial profiles

As available meteorological reanalyses do not capture
well the inversion strength in marine stratocumulus re-
gions (Stevens et al. 2007), we have to reconstruct the
initial profiles of ul and qt (Figs. 2a,b). Given that at the
initial time the conditions are typical of a stratocumulus-
topped boundary layer, we assume the boundary layer to
be well mixed. We specify the initial boundary layer
depth using the mean of all CALIPSO observations
during JJA 2006 and 2007 at the starting point of the
median trajectory. Above this level we use a linear in-
terpolation of the median ERA-Interim ul and qt pro-
files. We then compute the ul and qt values within the
boundary layer so that the integrated quantities of en-
ergy and total water content for our idealized profiles
are identical to the ones of the median ERA-Interim
profiles. For simplicity, we use a linear interpolation of
the median ERA-Interim profiles to initialize the hori-
zontal wind components (Figs. 2c,d). Although we

neglect thus the wind shear across the inversion, we do
not believe that this simplification affects the conclu-
sions of our study. The geostrophic winds are set equal
to these initial wind profiles and are constant throughout
the simulations.

c. Large-scale conditions

For the REF case we force the simulation by imposing
the gradually increasing SST indicated by the reanalysis
(Fig. 1b). Changes along the trajectory in both large-
scale divergence (Fig. 1d) and free-tropospheric ther-
modynamic state (Figs. 1e,f) are neglected, except those
that result from slight imbalances between the radiative
cooling and subsidence warming, or from the slight sub-
sidence drying associated with gradients in the moisture
profile. By neglecting more significant changes in the
free-tropospheric state or variations in the large-scale
divergence D we can ask if the changing SSTs through
the course of the SCT are sufficient to explain the

FIG. 1. Time evolution of (a) the liquid cloud fraction and the environmental factors, (b) SST, (c) LTS, (d) large-scale divergence
averaged from 1000 to 900 hPa, (e) potential temperature at 700 hPa, and (f) water vapor specific humidity at 700 hPa, during the first three
days of the trajectories followed by the air parcels in the subtropical northeastern Pacific (Sandu et al. 2010). The values represent the
medians of the distributions of the different properties obtained for the set of trajectories analyzed for JJA 2002–07 (gray), for JJA 2006–
07 (black), and for two subsets of this last set of trajectories corresponding to the slowest (dotted) and fastest (dashed) transitions in cloud
fraction (see section 5 for a description). The cloud fraction is derived from MODIS level 3 data and the environmental properties from
the ERA-Interim.

SEPTEMBER 2011 S A N D U A N D S T E V E N S 1867

Sa
nd

u 
& 

St
ev

en
s 

(2
01

1)

Large Eddy Simulations
• Large eddy simulation model: System for Atmospheric 

Modeling, v. 6.8 (SAM, Khairoutdinov & Randall, 2003).  
Lx=Ly~4.5km.   ∆x=∆y=35m, ∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 
100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius 
computed from LWC and Nd, assuming σg=1.2.  Includes 
diurnal cycle.

Day!

Night!

Day!Day!

Night!Night!
Nd = 400 cm-3!

Nd = 100 cm-3!

Nd = 25 cm-3!

Cloud thickness and albedo response
• Optical depth of an Sc layer τ~ LWP5/6Nd1/3.                           

Suggests that 40% decrease in LWP offsets ~4xNd.
• Nd 25→100 cm-3:  35% daytime LWP decrease, little albedo 

increase.
• Nd 100→400 cm-3: little daytime LWP decrease, Twomey 

effect reigns.

Entrainment and Drizzle
• Entrainment efficiency increases with Nd (Bretherton et al. 

2007).
• Drizzle evaporating below cloud base is significant for 

Nd=25 cm-3
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Entrainment efficiency A = we∆b/ε

ε = turbulent dissipation rate!

Can SCAM5 reproduce this behavior?
• 30-level SCAM5 not bad, except too little cloud on last day.

But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more 

positive dLWP/dNd) than LES; similar to CAM5-MACM 
difference that led stronger aerosol indirect effect in CAM5 
(Wang et al. 2011).

Focus 
period!

...suggests single-column modeling might illuminate and maybe 
help fix the AIE difference.

SCAM5 Sensitivity Studies
Concentrate on focus period (well-mixed nocturnal Sc 
layer) and on three possible effects:
• Cloud droplet sedimentation
• Precipitation
• Radiation sensitivity to Nd

with the following sensitivity studies:
• Default: CAM5 has cloud droplet sedimentation at a 

predicted rate wsed in stratiform microphysics, but no other 
entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform 
microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by 
decreasing cloud enhancement to entrainment rate by LES-
tuned factor exp(-asedwsed/w*) from Bretherton et al 2007, 
where ased = 9 (LES-tuned), w* = conv. vel. ~ 1 m s-1
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Sedimentation Not Decisive in SCAM5 
Cloud Response
• Differences apparent in first night, when simulated PBL is 

well-mixed.
• Addition of stratiform sedimentation reduces LWP in all 

cases
• Addition of entrainment-sedimentation feedback brings a 

little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no 

sedimentation.
•  They are removed when we also suppress stratiform 

precipitation. 

Evaporating Drizzle Likely Responsible
• Look at t = 0.5 day (first night).  Significant evaporating 

drizzle for Nd = 25.
• Loss of ql during each timestep comparable to 400-25 Δql .
• Liquid water rained out of cloud in a timestep reduces LWP?  

Seems not, because results are changed little by halving 
timestep from 1200 to 600 s.

• So we’ve isolated the problem, but not yet a path to its 
solution. 
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Low cloud sensitivity to aerosol perturbations in LES and Single Column Models
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Summary
• The sensitivity of marine boundary layer clouds to changes 

in cloud droplet number concentration (Nd) are studied 
using simulations of the stratocumulus to trade cumulus 
transition in large eddy simulations (LES) and a single 
column model (SCAM5).

• In the LES results, the second aerosol indirect effect (AIE) 
nearly cancels the first indirect effect for smaller droplet 
concentrations (Nd=25→100 cm-3), while the second AIE is 
less important when Nd is increased from 100 to 400 cm-3.

• While the single column model roughly reproduces the 
transition in the LES results, the sign of the second indirect 
effect is opposite to that found in the LES results.

Aerosol Impacts on Clouds
Addition of hygroscopic aerosols can impact clouds by:
1.  decreasing particle size, brightening cloud ( ‘albedo’ effect) 
2.  modification of cloud liquid/ice distribution (‘lifetime’ effect).

Nd Sensitivity of Marine Sc
• LES simulations often use changes in cloud droplet number 

concentration (Nd) as a proxy for aerosol changes, since 
they should be well-correlated in liquid clouds.

• Ackerman et al (2004) found that stratocumulus clouds
- only thicken with increasing Nd until surface precipitation 

rate becomes small (<0.1 mm d-1), and
- with little surface precipitation, clouds thin with higher Nd 

due to enhanced entrainment of dry air.
• Bretherton et al (2007): Higher Nd → Less sedimentation   
→ more efficient entrainment, due to increased 
evaporation of liquid water in the entrainment zone.

Case Setup
• Stratocumulus to trade cumulus transition: a composite case 

from the Northeast Pacific (Sandu, Stevens & Pincus, 2010; 
Sandu & Stevens, 2011).  Summertime conditions: JJA2006-7.

• Simulation follows composite Lagrangian trajectory over 
warmer SSTs with fixed subsidence.

• Finish after 3 days before 
breakup of capping Sc.

b. Initial profiles

As available meteorological reanalyses do not capture
well the inversion strength in marine stratocumulus re-
gions (Stevens et al. 2007), we have to reconstruct the
initial profiles of ul and qt (Figs. 2a,b). Given that at the
initial time the conditions are typical of a stratocumulus-
topped boundary layer, we assume the boundary layer to
be well mixed. We specify the initial boundary layer
depth using the mean of all CALIPSO observations
during JJA 2006 and 2007 at the starting point of the
median trajectory. Above this level we use a linear in-
terpolation of the median ERA-Interim ul and qt pro-
files. We then compute the ul and qt values within the
boundary layer so that the integrated quantities of en-
ergy and total water content for our idealized profiles
are identical to the ones of the median ERA-Interim
profiles. For simplicity, we use a linear interpolation of
the median ERA-Interim profiles to initialize the hori-
zontal wind components (Figs. 2c,d). Although we

neglect thus the wind shear across the inversion, we do
not believe that this simplification affects the conclu-
sions of our study. The geostrophic winds are set equal
to these initial wind profiles and are constant throughout
the simulations.

c. Large-scale conditions

For the REF case we force the simulation by imposing
the gradually increasing SST indicated by the reanalysis
(Fig. 1b). Changes along the trajectory in both large-
scale divergence (Fig. 1d) and free-tropospheric ther-
modynamic state (Figs. 1e,f) are neglected, except those
that result from slight imbalances between the radiative
cooling and subsidence warming, or from the slight sub-
sidence drying associated with gradients in the moisture
profile. By neglecting more significant changes in the
free-tropospheric state or variations in the large-scale
divergence D we can ask if the changing SSTs through
the course of the SCT are sufficient to explain the

FIG. 1. Time evolution of (a) the liquid cloud fraction and the environmental factors, (b) SST, (c) LTS, (d) large-scale divergence
averaged from 1000 to 900 hPa, (e) potential temperature at 700 hPa, and (f) water vapor specific humidity at 700 hPa, during the first three
days of the trajectories followed by the air parcels in the subtropical northeastern Pacific (Sandu et al. 2010). The values represent the
medians of the distributions of the different properties obtained for the set of trajectories analyzed for JJA 2002–07 (gray), for JJA 2006–
07 (black), and for two subsets of this last set of trajectories corresponding to the slowest (dotted) and fastest (dashed) transitions in cloud
fraction (see section 5 for a description). The cloud fraction is derived from MODIS level 3 data and the environmental properties from
the ERA-Interim.
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Large Eddy Simulations
• Large eddy simulation model: System for Atmospheric 

Modeling, v. 6.8 (SAM, Khairoutdinov & Randall, 2003).  
Lx=Ly~4.5km.   ∆x=∆y=35m, ∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 
100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius 
computed from LWC and Nd, assuming σg=1.2.  Includes 
diurnal cycle.

Day!

Night!

Day!Day!

Night!Night!
Nd = 400 cm-3!

Nd = 100 cm-3!

Nd = 25 cm-3!

Cloud thickness and albedo response
• Optical depth of an Sc layer τ~ LWP5/6Nd1/3.                           

Suggests that 40% decrease in LWP offsets ~4xNd.
• Nd 25→100 cm-3:  35% daytime LWP decrease, little albedo 

increase.
• Nd 100→400 cm-3: little daytime LWP decrease, Twomey 

effect reigns.

Entrainment and Drizzle
• Entrainment efficiency increases with Nd (Bretherton et al. 

2007).
• Drizzle evaporating below cloud base is significant for 

Nd=25 cm-3
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Entrainment efficiency A = we∆b/ε

ε = turbulent dissipation rate!

Can SCAM5 reproduce this behavior?
• 30-level SCAM5 not bad, except too little cloud on last day.

But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more 

positive dLWP/dNd) than LES; similar to CAM5-MACM 
difference that led stronger aerosol indirect effect in CAM5 
(Wang et al. 2011).

Focus 
period!

...suggests single-column modeling might illuminate and maybe 
help fix the AIE difference.

SCAM5 Sensitivity Studies
Concentrate on focus period (well-mixed nocturnal Sc 
layer) and on three possible effects:
• Cloud droplet sedimentation
• Precipitation
• Radiation sensitivity to Nd

with the following sensitivity studies:
• Default: CAM5 has cloud droplet sedimentation at a 

predicted rate wsed in stratiform microphysics, but no other 
entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform 
microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by 
decreasing cloud enhancement to entrainment rate by LES-
tuned factor exp(-asedwsed/w*) from Bretherton et al 2007, 
where ased = 9 (LES-tuned), w* = conv. vel. ~ 1 m s-1
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Sedimentation Not Decisive in SCAM5 
Cloud Response
• Differences apparent in first night, when simulated PBL is 

well-mixed.
• Addition of stratiform sedimentation reduces LWP in all 

cases
• Addition of entrainment-sedimentation feedback brings a 

little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no 

sedimentation.
•  They are removed when we also suppress stratiform 

precipitation. 

Evaporating Drizzle Likely Responsible
• Look at t = 0.5 day (first night).  Significant evaporating 

drizzle for Nd = 25.
• Loss of ql during each timestep comparable to 400-25 Δql .
• Liquid water rained out of cloud in a timestep reduces LWP?  

Seems not, because results are changed little by halving 
timestep from 1200 to 600 s.

• So we’ve isolated the problem, but not yet a path to its 
solution. 
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Low cloud sensitivity to aerosol perturbations in LES and Single Column Models
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Summary
• The sensitivity of marine boundary layer clouds to changes 

in cloud droplet number concentration (Nd) are studied 
using simulations of the stratocumulus to trade cumulus 
transition in large eddy simulations (LES) and a single 
column model (SCAM5).

• In the LES results, the second aerosol indirect effect (AIE) 
nearly cancels the first indirect effect for smaller droplet 
concentrations (Nd=25→100 cm-3), while the second AIE is 
less important when Nd is increased from 100 to 400 cm-3.

• While the single column model roughly reproduces the 
transition in the LES results, the sign of the second indirect 
effect is opposite to that found in the LES results.

Aerosol Impacts on Clouds
Addition of hygroscopic aerosols can impact clouds by:
1.  decreasing particle size, brightening cloud ( ‘albedo’ effect) 
2.  modification of cloud liquid/ice distribution (‘lifetime’ effect).

Nd Sensitivity of Marine Sc
• LES simulations often use changes in cloud droplet number 

concentration (Nd) as a proxy for aerosol changes, since 
they should be well-correlated in liquid clouds.

• Ackerman et al (2004) found that stratocumulus clouds
- only thicken with increasing Nd until surface precipitation 

rate becomes small (<0.1 mm d-1), and
- with little surface precipitation, clouds thin with higher Nd 

due to enhanced entrainment of dry air.
• Bretherton et al (2007): Higher Nd → Less sedimentation   
→ more efficient entrainment, due to increased 
evaporation of liquid water in the entrainment zone.

Case Setup
• Stratocumulus to trade cumulus transition: a composite case 

from the Northeast Pacific (Sandu, Stevens & Pincus, 2010; 
Sandu & Stevens, 2011).  Summertime conditions: JJA2006-7.

• Simulation follows composite Lagrangian trajectory over 
warmer SSTs with fixed subsidence.

• Finish after 3 days before 
breakup of capping Sc.

b. Initial profiles

As available meteorological reanalyses do not capture
well the inversion strength in marine stratocumulus re-
gions (Stevens et al. 2007), we have to reconstruct the
initial profiles of ul and qt (Figs. 2a,b). Given that at the
initial time the conditions are typical of a stratocumulus-
topped boundary layer, we assume the boundary layer to
be well mixed. We specify the initial boundary layer
depth using the mean of all CALIPSO observations
during JJA 2006 and 2007 at the starting point of the
median trajectory. Above this level we use a linear in-
terpolation of the median ERA-Interim ul and qt pro-
files. We then compute the ul and qt values within the
boundary layer so that the integrated quantities of en-
ergy and total water content for our idealized profiles
are identical to the ones of the median ERA-Interim
profiles. For simplicity, we use a linear interpolation of
the median ERA-Interim profiles to initialize the hori-
zontal wind components (Figs. 2c,d). Although we

neglect thus the wind shear across the inversion, we do
not believe that this simplification affects the conclu-
sions of our study. The geostrophic winds are set equal
to these initial wind profiles and are constant throughout
the simulations.

c. Large-scale conditions

For the REF case we force the simulation by imposing
the gradually increasing SST indicated by the reanalysis
(Fig. 1b). Changes along the trajectory in both large-
scale divergence (Fig. 1d) and free-tropospheric ther-
modynamic state (Figs. 1e,f) are neglected, except those
that result from slight imbalances between the radiative
cooling and subsidence warming, or from the slight sub-
sidence drying associated with gradients in the moisture
profile. By neglecting more significant changes in the
free-tropospheric state or variations in the large-scale
divergence D we can ask if the changing SSTs through
the course of the SCT are sufficient to explain the

FIG. 1. Time evolution of (a) the liquid cloud fraction and the environmental factors, (b) SST, (c) LTS, (d) large-scale divergence
averaged from 1000 to 900 hPa, (e) potential temperature at 700 hPa, and (f) water vapor specific humidity at 700 hPa, during the first three
days of the trajectories followed by the air parcels in the subtropical northeastern Pacific (Sandu et al. 2010). The values represent the
medians of the distributions of the different properties obtained for the set of trajectories analyzed for JJA 2002–07 (gray), for JJA 2006–
07 (black), and for two subsets of this last set of trajectories corresponding to the slowest (dotted) and fastest (dashed) transitions in cloud
fraction (see section 5 for a description). The cloud fraction is derived from MODIS level 3 data and the environmental properties from
the ERA-Interim.
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Large Eddy Simulations
• Large eddy simulation model: System for Atmospheric 

Modeling, v. 6.8 (SAM, Khairoutdinov & Randall, 2003).  
Lx=Ly~4.5km.   ∆x=∆y=35m, ∆z=5m from ~0.5-2.5km.  

• Microphysics: Khairoutdinov & Kogan (2000), fixed Nd=25, 
100, 400 cm-3.

• Radiation: RRTMG w/cloud droplet effective radius 
computed from LWC and Nd, assuming σg=1.2.  Includes 
diurnal cycle.

Day!

Night!

Day!Day!

Night!Night!
Nd = 400 cm-3!

Nd = 100 cm-3!

Nd = 25 cm-3!

Cloud thickness and albedo response
• Optical depth of an Sc layer τ~ LWP5/6Nd1/3.                           

Suggests that 40% decrease in LWP offsets ~4xNd.
• Nd 25→100 cm-3:  35% daytime LWP decrease, little albedo 

increase.
• Nd 100→400 cm-3: little daytime LWP decrease, Twomey 

effect reigns.

Entrainment and Drizzle
• Entrainment efficiency increases with Nd (Bretherton et al. 

2007).
• Drizzle evaporating below cloud base is significant for 

Nd=25 cm-3
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Entrainment efficiency A = we∆b/ε

ε = turbulent dissipation rate!

Can SCAM5 reproduce this behavior?
• 30-level SCAM5 not bad, except too little cloud on last day.

But 2nd indirect effect opposite to LES!
• SCAM5 has thicker cloud with increasing Nd (i. e. more 

positive dLWP/dNd) than LES; similar to CAM5-MACM 
difference that led stronger aerosol indirect effect in CAM5 
(Wang et al. 2011).

Focus 
period!

...suggests single-column modeling might illuminate and maybe 
help fix the AIE difference.

SCAM5 Sensitivity Studies
Concentrate on focus period (well-mixed nocturnal Sc 
layer) and on three possible effects:
• Cloud droplet sedimentation
• Precipitation
• Radiation sensitivity to Nd

with the following sensitivity studies:
• Default: CAM5 has cloud droplet sedimentation at a 

predicted rate wsed in stratiform microphysics, but no other 
entrainment-sedimentation feedback

• NoSed:  Cloud droplet sedimentation off in stratiform 
microphysics.

• EntrSed:  Add ‘missing’ entrainment-sedimentation feedback by 
decreasing cloud enhancement to entrainment rate by LES-
tuned factor exp(-asedwsed/w*) from Bretherton et al 2007, 
where ased = 9 (LES-tuned), w* = conv. vel. ~ 1 m s-1
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Sedimentation Not Decisive in SCAM5 
Cloud Response
• Differences apparent in first night, when simulated PBL is 

well-mixed.
• Addition of stratiform sedimentation reduces LWP in all 

cases
• Addition of entrainment-sedimentation feedback brings a 

little LWP back
• But Nd = 25 vs. 400 LWP difference as large with no 

sedimentation.
•  They are removed when we also suppress stratiform 

precipitation. 

Evaporating Drizzle Likely Responsible
• Look at t = 0.5 day (first night).  Significant evaporating 

drizzle for Nd = 25.
• Loss of ql during each timestep comparable to 400-25 Δql .
• Liquid water rained out of cloud in a timestep reduces LWP?  

Seems not, because results are changed little by halving 
timestep from 1200 to 600 s.

• So we’ve isolated the problem, but not yet a path to its 
solution. 
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• Look at t = 0.5 day (first night).  
Significant evaporating drizzle for 
Nd = 25.

• Loss of ql during each timestep 
comparable to 400-25 Δql .

• Liquid water rained out of cloud 
in a timestep reduces LWP?  
Seems not, because results are 
changed little by halving timestep 
from 1200 to 600 s.

• So we’ve isolated the problem, and 
issures related to precipitation in 
SCAM, but these do not explain 
the different Nd sensitivity.



Conclusions of Nd Sensitivity Study
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• LES of marine low cloud transition show interesting sensitivity to cloud 
droplet number concentration (Nd), with thicker cloud for smaller Nd.

• This seems to be related to the effects of both sedimentation and drizzle on 
entrainment.

• SCAM5 shows the opposite sensitivity to Nd, with thicker cloud at higher Nd.

• Another LES model (Sandu & Stevens, 2011) shows a similar sensitivity to 
SCAM5, but that model dries the boundary layer through surface 
precipitation, while SCAM5 doesn’t precipitate at the surface.

• We’re still working to understand this sensitivity.

• Note that AM3-CLUBB (Guo et al, 2011) does a good job of reproducing Nd 
sensitivity of Sc clouds from Ackerman et al (2004).



2. Sensitivity to Climate Perturbations

Soden & Vecchi (2011): 
 - Scatter in total cloud feedback dominated by low cloud.
 - Cloud feedbacks in low cloud transition regions are well-
correlated to global mean.



Background

• Bony & Dufresne (2006): differences in tropical cloud response came 
mainly from shortwave in subsiding regions.

• Many modeling studies of low cloud feedbacks in a single-column 
setting :

• MLM: Caldwell & Bretherton (2009), Caldwell et al (2012)

• LES/CRM: Xu et al (2010), Blossey et al (2009), Rieck et al (2012)

• SCM: Zhang & Bretherton (2009), Brient & Bony (2012).

• Some modeling studies have suggested mechanisms for low cloud 
response:

• Caldwell & Bretherton: subsidence/lapse rate feedback leads to 
thicker cloud in Sc regions when SST change is uniform in tropics.

• Rieck et al: Warming leads to a drier, less cloudy cloud layer in trades.

• Brient & Bony: Increase in lower tropospheric moist static energy 
gradient leads to reduced cloudiness in trades.



CTL Subsidence, mm s-1          

Case	
  Setup
• Modify Sandu & Stevens (2011) Lagrangian transition case.

• Subsidence fixed aloft, but near-surface divergence decreases with time 
over a layer of increasing depth.

• Four Climate Perturbations (no changes to wind speed, FT RELH): 

- P4 (warming): SST+4K, moist adiabatic warming aloft, 

- 4xCO2, 

- dEIS (stability↑): SST+2K locally, SST+4K in deep tropics.  Stronger 
than expected changes based on CMIP3 models (∆EIS<~1K),

- P4 4x (combined warming and 4xCO2).

• Adapt subsidence aloft in each case so that free tropospheric energy 
budget is in approximate balance (P4 subsidence ~ 0.9 CTL subsidence).

SST+2K

SST→+4K

CTL, 4xCO2

P4

EIS = Estimated Inversion Strength (Wood & Breth, 2006)
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Results:	
  Cloud	
  Frac0on

• CTL simulation is broadly similar to previous simulation.

• Cloud thins in P4 simulation relative to CTL.  More thinning in P4 4x.

• P4, 4xCO2 runs more decoupled on first night than CTL,  dEIS.
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Results:	
  BL	
  depth,	
  stability,	
  subsidence

• CTL deepens more despite stronger subsidence.
• Increased stability restrains deepening of dEIS.
• During first night, P4 & 4xCO2 have thinner cloud layer than CTL.
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Results:	
  LWP,	
  SWCRE

• Warming (P4) leads to thinner 
cloud.  

• Large ∆SWCRE (CTL→ P4) due 
in part to partial cloud cover 
(~80-85%), stronger decoupling.

• With increased CO2 (4xCO2), 
cloud thiner on first full day but 
mostly recovers on second.

• Increase stability seems to offset 
warming in dEIS simulation.

• More thinning in combined P4 4x 
run than in the other runs.
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Driving	
  factors	
  in	
  
cloud	
  changes

• Full cloud cover breaks down in P4 run, 
especially during daytime.  Moreso in P4 4x.

• Stronger decoupling in P4 run leads to drier 
cloud layer, thinner cloud.

• More emissive free troposphere leads to 
weaker BL-integrated radiative cooling in P4, 
4xCO2, dEIS → weaker BL turbulence, less 
entrainment, thinner cloud (for 1st night).

• Cloud changes are weaker on second night, 
despite persistent difference in rad cooling.  In 
CGILS, cloud response was weaker when all 
runs were decoupled -- something similar 
might be at work here. BL
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Cloud	
  changes	
  w/CGILS	
  comparison

• Results are qualitatively consistent with those from CGILS.  The surprises are in:
- the strength of the cloud response in P4 (larger than expected),
- that changes in radiative cooling have stronger impact on BL height than subsidence 

changes (e.g., 4xCO2).

- Similar increases in stability (dEIS) had weaker effect on ∆SWCRE in CGILS. 
• Combined effects of P4 and 4xCO2 changes predict P4 4x results on first full day.  

Linearity assumption not as good next day when P4 4x has much smaller cloud cover.
• In a warmer climate, the BL might decouple more readily through deepening-decoupling 

mechanism of Bretherton & Wyant (1997).



Mechanisms	
  of	
  Sc	
  Cloud	
  Response

More%emissive%FT%
(more%CO2%or%H20)%

Less%turbulence%
produc<on%by%top%
cooling%or%sfc%flux.%
Less%entrainment.%
Sc%lowers,%thins.%
%

Turbulence)driving) Dynamic)

Sc%top%rises.%More%
entrainment%liHs%
cloud%base.%%
Sc%may%thicken%(S12).%

Less%subsidence%

Inversion)strength)

FT%warms%more%than%SST%
Stronger%inversion%
reduces%entrainment.%
Sc%top%and%base%lower.%%
Sc%may%thicken%(S11).%

Moisture)gradient)
Larger%surface%–%FT%
moisture%difference%
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to%sustain%same%
entrainment.%%
Sc%thins.%

Drier%RH%or%
warmer%SST%

or%lower%wind%speed%%

• Changes from CTL → P4 and CTL → 4xCO2 are similar in 
turbulence driving, subsidence and inversion strength.

• Suggests that increased moisture gradient is responsible for 
larger cloud response in P4 simulation.



Conclusions
• Preliminary exploration of climate sensitivity of marine low cloud 

transitions indicates positive low cloud feedbacks for the conditions 
studied here.

• Warming and direct effect of CO2 act to thin cloud, consistent with 
results seen in CGILS.

• Stability increases offset cloud thinning, though expected EIS changes 
in subtropics are smaller than simulated here (0.5-1 K).

Future	
  Plans
• These transition simulations don’t actually simulate the full breakup 

of inversion cloud.
• We are constructing a six-day Lagrangian transition case based on 

the median trajectory of Sandu, Stevens & Pincus (2010).
• We will explore effects of warming, CO2, stability and subsidence 

changes both separately and together, as in Bretherton et al (2012).
• Simulate case in both LES and single-column models.  Will they agree 

better for perturbations to climate than they do for aerosols?


