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Motivation
• Cloud feedbacks are among the most poorly constrained 

components of climate sensitivity.
• Much of scatter in net cloud feedback comes from marine 

boundary layer clouds (e.g., Bony & Dufresne, 2006).
• LES provides the most realistic simulation tool for 

boundary layer clouds.
• However, uncertainties are present in LES, especially in 

Sc entrainment and microphysical processes.



Past Multi-Model Studies of Low Clouds With LES

• LES models show consistent results for shallow cumulus 
with weak inversion, as in BOMEX.  Resolution 
requirements: ∆x=∆y~100m and ∆z~40m.

• Larger spread in cases with cloud capped by a strong 
inversion (ATEX, DYCOMS, ...).  Significant variability 
among the models persists with ∆z=5m.

BOMEX: Trade Cu
Siebesma et al (2003)

ATEX: Cu under SCu
 Stevens et al (2001)

DYCOMS RF01: SCu
Stevens et al (2005)
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Column Modeling of 
Climate Sensitivity

• Response to idealized SST perturbation in CAM’s SCM, 
connect to response in parent GCM (Zhang & Breth, 2008).

• Response to warm pool/stratus region SST changes in a 
mixed-layer model (Caldwell & Breth, 2009).

• Response to SST, 4xCO2 changes in LES/CRM (Blossey et 
al 2009, Xu et al 2010, Wyant et al 2011).

• Idea: 
– Look at low cloud feedbacks in models that resolve low cloud processes,
– Build confidence in results w/many models, compare w/SCMs → CGILS.

Tropics-wide moist adiabat
fixed over warm pool

T(z)

RH Fixed

Warm Pool Cold Tongue

T(z)

(Zhang & 
Bretherton, 2008)
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ω(p,lat) = Ω(lat) ω0(p)

CGILS: CFMIP/GCSS Intercomparison 
of Large-eddy and Single-column models

S6 (Cu)

S11 
(Cu under Sc)

S12 (Sc)

• Focuses on three points along 
the GCSS Pacific Cross-section.

• Points range from shallow, well-
mixed boundary layer near coast 
to deeper trade cumulus 
boundary layer well offshore.

S12S11
S6
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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 !"l# 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 !w$2# (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 s%1

during the day to 4 mm s %1 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

S12 S6S11

Wyant et al. (1997)



CGILS column cloud feedback 
intercomparison

• Aims to understand how low clouds respond to an idealized 
climate perturbation and why they respond as they do.

• Will compare SCM responses with the parent GCMs of the 
single column models.

• LES models provide benchmark for SCM response.
• First boundary layer cloud intercomparison with full 

radiation schemes and long runs to equilibrium.
• Current setup:
- Constant insolation: Neglect diurnal cycle at first.
- Steady large-scale forcings: Transient later.
- Summertime conditions: Winter conditions next?



• Control climate forcings: 
– ECMWF July climatology,
– large-scale advection at 

low levels ~ SST gradient,
– advective tendencies aloft 

balance energy/moisture 
budgets.

Column Cloud Feedbacks



Column Cloud Feedbacks
• Idealized +2K climate perturbation:

– moist adiabatic warming of T sounding,
– RH unchanged in warmer climate,
– omega (LS subsidence) decreased by about 11%,
– LS advective cooling of BL unchanged,
– LS advective drying of BL scales with Clausius-

Clapeyron.



LES-Specific Setups
• Surface Fluxes: All LES use same bulk 

surface flux scheme with transfer coefficient 
that includes dependence on ∆z, wind speed.

• Nudging Aloft: Maintain free tropospheric q, θ 
profiles by nudging away from inversion.

• Moisture floor (S12 only): Nudge moisture 
above inversion to prevent excessive drying 
by horizontal advection above BL top.

• Radiation: Uniform specification of droplet 
concentration (Nc=100/cm3), effective radius 
dependence on Nc, LWC.



Next Step: Iterate for Two Years

• Much inter-model variability in early results 
arose from differences in model setup.

• Differences in
– Near-surface winds affected surface fluxes,
– Radiation schemes led to T drifts in free trop.,
– Effective radius assumptions led to large 

differences in cloud albedo, surface energy 
balance,

• Extensive efforts have been made to eliminate 
inter-model differences due to case setup.
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CGILS S12: 
Coastal SCu

∆x=25m
∆z=5-15m
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Introduction/Background 
In remote regions our knowledge of boundary layer 

cloud characteristics traditionally stems from field 

campaigns. More recently, the potential of using satellite 

remote sensing to derive boundary layer properties has been 

recognized (e.g. Minnis et al., 1992; Garay et al., 2008; 

Karlsson et al., 2010; Medeiros et al., 2010; Ahlgrimm and 

Köhler, 2010). 

In this study MISR cloud top height (CTH) retrievals are 

used to statistically characterize how the vertical distribution 

of boundary layer CTHs varies globally. Such characteristics 

have the potential to become important metrics in the 

process of refining climate models. In this respect, regions 

of particular interest are the eastern parts of the subtropical 

ocean basins, where the stratocumulus to cumulus transition 

(SCT) is a common feature. These transitions are associated 

with a large contrast in cloud radiative forcing and a change 

in the spatial distribution of the two cloud regimes might 

thus have a profound impact on the climate. The 

mechanisms responsible for the break!up is still under 

debate, but the fact that the marine boundary layer tends to 

deepen along the transition, when the air is subject to 

increasing sea surface temperatures, is assumed to play an 

important role. Here, MISR CTHs are used to give insight 

into the climatological boundary layer evolution along the 

GPCI-transect off the coast of California. The transect is 

roughly aligned with the trade-winds and stretches from the 

region associated with stratocumulus to the SCT and further 

equatorward to the deep convective regions of the ITCZ (see 

below). 

The GPCI transect outlined. The contours represent ISCCP 

D2 annually averaged low cloudiness for the period 1983–2001 

This study uses the 1.1x1.1 km2 Best-Wind 

corrected cloud top heights from the MISR Level 2 

TOA/Cloud Stereo product. The conservative 

screening of the Best-Wind CTHs (only reported 

when both the accompanying wind vector and the 

entire orbit passes their individual quality 

screening) should result in more accurate retrievals, 

but could also enhance the cloud sampling bias, 

introduced since the retrieval is less successful with 

multi-layer scenes and featureless clouds. 

The period considered is February 2000 to 

December 2009. The fine spatial resolution of the 

MISR instrument results large amounts data, which 

need to be downgraded to enable analysis of the 

long record. In an effort to maintain the statistical 

characteristics, the 1.1x1.1 km2 CTHs are vertically 

binned on a global 3x4° latitude longitude grid. The 

vertical containers have an extent of 50 m and are 

centered at 25,75,....15925 and 15975 m and saved 

monthly. Originally given with respect to the 

WGS84 surface ellipsoid the MISR CTHs are 

adjusted by the ETOPO1 topography (Amante and 

Eaking, 2009) over land and by EGM96 geoid 

undulations (Lemoine et al., 1998) over ocean to 

instead be given as heights over the Earth’s surface, 

which is a more relevant measure for the boundary 

layer depth. Only CTHs below 3000 m are 

considered to be representative of boundary layer 

clouds, CTHs above 3000 m are thus excluded 

from the analysis. 

Method 

1x1 km2 CTHs 
3x4° latitude longitude 

boxes with vertical CTH 

distributions 

# 

z 

Results – Seasonal and spatial variability 

Figure shows seasonal global distributions 

of, from left to right, the number of orbits 

with successful retrievals of Best-Wind 

corrected low CTHs inside each 3x4° 

latitude longitude box, the number of 

retrieved low CTHs, the median low CTH 

and the interquartile range (3rd - 1st) of the 

low CTH PDFs. Based on February 2000 

to December 2009 data. 

Retrieved CTHs over the continents tend 

to be lower than over the oceans, which 

might indicate retrieval difficulties (not 

showed). 

Throughout the year the regions 

associated with SCT show increasing 

median low CTHs along the paths of 

transition. Also the CTH interquartile 

range increase along the transition. 

Marine regions east of the American and 

Euroasian continents show strong 

seasonal variability in low CTHs, likely 

related to cold-air/warm-air advection 

during winter/summer. 

References 
Ahlgrimm, M. and M. Köhler, 2010: Evaluation of 

trade cumulus in the ECMWF model with observations 

from CALIPSO. Mon. Wea. Rev., 138, 3071–3083. 

Amante, C. and B. W. Eaking, 2009: ETOPO1 1 arc-

minute global relief model: procedures, data sources and 

analysis. Tech. rep., NOAA Technical Memorandum 

NESDIS NGDC-24, 19 pp. 

Garay, M. J., S. P. de Szoeke, and C. M. Moroney, 

2008: Comparison of marine stratocumulus cloud top 

heights in the southeastern Pacific retrieved from 

satellites with coincident ship-based observations. J. 

Geophys. Res., 113 (D12), 18 204–+, doi:

10.1029/2008JD009975 

Karlsson, J., G. Svensson, S. Cardoso, J. Teixeira, 

and S. Paradise, 2010: Subtropical Cloud-Regime 

Transitions: Boundary Layer Depth and Cloud-Top 

Height Evolution in Models and Observations. J. Appl. 

Meteorol. Clim., 49, 1845–1858 

Lemoine, F. G., et al., 1998: The development of the 

joint NASA GSFC and NIMA geopotential model 

EGM96. Tech. rep., NASA Goddard Space Flight 

Center, Greenbelt, Maryland, 20771 USA. 

Medeiros, B., L. Nuijens, C. Antoniazzi, and B. 

Stevens, 2010: Lowlatitude boundary layer clouds as 

seen by CALIPSO. J. Geophys. Res., doi: 

10.1029/2010JD014437 

Minnis, P., P. W. Heck, D. F. Young, C. W. Fairall, 

and J. B. Snider, 1992: Stratocumulus Cloud Properties 

Derived from Simultaneous Satellite and Island-based 

Instrumentation during FIRE. J. Appl.Meteorol., 31, 

317–339 

We plan to extend the analysis to other SCT regions 

and sample reanalysis data and MODIS cloud 

fraction with the MISR CTHs 

Outlook 
Thanks to Dong Wu and Catherine Moroney for help and guidance 

with the MISR data. These data were obtained from the 'NASA 

Langley Research Center Atmospheric Sciences Data! Center. The 

authors acknowledge the support provided by the O"ce of Naval 

Research, Marine Meteorology Program under Award  

N0001408IP20064, and by the NASA MAP Program. 

Acknowledgement 

Conclusions 

This study highlights the potential of MISR CTHs to increase our knowledge of global and temporal 

statistical characteristics of boundary layer cloudiness. A knowledge that is not possible to gain from in-

situ measurements alone and which should be useful as a metric in the process of climate model 

evaluation. 

Results – Seasonal and spatial variability 
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Figure shows seasonal and annual PDFs of 

CTH (cut at 3000 m) along the GPCI 

transect. Vertical extent of PDF bins are 50 

m. Based on February 2000 to December 

2009 data. Note, the prevailing direction of 

the near-surface wind is northeasterly.  

Considering that the transect is roughly aligned 

with the trade winds and associated with 

relatively invariant wind speeds, the changes in 

the PDFs (from north to south) can be 

interpreted as the time evolution of the CTHs. 

The fact that CTHs increase in the 

northernmost part (typically 

associated with stratocumulus) of the 

transect is indicative of an increase in 

boundary layer depth.  

In the transition 

region, the PDFs 

change from being 

positively to 

negatively skewed. 

Further equatorward, the 

distributions tend to 

broaden and become 

more symmetric 

The summer (JJA), when Sc is 

most persistent, show less 

vertical CTH variability and 

substantially lower CTHs in the 

northernmost part of the transect. 

Results – Cloud top heights vs  MODIS low cloud cover 

Figure shows seasonal MODIS low 

cloud fractions vs. median low CTHs 

along the GPCI transect (color code). 

Based on February 2000 to December 

2009 data.  

The northernmost part of the 

transect is associated with 

extensive cloudiness. Initially 

the CTHs increase while the 

cloudiness maintains. 

Eventually the median CTHs 

start to decrease. The average 

low cloud fractions continue 

to decrease. 

In the second stage, 

median CTHs levels off 

meanwhile cloud 

fraction decrease. 

Similar pattern of evolution, although 

less pronounced, in all seasons 
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S12: Cloud Fraction

• Models agree well for a case with a strong inversion.
• Control case well-mixed.  +2K runs decouple and deepen.

CONTROL +2K
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Introduction/Background 
In remote regions our knowledge of boundary layer 

cloud characteristics traditionally stems from field 

campaigns. More recently, the potential of using satellite 

remote sensing to derive boundary layer properties has been 

recognized (e.g. Minnis et al., 1992; Garay et al., 2008; 

Karlsson et al., 2010; Medeiros et al., 2010; Ahlgrimm and 

Köhler, 2010). 

In this study MISR cloud top height (CTH) retrievals are 

used to statistically characterize how the vertical distribution 

of boundary layer CTHs varies globally. Such characteristics 

have the potential to become important metrics in the 

process of refining climate models. In this respect, regions 

of particular interest are the eastern parts of the subtropical 

ocean basins, where the stratocumulus to cumulus transition 

(SCT) is a common feature. These transitions are associated 

with a large contrast in cloud radiative forcing and a change 

in the spatial distribution of the two cloud regimes might 

thus have a profound impact on the climate. The 

mechanisms responsible for the break!up is still under 

debate, but the fact that the marine boundary layer tends to 

deepen along the transition, when the air is subject to 

increasing sea surface temperatures, is assumed to play an 

important role. Here, MISR CTHs are used to give insight 

into the climatological boundary layer evolution along the 

GPCI-transect off the coast of California. The transect is 

roughly aligned with the trade-winds and stretches from the 

region associated with stratocumulus to the SCT and further 

equatorward to the deep convective regions of the ITCZ (see 

below). 

The GPCI transect outlined. The contours represent ISCCP 

D2 annually averaged low cloudiness for the period 1983–2001 

This study uses the 1.1x1.1 km2 Best-Wind 

corrected cloud top heights from the MISR Level 2 

TOA/Cloud Stereo product. The conservative 

screening of the Best-Wind CTHs (only reported 

when both the accompanying wind vector and the 

entire orbit passes their individual quality 

screening) should result in more accurate retrievals, 

but could also enhance the cloud sampling bias, 

introduced since the retrieval is less successful with 

multi-layer scenes and featureless clouds. 

The period considered is February 2000 to 

December 2009. The fine spatial resolution of the 

MISR instrument results large amounts data, which 

need to be downgraded to enable analysis of the 

long record. In an effort to maintain the statistical 

characteristics, the 1.1x1.1 km2 CTHs are vertically 

binned on a global 3x4° latitude longitude grid. The 

vertical containers have an extent of 50 m and are 

centered at 25,75,....15925 and 15975 m and saved 

monthly. Originally given with respect to the 

WGS84 surface ellipsoid the MISR CTHs are 

adjusted by the ETOPO1 topography (Amante and 

Eaking, 2009) over land and by EGM96 geoid 

undulations (Lemoine et al., 1998) over ocean to 

instead be given as heights over the Earth’s surface, 

which is a more relevant measure for the boundary 

layer depth. Only CTHs below 3000 m are 

considered to be representative of boundary layer 

clouds, CTHs above 3000 m are thus excluded 

from the analysis. 
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Results – Seasonal and spatial variability 

Figure shows seasonal global distributions 

of, from left to right, the number of orbits 

with successful retrievals of Best-Wind 

corrected low CTHs inside each 3x4° 

latitude longitude box, the number of 

retrieved low CTHs, the median low CTH 

and the interquartile range (3rd - 1st) of the 

low CTH PDFs. Based on February 2000 

to December 2009 data. 

Retrieved CTHs over the continents tend 

to be lower than over the oceans, which 

might indicate retrieval difficulties (not 

showed). 

Throughout the year the regions 

associated with SCT show increasing 

median low CTHs along the paths of 

transition. Also the CTH interquartile 

range increase along the transition. 

Marine regions east of the American and 

Euroasian continents show strong 

seasonal variability in low CTHs, likely 

related to cold-air/warm-air advection 

during winter/summer. 
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Conclusions 

This study highlights the potential of MISR CTHs to increase our knowledge of global and temporal 

statistical characteristics of boundary layer cloudiness. A knowledge that is not possible to gain from in-

situ measurements alone and which should be useful as a metric in the process of climate model 

evaluation. 

Results – Seasonal and spatial variability 
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Figure shows seasonal and annual PDFs of 

CTH (cut at 3000 m) along the GPCI 

transect. Vertical extent of PDF bins are 50 

m. Based on February 2000 to December 

2009 data. Note, the prevailing direction of 

the near-surface wind is northeasterly.  

Considering that the transect is roughly aligned 

with the trade winds and associated with 

relatively invariant wind speeds, the changes in 

the PDFs (from north to south) can be 

interpreted as the time evolution of the CTHs. 

The fact that CTHs increase in the 

northernmost part (typically 

associated with stratocumulus) of the 

transect is indicative of an increase in 

boundary layer depth.  

In the transition 

region, the PDFs 

change from being 

positively to 

negatively skewed. 

Further equatorward, the 

distributions tend to 

broaden and become 

more symmetric 

The summer (JJA), when Sc is 

most persistent, show less 

vertical CTH variability and 

substantially lower CTHs in the 

northernmost part of the transect. 

Results – Cloud top heights vs  MODIS low cloud cover 

Figure shows seasonal MODIS low 

cloud fractions vs. median low CTHs 

along the GPCI transect (color code). 

Based on February 2000 to December 

2009 data.  

The northernmost part of the 

transect is associated with 

extensive cloudiness. Initially 

the CTHs increase while the 

cloudiness maintains. 

Eventually the median CTHs 

start to decrease. The average 

low cloud fractions continue 

to decrease. 

In the second stage, 

median CTHs levels off 

meanwhile cloud 

fraction decrease. 

Similar pattern of evolution, although 

less pronounced, in all seasons 
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MISR Cloud
Top Height PDF
Courtesy of 
J. Karlsson.



S12: Evolution of Cloud/SWCF

• Quantitative differences remain among models despite extensive 
efforts to homogenize model setup, radiation, surface flux treatment.

• Note fast/slow timescales in evolution of CWP, SWCF.

MOLEM changed to consistent reff



S12: CTL→+2K Cloud/Turbulence Changes

• Models deepen uniformly, show more decoupling in w’w’ profiles.
• Strong positive ∆SWCF (>10W/m2) in DALES & MOLEM.
• Weaker negative feedback in SAM & LaRC.
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S12: Precip-CWP, κ-CLD relationships

• LaRC precipitates more than other models, 
apparently due to larger CWP.

• Models maintain full cloud cover in +2K runs 
despite modest increase in κ.

κ
FACTORS INFLUENCING CUMULUS CLOUD AREA

Figure 10. As Figure 9. but shaded cloud cover is plotted against
contemporary values of κ and the first three hours are excluded.

Figure 11. As Figure 10, but shaded cloud cover is plotted against
contemporary values of "RH.

It was hypothesized above that κ works well as a
predictor of cloud cover because it depends both on the
static stability of the inversion, and hence on the rate of
mixing across it, and on the humidity jump, and hence
the dryness of the entrained air. The static stability itself
has already been shown to be inadequate as a predictor
of cloud cover (see Figures 1 and 2). Figure 11 shows
also that it is not simply the dryness of the air in the
free atmosphere (measured as "RH, the jump in RH
across the inversion) that dictates cloud cover, with the
whole range of cloud covers being possible for any free
atmospheric RH.

What observational support is there for this simple
dependence of cloud cover at the capping inversion of
shallow cumulus on κ? Despite the paucity of relevant

data, there is some tentative support from the aircraft
measurements made during the ‘First Lagrangian’ of the
Atlantic Stratocumulus Transition Experiment (ASTEX).
Values of κ can be calculated from the data in Table 1 of
de Roode and Duynkerke (1997), and show an increase
from values in the stratocumulus regime of around −1
(flights 2 and 3) to 0.6 in the final flight, which was
made in ‘a very patchy cloud pattern’ of ‘cumulus clouds
penetrating the thin and broken stratocumulus above’.
These observations are, then, at least consistent with
Figure 10. Similarly, observations made in trade cumulus
clouds with small cloud cover, such as those compiled by
Kuo and Schubert (1988), show large values of κ ∼ 0.7.
On the other hand, Kuo and Schubert also show sev-
eral observations of persistent solid stratocumulus with
κ also approaching 0.7. As discussed above, however, it
has been suggested that whether the stratiform cloud layer
breaks up depends on the balance between competing pro-
cesses. A possible explanation for a more rapid transition
as κ increases, then, is that the additional generation of
cloud-top mixing as shallow cumulus clouds penetrate the
inversion alters this balance compared with the stratocu-
mulus regime, in favour of more rapid evaporation of the
cloud.

5. Conclusions

There are complex interactions occurring at the inver-
sion capping shallow cumulus clouds, between cumulus
turbulent transport, cloud-top radiative cooling, stratocu-
mulus overturning and cloud-top entrainment, microphys-
ical processes and large-scale subsidence. Out of all this
emerges a cloud cover that is crucially important to the
radiative fluxes and so to a host of applications, from local
forecasting to the cloud feedback in climate simulations.

From a wide range of LES, a simple dependence of the
cloud cover on the CTEI parameter, κ , has been identi-
fied. For κ ! 0.2, where buoyancy reversal does not occur,
cloud covers of 80% or more are seen. This suggests
that without a reduction in the buoyancy of entrained air
through evaporative cooling, and the associated additional
turbulent mixing, an extensive stratocumulus sheet is
likely to form. For κ " 0.5, only shallow cumulus clouds
with cloud cover around 20% are formed, again indicating
how the generation of significant negative buoyancy by
mixing at cloud edges and subsequent evaporative cool-
ing is crucial to the evolution of these clouds (as has
recently been noted by Heus and Jonker, 2008). Only
for intermediate κ (0.2 ! κ ! 0.5) is intermediate cloud
cover seen, where individual cumulus clouds begin to
spread into a stratiform layer but this layer cloud subse-
quently dissipates. Consistent with previous studies, no
abrupt transition is seen at a particular value of κ , and
the cloud cover decreases smoothly as κ increases.

Processes that might be considered important to the
cloud cover were investigated. Particularly sensitive was
the impact of allowing the clouds to precipitate, which
led to a significant reduction in cloud cover, although
the effect was much reduced at higher resolution. Even

c© Crown Copyright 2009. Reproduced with the permission
of HMSO. Published by John Wiley & Sons, Ltd.
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CGILS S11: 
Cu under SCu

∆x=50m
∆z=5-25m



S11: Cloud Fraction

• Models broadly consistent when ∆z=5m.  (LaRC uses ∆z=25m.)
• Initial stratocumulus layer decouples after deepening.
• +2K runs more decoupled with higher inversion than CTL.

A climatological MISR-view on the statistics of boundary layer 

cloud top heights, globally and in the stratocumulus to 

cumulus transition regions 
Johannes Karlsson*1, Joao Teixeira2 and Anders Engström1 

1Department of Meteorology and the Bert Bolin Centre for Climate Research, Stockholm University, Sweden 
2Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA 
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Introduction/Background 
In remote regions our knowledge of boundary layer 

cloud characteristics traditionally stems from field 

campaigns. More recently, the potential of using satellite 

remote sensing to derive boundary layer properties has been 

recognized (e.g. Minnis et al., 1992; Garay et al., 2008; 

Karlsson et al., 2010; Medeiros et al., 2010; Ahlgrimm and 

Köhler, 2010). 

In this study MISR cloud top height (CTH) retrievals are 

used to statistically characterize how the vertical distribution 

of boundary layer CTHs varies globally. Such characteristics 

have the potential to become important metrics in the 

process of refining climate models. In this respect, regions 

of particular interest are the eastern parts of the subtropical 

ocean basins, where the stratocumulus to cumulus transition 

(SCT) is a common feature. These transitions are associated 

with a large contrast in cloud radiative forcing and a change 

in the spatial distribution of the two cloud regimes might 

thus have a profound impact on the climate. The 

mechanisms responsible for the break!up is still under 

debate, but the fact that the marine boundary layer tends to 

deepen along the transition, when the air is subject to 

increasing sea surface temperatures, is assumed to play an 

important role. Here, MISR CTHs are used to give insight 

into the climatological boundary layer evolution along the 

GPCI-transect off the coast of California. The transect is 

roughly aligned with the trade-winds and stretches from the 

region associated with stratocumulus to the SCT and further 

equatorward to the deep convective regions of the ITCZ (see 

below). 

The GPCI transect outlined. The contours represent ISCCP 

D2 annually averaged low cloudiness for the period 1983–2001 

This study uses the 1.1x1.1 km2 Best-Wind 

corrected cloud top heights from the MISR Level 2 

TOA/Cloud Stereo product. The conservative 

screening of the Best-Wind CTHs (only reported 

when both the accompanying wind vector and the 

entire orbit passes their individual quality 

screening) should result in more accurate retrievals, 

but could also enhance the cloud sampling bias, 

introduced since the retrieval is less successful with 

multi-layer scenes and featureless clouds. 

The period considered is February 2000 to 

December 2009. The fine spatial resolution of the 

MISR instrument results large amounts data, which 

need to be downgraded to enable analysis of the 

long record. In an effort to maintain the statistical 

characteristics, the 1.1x1.1 km2 CTHs are vertically 

binned on a global 3x4° latitude longitude grid. The 

vertical containers have an extent of 50 m and are 

centered at 25,75,....15925 and 15975 m and saved 

monthly. Originally given with respect to the 

WGS84 surface ellipsoid the MISR CTHs are 

adjusted by the ETOPO1 topography (Amante and 

Eaking, 2009) over land and by EGM96 geoid 

undulations (Lemoine et al., 1998) over ocean to 

instead be given as heights over the Earth’s surface, 

which is a more relevant measure for the boundary 

layer depth. Only CTHs below 3000 m are 

considered to be representative of boundary layer 

clouds, CTHs above 3000 m are thus excluded 

from the analysis. 

Method 

1x1 km2 CTHs 
3x4° latitude longitude 

boxes with vertical CTH 

distributions 

# 

z 

Results – Seasonal and spatial variability 

Figure shows seasonal global distributions 

of, from left to right, the number of orbits 

with successful retrievals of Best-Wind 

corrected low CTHs inside each 3x4° 

latitude longitude box, the number of 

retrieved low CTHs, the median low CTH 

and the interquartile range (3rd - 1st) of the 

low CTH PDFs. Based on February 2000 

to December 2009 data. 

Retrieved CTHs over the continents tend 

to be lower than over the oceans, which 

might indicate retrieval difficulties (not 

showed). 

Throughout the year the regions 

associated with SCT show increasing 

median low CTHs along the paths of 

transition. Also the CTH interquartile 

range increase along the transition. 

Marine regions east of the American and 

Euroasian continents show strong 

seasonal variability in low CTHs, likely 

related to cold-air/warm-air advection 

during winter/summer. 
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Conclusions 

This study highlights the potential of MISR CTHs to increase our knowledge of global and temporal 

statistical characteristics of boundary layer cloudiness. A knowledge that is not possible to gain from in-

situ measurements alone and which should be useful as a metric in the process of climate model 

evaluation. 

Results – Seasonal and spatial variability 
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Figure shows seasonal and annual PDFs of 

CTH (cut at 3000 m) along the GPCI 

transect. Vertical extent of PDF bins are 50 

m. Based on February 2000 to December 

2009 data. Note, the prevailing direction of 

the near-surface wind is northeasterly.  

Considering that the transect is roughly aligned 

with the trade winds and associated with 

relatively invariant wind speeds, the changes in 

the PDFs (from north to south) can be 

interpreted as the time evolution of the CTHs. 

The fact that CTHs increase in the 

northernmost part (typically 

associated with stratocumulus) of the 

transect is indicative of an increase in 

boundary layer depth.  

In the transition 

region, the PDFs 

change from being 

positively to 

negatively skewed. 

Further equatorward, the 

distributions tend to 

broaden and become 

more symmetric 

The summer (JJA), when Sc is 

most persistent, show less 

vertical CTH variability and 

substantially lower CTHs in the 

northernmost part of the transect. 

Results – Cloud top heights vs  MODIS low cloud cover 

Figure shows seasonal MODIS low 

cloud fractions vs. median low CTHs 

along the GPCI transect (color code). 

Based on February 2000 to December 

2009 data.  

The northernmost part of the 

transect is associated with 

extensive cloudiness. Initially 

the CTHs increase while the 

cloudiness maintains. 

Eventually the median CTHs 

start to decrease. The average 

low cloud fractions continue 

to decrease. 

In the second stage, 

median CTHs levels off 

meanwhile cloud 

fraction decrease. 

Similar pattern of evolution, although 

less pronounced, in all seasons 
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Introduction/Background 
In remote regions our knowledge of boundary layer 

cloud characteristics traditionally stems from field 

campaigns. More recently, the potential of using satellite 

remote sensing to derive boundary layer properties has been 

recognized (e.g. Minnis et al., 1992; Garay et al., 2008; 

Karlsson et al., 2010; Medeiros et al., 2010; Ahlgrimm and 

Köhler, 2010). 

In this study MISR cloud top height (CTH) retrievals are 

used to statistically characterize how the vertical distribution 

of boundary layer CTHs varies globally. Such characteristics 

have the potential to become important metrics in the 

process of refining climate models. In this respect, regions 

of particular interest are the eastern parts of the subtropical 

ocean basins, where the stratocumulus to cumulus transition 

(SCT) is a common feature. These transitions are associated 

with a large contrast in cloud radiative forcing and a change 

in the spatial distribution of the two cloud regimes might 

thus have a profound impact on the climate. The 

mechanisms responsible for the break!up is still under 

debate, but the fact that the marine boundary layer tends to 

deepen along the transition, when the air is subject to 

increasing sea surface temperatures, is assumed to play an 

important role. Here, MISR CTHs are used to give insight 

into the climatological boundary layer evolution along the 

GPCI-transect off the coast of California. The transect is 

roughly aligned with the trade-winds and stretches from the 

region associated with stratocumulus to the SCT and further 

equatorward to the deep convective regions of the ITCZ (see 

below). 

The GPCI transect outlined. The contours represent ISCCP 

D2 annually averaged low cloudiness for the period 1983–2001 

This study uses the 1.1x1.1 km2 Best-Wind 

corrected cloud top heights from the MISR Level 2 

TOA/Cloud Stereo product. The conservative 

screening of the Best-Wind CTHs (only reported 

when both the accompanying wind vector and the 

entire orbit passes their individual quality 

screening) should result in more accurate retrievals, 

but could also enhance the cloud sampling bias, 

introduced since the retrieval is less successful with 

multi-layer scenes and featureless clouds. 

The period considered is February 2000 to 

December 2009. The fine spatial resolution of the 

MISR instrument results large amounts data, which 

need to be downgraded to enable analysis of the 

long record. In an effort to maintain the statistical 

characteristics, the 1.1x1.1 km2 CTHs are vertically 

binned on a global 3x4° latitude longitude grid. The 

vertical containers have an extent of 50 m and are 

centered at 25,75,....15925 and 15975 m and saved 

monthly. Originally given with respect to the 

WGS84 surface ellipsoid the MISR CTHs are 

adjusted by the ETOPO1 topography (Amante and 

Eaking, 2009) over land and by EGM96 geoid 

undulations (Lemoine et al., 1998) over ocean to 

instead be given as heights over the Earth’s surface, 

which is a more relevant measure for the boundary 

layer depth. Only CTHs below 3000 m are 

considered to be representative of boundary layer 

clouds, CTHs above 3000 m are thus excluded 

from the analysis. 

Method 

1x1 km2 CTHs 
3x4° latitude longitude 

boxes with vertical CTH 

distributions 
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Results – Seasonal and spatial variability 

Figure shows seasonal global distributions 

of, from left to right, the number of orbits 

with successful retrievals of Best-Wind 

corrected low CTHs inside each 3x4° 

latitude longitude box, the number of 

retrieved low CTHs, the median low CTH 

and the interquartile range (3rd - 1st) of the 

low CTH PDFs. Based on February 2000 

to December 2009 data. 

Retrieved CTHs over the continents tend 

to be lower than over the oceans, which 

might indicate retrieval difficulties (not 

showed). 

Throughout the year the regions 

associated with SCT show increasing 

median low CTHs along the paths of 

transition. Also the CTH interquartile 

range increase along the transition. 

Marine regions east of the American and 

Euroasian continents show strong 

seasonal variability in low CTHs, likely 

related to cold-air/warm-air advection 

during winter/summer. 
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Conclusions 

This study highlights the potential of MISR CTHs to increase our knowledge of global and temporal 

statistical characteristics of boundary layer cloudiness. A knowledge that is not possible to gain from in-

situ measurements alone and which should be useful as a metric in the process of climate model 

evaluation. 

Results – Seasonal and spatial variability 
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Figure shows seasonal and annual PDFs of 

CTH (cut at 3000 m) along the GPCI 

transect. Vertical extent of PDF bins are 50 

m. Based on February 2000 to December 

2009 data. Note, the prevailing direction of 

the near-surface wind is northeasterly.  

Considering that the transect is roughly aligned 

with the trade winds and associated with 

relatively invariant wind speeds, the changes in 

the PDFs (from north to south) can be 

interpreted as the time evolution of the CTHs. 

The fact that CTHs increase in the 

northernmost part (typically 

associated with stratocumulus) of the 

transect is indicative of an increase in 

boundary layer depth.  

In the transition 

region, the PDFs 

change from being 

positively to 

negatively skewed. 

Further equatorward, the 

distributions tend to 

broaden and become 

more symmetric 

The summer (JJA), when Sc is 

most persistent, show less 

vertical CTH variability and 

substantially lower CTHs in the 

northernmost part of the transect. 

Results – Cloud top heights vs  MODIS low cloud cover 

Figure shows seasonal MODIS low 

cloud fractions vs. median low CTHs 

along the GPCI transect (color code). 

Based on February 2000 to December 

2009 data.  

The northernmost part of the 

transect is associated with 

extensive cloudiness. Initially 

the CTHs increase while the 

cloudiness maintains. 

Eventually the median CTHs 

start to decrease. The average 

low cloud fractions continue 

to decrease. 

In the second stage, 

median CTHs levels off 

meanwhile cloud 

fraction decrease. 

Similar pattern of evolution, although 

less pronounced, in all seasons 
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S11: Evolution of Cloud/SWCF

• Inter-model differences in CWP despite similar BL structure.
• LaRC/MOLEM add drizzle in +2K run, respond differently in CWP.
• As in S12, DALES and SAM similar in +2K run, but DALES maintains 

higher CWP than SAM in CTL run.

MOLEM uses
larger reff



• SAM, DALES, LaRC near equilibrium. UCLA cloud thicker.
• Strong +ve ∆SWCF (>10W/m2) in DALES, near zero in SAM, LaRC.

MOLEM Runs
Still Evolving
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S11: Precip-CWP, κ-CLD relationships

• LaRC precipitates more than other models, even 
at small CWP.  MOLEM: droplet sed. included.

• Models maintain full cloud cover in +2K runs 
despite modest increase in κ.

FACTORS INFLUENCING CUMULUS CLOUD AREA

Figure 10. As Figure 9. but shaded cloud cover is plotted against
contemporary values of κ and the first three hours are excluded.

Figure 11. As Figure 10, but shaded cloud cover is plotted against
contemporary values of "RH.

It was hypothesized above that κ works well as a
predictor of cloud cover because it depends both on the
static stability of the inversion, and hence on the rate of
mixing across it, and on the humidity jump, and hence
the dryness of the entrained air. The static stability itself
has already been shown to be inadequate as a predictor
of cloud cover (see Figures 1 and 2). Figure 11 shows
also that it is not simply the dryness of the air in the
free atmosphere (measured as "RH, the jump in RH
across the inversion) that dictates cloud cover, with the
whole range of cloud covers being possible for any free
atmospheric RH.

What observational support is there for this simple
dependence of cloud cover at the capping inversion of
shallow cumulus on κ? Despite the paucity of relevant

data, there is some tentative support from the aircraft
measurements made during the ‘First Lagrangian’ of the
Atlantic Stratocumulus Transition Experiment (ASTEX).
Values of κ can be calculated from the data in Table 1 of
de Roode and Duynkerke (1997), and show an increase
from values in the stratocumulus regime of around −1
(flights 2 and 3) to 0.6 in the final flight, which was
made in ‘a very patchy cloud pattern’ of ‘cumulus clouds
penetrating the thin and broken stratocumulus above’.
These observations are, then, at least consistent with
Figure 10. Similarly, observations made in trade cumulus
clouds with small cloud cover, such as those compiled by
Kuo and Schubert (1988), show large values of κ ∼ 0.7.
On the other hand, Kuo and Schubert also show sev-
eral observations of persistent solid stratocumulus with
κ also approaching 0.7. As discussed above, however, it
has been suggested that whether the stratiform cloud layer
breaks up depends on the balance between competing pro-
cesses. A possible explanation for a more rapid transition
as κ increases, then, is that the additional generation of
cloud-top mixing as shallow cumulus clouds penetrate the
inversion alters this balance compared with the stratocu-
mulus regime, in favour of more rapid evaporation of the
cloud.

5. Conclusions

There are complex interactions occurring at the inver-
sion capping shallow cumulus clouds, between cumulus
turbulent transport, cloud-top radiative cooling, stratocu-
mulus overturning and cloud-top entrainment, microphys-
ical processes and large-scale subsidence. Out of all this
emerges a cloud cover that is crucially important to the
radiative fluxes and so to a host of applications, from local
forecasting to the cloud feedback in climate simulations.

From a wide range of LES, a simple dependence of the
cloud cover on the CTEI parameter, κ , has been identi-
fied. For κ ! 0.2, where buoyancy reversal does not occur,
cloud covers of 80% or more are seen. This suggests
that without a reduction in the buoyancy of entrained air
through evaporative cooling, and the associated additional
turbulent mixing, an extensive stratocumulus sheet is
likely to form. For κ " 0.5, only shallow cumulus clouds
with cloud cover around 20% are formed, again indicating
how the generation of significant negative buoyancy by
mixing at cloud edges and subsequent evaporative cool-
ing is crucial to the evolution of these clouds (as has
recently been noted by Heus and Jonker, 2008). Only
for intermediate κ (0.2 ! κ ! 0.5) is intermediate cloud
cover seen, where individual cumulus clouds begin to
spread into a stratiform layer but this layer cloud subse-
quently dissipates. Consistent with previous studies, no
abrupt transition is seen at a particular value of κ , and
the cloud cover decreases smoothly as κ increases.

Processes that might be considered important to the
cloud cover were investigated. Particularly sensitive was
the impact of allowing the clouds to precipitate, which
led to a significant reduction in cloud cover, although
the effect was much reduced at higher resolution. Even

c© Crown Copyright 2009. Reproduced with the permission
of HMSO. Published by John Wiley & Sons, Ltd.
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Outline
• Why look at low cloud feedback?
• Introduction to CGILS
• CGILS S12 Case Study: Coastal Stratocumulus
• CGILS S11 Case Study: Decoupled Stratocumulus
• CGILS S6 Case Study: Trade Cumulus
• Sensitivity Studies in SAM
• Discussion/Conclusions
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S6:  Trade cumulus regime: 
Forcings and Snapshot of 

Cloud Field

∆x=100m
∆z=40m



S6: Cloud Fraction

• Fair agreement between LES models in BL structure, depth.
• SCu-capped layer deepens; transitions to a Cu-only layer.
• +2K changes are weak.

A climatological MISR-view on the statistics of boundary layer 

cloud top heights, globally and in the stratocumulus to 

cumulus transition regions 
Johannes Karlsson*1, Joao Teixeira2 and Anders Engström1 

1Department of Meteorology and the Bert Bolin Centre for Climate Research, Stockholm University, Sweden 
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Introduction/Background 
In remote regions our knowledge of boundary layer 

cloud characteristics traditionally stems from field 

campaigns. More recently, the potential of using satellite 

remote sensing to derive boundary layer properties has been 

recognized (e.g. Minnis et al., 1992; Garay et al., 2008; 

Karlsson et al., 2010; Medeiros et al., 2010; Ahlgrimm and 

Köhler, 2010). 

In this study MISR cloud top height (CTH) retrievals are 

used to statistically characterize how the vertical distribution 

of boundary layer CTHs varies globally. Such characteristics 

have the potential to become important metrics in the 

process of refining climate models. In this respect, regions 

of particular interest are the eastern parts of the subtropical 

ocean basins, where the stratocumulus to cumulus transition 

(SCT) is a common feature. These transitions are associated 

with a large contrast in cloud radiative forcing and a change 

in the spatial distribution of the two cloud regimes might 

thus have a profound impact on the climate. The 

mechanisms responsible for the break!up is still under 

debate, but the fact that the marine boundary layer tends to 

deepen along the transition, when the air is subject to 

increasing sea surface temperatures, is assumed to play an 

important role. Here, MISR CTHs are used to give insight 

into the climatological boundary layer evolution along the 

GPCI-transect off the coast of California. The transect is 

roughly aligned with the trade-winds and stretches from the 

region associated with stratocumulus to the SCT and further 

equatorward to the deep convective regions of the ITCZ (see 

below). 

The GPCI transect outlined. The contours represent ISCCP 

D2 annually averaged low cloudiness for the period 1983–2001 

This study uses the 1.1x1.1 km2 Best-Wind 

corrected cloud top heights from the MISR Level 2 

TOA/Cloud Stereo product. The conservative 

screening of the Best-Wind CTHs (only reported 

when both the accompanying wind vector and the 

entire orbit passes their individual quality 

screening) should result in more accurate retrievals, 

but could also enhance the cloud sampling bias, 

introduced since the retrieval is less successful with 

multi-layer scenes and featureless clouds. 

The period considered is February 2000 to 

December 2009. The fine spatial resolution of the 

MISR instrument results large amounts data, which 

need to be downgraded to enable analysis of the 

long record. In an effort to maintain the statistical 

characteristics, the 1.1x1.1 km2 CTHs are vertically 

binned on a global 3x4° latitude longitude grid. The 

vertical containers have an extent of 50 m and are 

centered at 25,75,....15925 and 15975 m and saved 

monthly. Originally given with respect to the 

WGS84 surface ellipsoid the MISR CTHs are 

adjusted by the ETOPO1 topography (Amante and 

Eaking, 2009) over land and by EGM96 geoid 

undulations (Lemoine et al., 1998) over ocean to 

instead be given as heights over the Earth’s surface, 

which is a more relevant measure for the boundary 

layer depth. Only CTHs below 3000 m are 

considered to be representative of boundary layer 

clouds, CTHs above 3000 m are thus excluded 

from the analysis. 
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Results – Seasonal and spatial variability 

Figure shows seasonal global distributions 

of, from left to right, the number of orbits 

with successful retrievals of Best-Wind 

corrected low CTHs inside each 3x4° 

latitude longitude box, the number of 

retrieved low CTHs, the median low CTH 

and the interquartile range (3rd - 1st) of the 

low CTH PDFs. Based on February 2000 

to December 2009 data. 

Retrieved CTHs over the continents tend 

to be lower than over the oceans, which 

might indicate retrieval difficulties (not 

showed). 

Throughout the year the regions 

associated with SCT show increasing 

median low CTHs along the paths of 

transition. Also the CTH interquartile 

range increase along the transition. 

Marine regions east of the American and 

Euroasian continents show strong 

seasonal variability in low CTHs, likely 

related to cold-air/warm-air advection 

during winter/summer. 
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Conclusions 

This study highlights the potential of MISR CTHs to increase our knowledge of global and temporal 

statistical characteristics of boundary layer cloudiness. A knowledge that is not possible to gain from in-

situ measurements alone and which should be useful as a metric in the process of climate model 

evaluation. 

Results – Seasonal and spatial variability 
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Figure shows seasonal and annual PDFs of 

CTH (cut at 3000 m) along the GPCI 

transect. Vertical extent of PDF bins are 50 

m. Based on February 2000 to December 

2009 data. Note, the prevailing direction of 

the near-surface wind is northeasterly.  

Considering that the transect is roughly aligned 

with the trade winds and associated with 

relatively invariant wind speeds, the changes in 

the PDFs (from north to south) can be 

interpreted as the time evolution of the CTHs. 

The fact that CTHs increase in the 

northernmost part (typically 

associated with stratocumulus) of the 

transect is indicative of an increase in 

boundary layer depth.  

In the transition 

region, the PDFs 

change from being 

positively to 

negatively skewed. 

Further equatorward, the 

distributions tend to 

broaden and become 

more symmetric 

The summer (JJA), when Sc is 

most persistent, show less 

vertical CTH variability and 

substantially lower CTHs in the 

northernmost part of the transect. 

Results – Cloud top heights vs  MODIS low cloud cover 

Figure shows seasonal MODIS low 

cloud fractions vs. median low CTHs 

along the GPCI transect (color code). 

Based on February 2000 to December 

2009 data.  

The northernmost part of the 

transect is associated with 

extensive cloudiness. Initially 

the CTHs increase while the 

cloudiness maintains. 

Eventually the median CTHs 

start to decrease. The average 

low cloud fractions continue 

to decrease. 

In the second stage, 

median CTHs levels off 

meanwhile cloud 

fraction decrease. 

Similar pattern of evolution, although 

less pronounced, in all seasons 
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process of refining climate models. In this respect, regions 

of particular interest are the eastern parts of the subtropical 
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with a large contrast in cloud radiative forcing and a change 

in the spatial distribution of the two cloud regimes might 

thus have a profound impact on the climate. The 
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debate, but the fact that the marine boundary layer tends to 

deepen along the transition, when the air is subject to 

increasing sea surface temperatures, is assumed to play an 

important role. Here, MISR CTHs are used to give insight 

into the climatological boundary layer evolution along the 

GPCI-transect off the coast of California. The transect is 

roughly aligned with the trade-winds and stretches from the 

region associated with stratocumulus to the SCT and further 

equatorward to the deep convective regions of the ITCZ (see 

below). 

The GPCI transect outlined. The contours represent ISCCP 

D2 annually averaged low cloudiness for the period 1983–2001 

This study uses the 1.1x1.1 km2 Best-Wind 

corrected cloud top heights from the MISR Level 2 

TOA/Cloud Stereo product. The conservative 

screening of the Best-Wind CTHs (only reported 

when both the accompanying wind vector and the 

entire orbit passes their individual quality 

screening) should result in more accurate retrievals, 

but could also enhance the cloud sampling bias, 

introduced since the retrieval is less successful with 

multi-layer scenes and featureless clouds. 

The period considered is February 2000 to 

December 2009. The fine spatial resolution of the 

MISR instrument results large amounts data, which 

need to be downgraded to enable analysis of the 

long record. In an effort to maintain the statistical 

characteristics, the 1.1x1.1 km2 CTHs are vertically 

binned on a global 3x4° latitude longitude grid. The 

vertical containers have an extent of 50 m and are 

centered at 25,75,....15925 and 15975 m and saved 

monthly. Originally given with respect to the 

WGS84 surface ellipsoid the MISR CTHs are 

adjusted by the ETOPO1 topography (Amante and 

Eaking, 2009) over land and by EGM96 geoid 

undulations (Lemoine et al., 1998) over ocean to 

instead be given as heights over the Earth’s surface, 

which is a more relevant measure for the boundary 

layer depth. Only CTHs below 3000 m are 

considered to be representative of boundary layer 

clouds, CTHs above 3000 m are thus excluded 

from the analysis. 
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Results – Seasonal and spatial variability 

Figure shows seasonal global distributions 

of, from left to right, the number of orbits 

with successful retrievals of Best-Wind 

corrected low CTHs inside each 3x4° 

latitude longitude box, the number of 

retrieved low CTHs, the median low CTH 

and the interquartile range (3rd - 1st) of the 

low CTH PDFs. Based on February 2000 

to December 2009 data. 

Retrieved CTHs over the continents tend 

to be lower than over the oceans, which 

might indicate retrieval difficulties (not 

showed). 

Throughout the year the regions 

associated with SCT show increasing 

median low CTHs along the paths of 

transition. Also the CTH interquartile 

range increase along the transition. 

Marine regions east of the American and 

Euroasian continents show strong 

seasonal variability in low CTHs, likely 

related to cold-air/warm-air advection 

during winter/summer. 
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Conclusions 

This study highlights the potential of MISR CTHs to increase our knowledge of global and temporal 

statistical characteristics of boundary layer cloudiness. A knowledge that is not possible to gain from in-

situ measurements alone and which should be useful as a metric in the process of climate model 

evaluation. 
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Figure shows seasonal and annual PDFs of 

CTH (cut at 3000 m) along the GPCI 

transect. Vertical extent of PDF bins are 50 

m. Based on February 2000 to December 

2009 data. Note, the prevailing direction of 

the near-surface wind is northeasterly.  

Considering that the transect is roughly aligned 

with the trade winds and associated with 

relatively invariant wind speeds, the changes in 

the PDFs (from north to south) can be 

interpreted as the time evolution of the CTHs. 

The fact that CTHs increase in the 

northernmost part (typically 

associated with stratocumulus) of the 

transect is indicative of an increase in 

boundary layer depth.  

In the transition 

region, the PDFs 

change from being 

positively to 

negatively skewed. 

Further equatorward, the 

distributions tend to 

broaden and become 

more symmetric 

The summer (JJA), when Sc is 

most persistent, show less 

vertical CTH variability and 

substantially lower CTHs in the 

northernmost part of the transect. 

Results – Cloud top heights vs  MODIS low cloud cover 

Figure shows seasonal MODIS low 

cloud fractions vs. median low CTHs 

along the GPCI transect (color code). 

Based on February 2000 to December 

2009 data.  

The northernmost part of the 

transect is associated with 

extensive cloudiness. Initially 

the CTHs increase while the 

cloudiness maintains. 

Eventually the median CTHs 

start to decrease. The average 

low cloud fractions continue 

to decrease. 

In the second stage, 

median CTHs levels off 

meanwhile cloud 

fraction decrease. 

Similar pattern of evolution, although 

less pronounced, in all seasons 
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S6: Evolution of Cloud/SWCF

• Broad agreement among models, though timing of Sc-layer breakdown 
varies.

• SAM has larger cloud fraction in Cu layer than others.
• Variability in CWP related to domain size (Lx=Ly~10 km).



• Precip feedback in +2K runs of SAM/DALES, restrains deepening.
• Weak ∆SWCF changes, slight positive feedback in SAM.
• Precip increases in all models in +2K runs.

Averages over 
last 2.5 days

S6: CTL→+2K Cloud/Turbulence Changes

UCLA CTL still 
evolving.
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• Deepening of trade inversion arrested by increase in precipitation.
• Precipitation stabilizes BL, removes liquid water from entrainment zone.

S6: Precipitation-Entrainment Feedback

Inversion Height →

Inversion Height →

Time↑Time↑



S6: Entrainment vs. Subsidence

• Strong entrainment by Sc-capped BL early in run.
• Weaker entrainment by Cu layer after Sc layer breaks down.
• Despite weaker subsidence, precipitation feedbacks restrain 

deepening of trade inversion in +2K runs.

Sc-capped BL

Cu Layer
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S6: Droplet Conc. Sensitivity Study in SAM

• New pair of runs w/Nc=25/cm3.  Default is Nc=100/cm3.
• Smaller Nc → Onset of precip at smaller zinv, restrains deepening.
• Also modifies ∆SWCF = 1.7 W/m2 (Nc=100), 0.2 W/m2 (Nc=25)
• Take-Home Message: Nc uncertainty impacts inversion height.

2000 m

2500 m



• CGILS uses single vertical structure: ω(p,lat) = Ω(lat) ω0(p).                     
Is this realistic?

• Decrease in subsidence in mid-troposphere is prominent in GCMs (Vecchi 
& Soden, 2007).

• Not all models show same vertical structure of changes (e.g. Zhu et al, 
2007).

GCM Results Courtesy of Matt Wyant
CGILS: S12

Uncertainty in Omega Changes

Not Much
Change in ω 
at PBL top

LTS70-80
LTS80-90
LTS90-100



S12: +2K Forcings with CTL omega

• +2K run w/CTL omega is slightly more decoupled, entrains less than 
CTL at same inversion height.

• SAM +2K response (similar in S11): 
– SWCF weakens at same inversion height,
– SWCF strengthens as BL deepens.

+2K RUN 
W/CTL ω



S12: 4xCO2 and ∆LTS Sensitivity Studies

• 4xCO2 (CTL forcings w/hor. adv. adjusted in free troposphere):
– Inversion lower and cloud thinner (∆SWCF = +28 W/m2).

• ∆LTS (SST+2K in deep tropics, SST+0K locally, uses +2K omega):
– Inversion slightly lower but cloud thickens (∆SWCF = -17 W/m2).

• Downwelling LW at inversion similar in 4xCO2, ∆LTS cases.



S12: Sensitivity to SAM’s Advection Scheme

• SAM run w/Blossey & Durran (2008) PPM-based advection.  
– selective limiting: only monotonic near perceived  discontinuities.

• CTL cloud much thicker, BL better coupled, P2K cloud thickens more.
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Discussion/Conclusions
• Qualitative agreement among models on cloud structure.
• CGILS S12 (Coastal SCu):

– CTL runs well-mixed, +2K runs deepen with reduced omega.
– Disagreement among models about sign of feedback.

• CGILS S11 (Cu under SCu):
– CTL runs decoupled, +2K runs deeper and more strongly decoupled.
– Sign of feedback uncertain.

• CGILS S6 (Trade Cu):
– Precipitation feedbacks restrain deepening in most models.
– Weak cloud feedbacks.

• SAM sensitivity studies:
– Cloud thins in S11 & S12 +2K runs if +2K climate omega is unchanged.
– Inversion sinks and cloud thins in 4xCO2.  Cloud thickens w/∆LTS>0.

• Continuing work:
– Other climate perturbations for the group(?): 4xCO2, ∆LTS, free trop q.
– Tease out feedback mechanisms: Deepening-warming decoupling, 

changes in BL radiative driving, ∆CTEI, precipitation feedbacks.



Thank You.
Questions?

CGILS LES Models and Modelers: 
 - MOLEM: Adrian Lock (UKMO),
 - DALES: Stephan de Roode (Delft, the Netherlands), 
 - UCLA: Thijs Heus (MPIM), Irina Sandu (ECMWF), 
 - LaRC: Anning Cheng, Kuan-Man Xu (NASA LaRC, USA), 
 - SAM: Peter Blossey (UW), Marat Khairoutdinov (Stony Brook).


