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Earthʼs surface

Boundary Layer Cloud
(cloud top height ~ 1-2 km)

Warming
(10 W m2)

Cooling
(-80 W m2)

Longwave

Shortwave

Net Cloud Radiative Forcing ~ -70 W m2 (Cooling)

Low Clouds and Earth’s Radiation Budget



The bigger picture

GOES, 26 July 2009

3Thursday, July 30, 2009

from Brian Medeiros (2009)

=> abundant (~1/4 of Earth’s surface in annual mean)

=> shallow, optically thin
(compared to deep conv.)

Low clouds contribute 
16 W m-2 of cooling 

(Hartmann et al. 1992)

Low Clouds are Common!



way for deep convection. For most of the events in the
composites presented, the buildup of low-level heat and
moisture is accomplished more by localized mecha-
nisms rather than by large-scale advective processes.

A final aspect of the discharge–recharge theory con-
cerns the geographical characteristics of the MJO
events analyzed and their related triggering mecha-
nisms. In this study, most of the individual events are
located in the eastern Indian and western Pacific Ocean
areas (Fig. 2). We chose these locations to correspond
to maximum wet phase amplitude and not wave initia-
tion, and so it is likely that the composite results largely
reflect the evolution of a (nearly) fully developed con-
vective envelope. Inspection of the total-event com-
posite of daily averaged dry static stability [!̂" # 1⁄2
(!"250hPa $ !"775hPa); Fig. 14] supports this hypothesis,
showing the shape of the !̂" profile to be similar to a

model-generated stability composite of events 90°
downstream of wave initiation (Fig. 11c in Bladé and
Hartmann 1993). Overall, the theory that involves a
local, gradual buildup of low-level heat and moisture
acting to destabilize the atmosphere (e.g., discharge–
recharge mechanism) successfully explains many of the
observed features of MJO evolution.

d. Synthesizing wave theories and observations

A comparison of the observational results in this pa-
per with the proposed wave instability theories reveals
that specific processes are more important during cer-
tain phases of the MJO. Prior to the most intense rain-
fall, gradual atmospheric destabilization develops and
is related to enhanced surface solar absorption and
warming at low levels and radiative cooling aloft (e.g.,
Hu and Randall 1994; Stephens et al. 2004). As easterly

FIG. 13. Schematic diagram of the discharge–recharge mechanism associated with the MJO. Along the horizontal axis appears SST"
[red (blue) indicates warmest (coolest) anomalies] and the lag days relative to the day of maximum rainfall (day 0). Stages of the
discharge–recharge process, as seen in ERA-40 data, are listed below the lag days. The approximate top level of convective cloud
processes is indicated by the dashed blue line, while green shading represents the general area of q" % 0. Light blue dots above shallower
convective clouds represent moistening via detrainment, while gray dots below stratiform cloud types represent ice crystal fallout and
moistening. Convective precipitation is indicated by darker blue rain shafts, and stratiform precipitation is light blue and slightly
transparent.
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associated climatological change in tropical precipita-
tion is on the order of several millimeters per day. The
tropical temperature changes associated with the latent
heating by precipitation are on the order of 1–2 K.
Furthermore, the water vapor path in the subtropics is
affected by as much as 10 mm locally. These numbers
suggest that vertical mixing by shallow cumulus needs
to be accurately represented in GCMs. A corollary to
this result is that a reduction in mixing by shallow cu-
mulus in a warmer climate, for instance as a result of
the stabilization of the lower troposphere through lapse
rate effects, may lead to similar large-scale feedbacks.

The next logical question is what these results imply
for GCMs in parts of this feedback mechanism that are
not well represented. For example, Derbyshire et al.
(2004) showed that many present-day GCM convection
schemes still do not fully capture the sensitivity of deep
convection to tropospheric humidity, possibly due to
deficiencies in the entrainment formulation. Underes-
timation of the sensitivity of deep convection to humid-
ity not only affects local cloud properties, but the en-
ergetics of the tropical climate system as a whole.
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APPENDIX

Technical 2BF Implementation

The introduction of a second degree of freedom for
humidity in the QTCM implies an additional prognostic
equation for humidity, one for the free troposphere and
one for the atmospheric mixed layer (k ∈ {1, 2}, respec-
tively). Following the standard notation of the QTCM
formulation by NZ00 these are written as

b̂1!!t " Dq1#q1 $ M1q1! · v1 % &Qq'1, !A1#

b̂2!!t " Dq2#q2 $ M1q2! · v1 % &Qq'2 "
g

P2
Es . !A2#

FIG. 18. Schematic summary of the interaction mechanisms between subtropical shallow cumulus and ITCZ deep convection, the
Cu-q throttle. Only the major players in the interaction process are shown. The changes shown correspond to the scenario of weaker
shallow cumulus (a larger shallow adjustment time scale (sh). The background shading represents the magnitude of the temperature
change. The vertical arrows represent changes in energy fluxes into the atmospheric column (pointing away from the column indicates
a decrease).
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from Benedict and Randall (2007)
from Neggers et al. (2007)

It’s Not Just Radiation: Transport

1.Strength of shallow convection determines 
how much moisture is transferred from PBL to 
free atmosphere.
2.If weak, less moisture in mid-troposphere, less 
vigorous congestus on outskirts of ITCZ, but 
stronger surface convergence in core

Shallow convection is thought to play an 
important role in the MJO, transferring heat 
and moisture from the PBL into the mid-
troposphere, preconditioning it for deeper 
convection.

Boundary layer clouds transport heat, momentum, moisture, and chemical constituents 
from the PBL to the free troposphere...



Climate Feedbacks
Clausius-Clapeyron Low Cloud Feedback

(Betts and Harshvardhan, 1987)

Mechanism
Driver: Warmer Surface

1. Increased PBL moisture

2. Higher vapor content => 
thicker PBL clouds (higher 

albedos)
3. Optically thicker clouds 

reflect more insolation

4. Cools surface (negates driver)
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Figure 1. Cloud categories based on cloud top pressures a:•d opti- 
cal thicknesses reported in the ISCCP dataset and radiometric defi- 
nitions of the low and cirrus cloud types derived from the data. 

ensemble temperature greater than 0øC) over land and ocean, how- 
ever, the values of dlnTAU/dT are negative indicating decreases in 
cloud optical thickness with temperature. The results in Figure 2 
reaffirm the conclusions of the one year, Northern-Hemisphere-only 
analysis of TRR92. The positive values of dlnTAU/dT in cold con- 
tinental clouds average around 0.04 and are in the range of the 
theoretically predicted rate of change of the adiabatic cloud liquid 
water content with temperature [Betts and Harshvardhan, 1987]. 
This suggests that optical thickness changes in colder clouds are 
dominated by changes in the adiabatic liquid water content. In 
warmer cloud ensembles over both land and ocean the optical thick- 
ness of low clouds decreases with temperature and dlnTAU/dT 
ranges between -0.05 and -0.15 depending on latitude and location 
of the cloud over land or ocean. This decrease is present in most 
warm low cloud ensembles independent of changes in the dynamic 
regime in which the clouds are formed [Tselioudis, 1992] and could 
be due to non-adiabatic processes that deplete cloud water with 
increasing efficiency as temperature increases. In TRR92 precipi- 
tation is suggested as the prime candidate for such a process. 

The interannual variability of monthly dlnTAU/dT values is rep- 
resented by the month of January in Figure 3, where the curves for 
January 1986 and January 1987 (the two E1Nifio years in the dataset) 
are plotted together with the range of the dlnTAU/dT values for the 
other six Januarys in the dataset. In clouds over land (Figure 3a), 
the high Northern latitudes show high positive dlnTAU/dT values 
in all eight years of the analysis, while all low latitudes show dlnTAU/ 
dT values that are predominately negative. The exceptions are sub- 
tropical Northern Hemisphere clouds, that show positive dlnTAU/ 
dT values in 1986 and 1987. In clouds over ocean (Figure 3b) the 
scatter among the eight curves is fairly small and the main features 

of positive or near-zero values at the higher latitudes and negative 
values in the lower latitudes are present in all eight years. The 
exceptions again are Northern Hemisphere subtropical clouds, where 
in January 1986 and January 1987 the dlnTAU/dT values are posi- 
tive and above the range of the other six Januarys. In maritime 
clouds and, to a lesser degree, in continental clouds, the two E1 
Nifio years show generally higher values of dlnTAU/dT than the 
rest of the years in the dataset. 

The temperature behavior of cirrus cloud optical thicknesses is 
shown in Figure 4, where the latitudinal distribution of dlnTAU/dT 
in the four seasons is plotted for cirrus clouds over land (Figure 4a) 
and over ocean (Figure 4b). In the middle and higher latitudes of 
both Hemispheres, cirrus clouds in all seasons over both land and 
ocean show positive dlnTAU/dT values. These values average 
around 0.08, and are within the range of the ones that Platt and 
Harshvardhan [1989] calculated using aircraft measurements of 
cloud water content and lidar observations of cloud vertical extent. 

In the subtropical and tropical regions, however, the value of 
dlnTAU/dT for cirrus clouds exhibits features with strong latitudi- 
nal and seasonal dependence. Cirrus clouds over land show a strong 
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Figure 2. Latitudinal distribution of dlnTAU/dT for low clouds 
over (a) land and (b) ocean for the four seasons. The values plotted 
are averages over the eight seasons that are included in the July 
1983-June 1991 time period. 

Tselioudis and Rossow (1994)

HOWEVER...

change in cloud optical depth with temperature 
from ISCCP observations



Climate Feedbacks
Lower Tropospheric Stability Feedback

(Klein and Hartmann, 1993)

Mechanism
Driver: Warmer Surface

1.Increased PBL moisture
2.More latent heat released in mid, upper 
troposphere from deep convection
3.Deep convective profile dominates Hadley Cell 
region, including subtropics
4.Mid-troposphere warming is greater than 
surface warming in subtropics => greater LTS
5.Stronger LTS associated with more PBL clouds
6.More PBL clouds, more reflection, surface cools

pling of a stratocumulus cloud layer with its surface
moisture supply (Bretherton and Wyant 1997; Wyant et
al. 1997).

The predictive success of LTS, which is a bulk mea-
sure of inversion strength, suggests that a more refined
measure of inversion strength might be even more skill-
ful. In this study we propose such a refinement of LTS,
the estimated inversion strength (EIS), which we argue
is an even better predictor of the planetary boundary
layer (PBL) inversion strength and low cloud cover,
especially under global climate changes. We test this
refinement using rawinsonde profiles, reanalysis data,
and surface observer cloud reports.

2. Relationship between lower-tropospheric
stability and inversion strength

Figure 1 shows an idealized temperature profile for
the lower troposphere (p ! 700 hPa) typical of periods
of moderate tropospheric subsidence conducive to the
formation of extensive low clouds. Turbulence primar-
ily driven by strong PBL radiative cooling and cold
advection results in a PBL that is capped by an inver-
sion (often referred to as the trade inversion) at a
height zi with a strength "# in the range of 1–10 K.
Although the real structure in the PBL, inversion, and
just above the inversion is more complex than shown in
Fig. 1, this figure still provides a useful basis for relating
LTS to inversion strength.

The PBL may be vertically well mixed (e.g., noctur-
nal coastal stratocumulus) or decoupled into multiple
turbulent layers (e.g., trade cumulus). Two-layer bulk
models have been proposed that can treat both PBL
types reasonably accurately (e.g., Albrecht et al. 1979;
Betts and Ridgway 1988; Park et al. 2004). These break
the PBL into a surface mixed layer (SML), which is a
well-mixed layer that extends from the surface to the
surface-based lifting condensation level (LCL), and a
decoupled layer (DL) that extends from the LCL to the
PBL top in which the potential temperature increases
approximately linearly with height at some rate $DL.
Above the PBL exists a free-tropospheric layer with a
potential temperature that increases approximately lin-
early with height with a gradient $FT. Using this simple
structure, we can relate "# to the potential temperature
#700 at 700 hPa, the height of the p % 700 hPa surface
z700, the potential temperature at the surface #0, and the
PBL depth zi as follows:

!" % &"700 ' "0( ' #FT&z700 ' zi( ' #DL&zi ' LCL(.

&1(

The first term on the rhs in the parentheses is the
LTS as defined above, and so Eq. (1) expresses math-
ematically the basis for LTS being a measure of the
inversion strength. Indeed, "# would be perfectly cor-
related with LTS provided that the other terms involv-
ing the free-tropospheric and decoupled layer # gradi-
ents remained constant. However, as we shall show,
these terms actually vary quite systematically with #0.
This destroys the unique relationship between "# and
LTS. It also suggests our next task, which is to find
simple estimates of the free-tropospheric and de-
coupled layer # gradients.

a. Free-tropospheric lapse rate

First, we note that in the free troposphere, the ob-
served temperature profile is typically close to a moist
adiabat. The tropical atmosphere, with its weak Corio-
lis force, cannot support strong horizontal gradients in
temperature (Sobel et al. 2001), so the free-tropo-
spheric temperature profile in regions of subsidence in
the Tropics is set by the regions of active deep convec-
tion, where the profile is close to being moist adiabatic
(Stone and Carlson 1979). Even in the midlatitudes, the
free-tropospheric thermal stratification remains quite
close to a moist adiabat, although the reasons for this
are somewhat more subtle and involve horizontal, as
well as vertical, mixing (Schneider 2007).

Evidence that the free-tropospheric profiles are
closely tied to the moist adiabat is presented in Fig. 2,
which shows $FT % d#/dz between 700 and 850 hPa as

FIG. 1. Idealized profile (thick solid line) of lower-tropospheric
structure during periods of undisturbed flow. Moist adiabats are
shown as light dotted lines.
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Wood and Bretherton (2006)

1.LTS is “gross” measure of inversion strength
2.Inversion strength is better predictor of PBL clouds
3.In warming climate, most of the increase in LTS is 
associated with lapse rate above the inversion
=> This negative feedback might be overestimated

HOWEVER...



Problem: GCMs and PBL clouds
Cloud feedbacks (especially low clouds) are a huge source of uncertainty for modeled climate 
sensitivity (IPCC- Randall et al., 2007 ) - Why?

Scales of  Atmospheric Motion 
1000 km 1 km10 km100 km 10 m100 m10,000 km

 Large Eddy Simulation
(LES) Model

Global Climate Model
(GCM)

 Cloud System Resolving
Model (CSRM)

Turbulence =>Cumulus
clouds 

Mesoscale
Convective Systems

Extratropical
Cyclones

Planetary 
waves

Cumulonimbus
clouds

Multiscale Modeling Framework

Slide from Steve Krueger

Parameterized



Help is on the way: the MMF

No more convective param. => convection explicitly resolved
List of improvements (Khairoutdinov, Demott, and Randall, 2005, 2008):
1.global hydrological cycle
2.TOA radiative fluxes
3.diurnal cycle of convection over land
4.equatorially-trapped waves
5.MJO

Not present? PBL clouds

from Marchand et al. (2010)
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Slide from Steve Krueger

Parameterized[16] At first glance, the ISCCP comparison (middle row)
would seem to tell a somewhat different story. The ISCCP
comparison suggests that the model produces too much high
cloud, but only in the highest‐altitude, lowest‐pressure bin
(cloud top pressure less than 180 hPa). Below this level, the
ISCCP data suggest the model underpredicts the cloud
fraction except near the surface where the ISCCP compar-
ison indicates that the model overpredicts cloud amount (the
opposite of what the MISR comparison shows for low
clouds). The ISCCP observational data show no sign of a
midlevel cloud peak.
[17] A resolution of these apparent differences lies in

understanding the difference between the retrieval algo-
rithms used to produce the MISR and ISCCP data sets. The
MISR retrieval of cloud top height is based on a stereo-
imaging technique. This technique tends to return the alti-
tude at which contrast in the observed scene occurs, which is
not always the same as the top of the highest cloud. In
particular, the MISR algorithm will often “see” through thin,
high‐level cloud and return the height of bright, lower‐
altitude cloud (especially broken clouds) in multilayer cases.
A comparison of MISR cloud top height retrievals with
ground‐based radar and lidar data indicate that this typically
occurs when the optical depth of the upper‐level clouds is
less than 1–2 [Marchand et al., 2007]. Because of this
effect, the MISR data set will show smaller amounts of
optically thin, high‐altitude cloud and larger amounts of low
cloud. The MISR low cloud fractions can also be expected

to be larger because MISR detects more trade cumulus than
ISCCP [Marchand et al., 2010]. We stress that the tendency
of MISR to “see” through thin cloud is included in the
MISR simulator (see Appendix A).
[18] ISCCP, on the other hand, retrieves cloud top pres-

sure by converting observations of infrared brightness
temperature in combination with thermodynamic profiles of
pressure and temperature. Many high clouds are sufficiently
thin that they do not radiate like thermal black bodies and
the observed infrared temperatures are increased by emis-
sions from the surface or lower clouds. As a result, ISCCP
retrievals of cloud top height for high‐level clouds are
sometimes biased into midlevels. For very thin clouds, on
the other hand, ISCCP is sometimes able to detect a cloud
but is unable to determine the cloud altitude. In this situa-
tion, ISCCP assigns the cloud top height to the lowest‐
pressure bin. Many, if not most, of the clouds appearing in
the ISCCP highest‐altitude and lowest–optical depth bin, the
upper left corner of the histogram in Figure 4d, have been
assigned to this altitude and may in fact be lower in altitude
(see Marchand et al. [2010] for examples and further dis-
cussion on these topics). Thus, one should be cautious in
comparing separately the distribution of ISCCP high‐level
and midlevel clouds with model output, and we generally
recommend comparing the total amount of ISCCP high‐
level and midlevel clouds with the total model high‐level
and midlevel cloud amounts, as for example is done in
Figure 4h.

Figure 3. Same as in Figure 2 except for low (L) clouds (cloud top heights less than 3 km).

MARCHAND AND ACKERMAN: ANALYSIS OF MMF CLOUD COVER D16207D16207
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Why do you need a turbulence parameterization 
and what does it do?
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Levels of Parameterization
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- not applicable for all situations

- problems with convective boundary layers

- more expensive, but best skill

My scheme: “quasi-third-order closure”



Subgrid-scale Cloudiness
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Cloud Fraction
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Testing the New Scheme
1. A variety of test cases were run, representing the range of boundary layer regimes and 
results compared favorably with observations and LES.

2. The new scheme was put into the VVM (cloud resolving model) and tested. Comparing 
the output to observations and LES intercomparison studies, the model with the new 
scheme performed much better than with the original scheme.

3. We are in the process of putting the new scheme in the MMF and have plans to use the 
scheme in thew new CSU global CRM.



Current Work
Ongoing Development...
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1. Adding Ice

•need to consider saturation over 
liquid water and ice
•integrate over nonstandard region
•cloud ice depends on T, ice nuclei, 
etc.

2. Driving microphysics using subgrid variability

•Latin-Hypercube sampling (Larson 
et al., 2005)



Expected Benefits
1.Modeling

• Works by Noda et al. (2010), Cheng and Xu (2010), and Bogenschutz and Krueger 
(2011) show that improving a GCM’s turbulence parameterization and including SGS 
condensation can significantly improve the representation of boundary layer clouds

• We can expect similar improvements by including my new scheme into CSU’s MMF 
and new GCRM
• larger shields of stratocumulus off of western coasts and larger areas of shallow 

cumulus
• improved representation of fluxes of heat, moisture, momentum, CO2, etc. 

throughout PBL (particularly in convectively active regions)
• more accurate optical depths of PBL clouds => better radiative fluxes
• better “shallow convective humidity throttle” for ITCZ and MJO
• more accurate entrainment rates at the boundary layer top

2.Scientific Questions
• Better modeling of boundary layer clouds affords one to study the following 

questions:
• To what extent do shallow cumuli control the areal extent and strength of deep 

convection in the ITCZ and MJO through vertical moisture redistribution?
• What is the magnitude of the negative climate feedback associated with increased 

subtropical inversion strength?
• What are the sign and magnitude of the low cloud feedback associated with the 

Clausius-Clapeyron relationship?


