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(v) Summertime arctic stratus under a weak anticyclone, in which there may be multiple cloud
layers driven by surface chilling of and cloud top radiative cooling of moist, warm air advect-
ed over cold pack ice.

The global distribution of low cloud (at heights of 2 km or less above the surface) is best document-
ed in routine synoptic observations of cloud type and cover by untrained surface observers using a
simple classification scheme from WMO. These have been archived over the past 50 years, and
were compiled by Warren et al. (1988). Below are shown the annually averaged cloud cover (fre-
quency of occurrence multiplied by fractional sky cover when cloud type is present) for low lying
‘stratus’ (stratus+stratocumulus+fog), which encompasses the most radiatively important cloud
types, and for cumulus cloud. These cloud layers are typically 100-500 m thick, with a cloud base
anywhere from the surface to 1500 m, and tend to be nonprecipitating. Over much of the midlati-
tude oceans and parts of the eastern subtropical oceans, stratus cloud cover exceeds 50%.
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SST increases 1.8 K/day for both simulations.











SST increases 1.8 K/day for both simulations.

Cloud fraction vs height and time
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Convective Mass Flux Analysis

• Identify convective updrafts and downdrafts 
using three partitioning methods:

• Velocity sorting: Use local vertical 
velocity. (OK if gravity waves are absent.)

• Cloud fraction sorting: Use local 
cloud fraction. (OK when updrafts are 
cloudy, downdrafts are clear.)

• Lagrangian sorting: Separate parcel 
trajectories into convective updraft and 
downdraft segments. (Generally OK.)
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* cloud fraction sorting
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The following results are based on a subset of the 
trajectories called penetrative updrafts and downdrafts:

• penetrative updrafts start near the surface.

• penetrative downdrafts start near cloud top.
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• dynamic p.g.f. (pressure gradient force) 

• buoyancy force,  including buoyancy p.g.f.

• turbulent mixing (relatively unimportant)
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Virtual potential temperature (K)
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Figure 6: 100 m resolution for all points, red x denotes mean, black bars denotes 25
and 75 percent quantiles, blue bars denote minimum and maximum values.
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LES of Trade Cumulus

Analyses and plots by 
Pete Bogenschutz
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Figure 3: 100 m resolution for cloud segment points, red x denotes mean, black
bars denotes 25 and 75 percent quantiles, blue bars denote minimum and maximum
values.
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LES of Trade Cumulus
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FIG. 5. Profiles of the in-cloud means of sl and qw obtained from
observations, the instant mixing parcel model, and from the EMPM
(for entrained blob sizes of 50, 100, and 200 m) using conditional
sampling (black lines) and complete sampling (gray lines). For ref-
erence, the environmental and adiabatic (nonentraining) parcel model
profiles are also included.

FIG. 6. Profiles of the in-cloud standard deviations of sl and qw
obtained from observations, the instant mixing parcel model, and
from the EMPM (for entrained blob sizes of 50, 100, and 200 m)
using conditional sampling (black lines) and complete sampling (gray
lines).

aspects. The conditionally sampled mean profiles have
larger values of �l�/la and �B� than their corresponding
completely sampled mean profiles (as one would expect
from the difference in the sampling methods) and ex-
hibit a greater dependence on the entrained blob size.
However, no set of mean profiles for a particular blob
size matches the observations best.
Figure 7 illustrates that instant mixing always pro-

duces the smallest values of �l�/la and �B�. This figure
also shows that 1) all of the profiles of �l�/la obtained
from the EMPM (for the three entrained blob sizes and
for both sampling methods) more closely match the ob-
served profile than does the instant mixing profile and
2) that all of the values of the vertical average of �B�
obtained from the EMPM more closely match the av-
erage observed value than does the average of the instant
mixing profile. In addition, the nonbuoyancy levels pre-
dicted by the EMPM are all closer to the observed level
than is the instant mixing parcel model’s nonbuoyancy
level.

Figure 7 also shows that the profiles of �l�/la predicted
by the EMPM agree well with those observed except
near cloud base (where measurement uncertainties are
magnified) and in the inversion layer (near p � 800
mb). It is likely that in the observed cumulus clouds,
only the most buoyant (least diluted) parcels penetrated
into the trade inversion. The EMPM with an entrained
blob size of 100 m predicts that local buoyancy values
range from �1 to �1.5 K at the inversion base (830
mb). Instead of carrying the entire parcel mass upward
into the inversion as the EMPM does, RJB’s profile of
�B� suggests that cumulus clouds detrain the less buoy-
ant air as they rise into the inversion.
Figure 8 shows that the sampling method has little

impact on the profiles of l� and B� obtained from the
EMPM for the three entrained blob sizes. The figure
also shows, just as for the mean profiles, that all of the
profiles of l� obtained from the EMPM more closely
match the observed profile than does the instant mixing
profile and that all of the values of the vertical average
of B� obtained from the EMPM more closely match the
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FIG. 7. Profiles of the in-cloud means of l and B obtained from
observations, the instant mixing parcel model, and from the EMPM
(for entrained blob sizes of 50, 100, and 200 m) using conditional
sampling (black lines) and complete sampling (gray lines). For ref-
erence, the adiabatic (nonentraining) parcel model profile of B is also
included.

FIG. 8. Profiles of the in-cloud standard deviations of l and B
obtained from observations, the instant mixing parcel model, and
from the EMPM (for entrained blob sizes of 50, 100, and 200 m)
using conditional sampling (black lines) and complete sampling (gray
lines).

FIG. 9. Profiles of the ensemble average fraction of unmixed cloud
base air from the EMPM for entrained blob sizes of 50 m, 100 m,
and 200 m. The profile for entrainment with no mixing is also shown.

observed value than does the average of the instant mix-
ing profile.
In summary, the profiles of �l�/la, �B�, l�, and B� pre-

sented in Figs. 7 and 8 clearly show that finite-rate
mixing of entrained blobs of 50–200-m size is required
to match the observations. However, it is difficult to
select results for a particular entrained blob size as the
‘‘best fit’’ due to measurement uncertainties.

c. Unmixed cloud base air

An interesting quantity obtained from the EMPM that
can be compared with measurements when they become
available is the ensemble-average fraction of unmixed
cloud base air (Fig. 9). The fraction of unmixed cloud
base air is defined as the fraction of the total number
of grid points for which qw(pb) � qw � 0.02qw(pb).
Based on this definition, Fig. 9 shows that unmixed
cloud base air is rarely found in these simulations above
p � 880 mb for d � 50 m and above p � 840 mb for

Entraining Parcel Model of Trade Cumulus

from Krueger et al. 1997




