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1. INTRODUCTION HAPEX-FLIGHT 6 (21 May, 1986)t

Boundary-layer cumulus clouds play an important 3000 ..........
role in surface energy budget via the interaction between
clouds and radiation. In turn the formation and

evolution of these clouds are dependent upon the 2500.
t)oundary layer turbulence structure.

In this study, }[APEX aircraft sounding and near- .-.
surface horizontal flight-leg data are used to calculate the '_ 2000-

distributions of the mixed-layer height (Zi), the lifting F..a

condensation level (LCL), the level of free convection _._ 3 7 11
(LFC), and the limit of convection level (LOC). The = 1500

joint distributions of LCL and Zi, and LCL and near- ._ 17
surface virtual potential temperature Ov are used to

" 1000,

diagnose boundar.c-layer cumulus-cloud coverage, which _ , ,GFi :=_Eitr.oH, i

then are compared with HAPEX airborne cloud --,
observations.

The distribution of the convective available 500 t0 r H

potential energy (_CAPE)of each air parcel at their LCL
and LFC and the _APE protile of sounding are plotted - --"
together, which provide an alternative estimate of 0.t ......
cumulus cloud coverage. 11 112 ' _3 ' {4

Local Time (h)
2. HAPEX FIELD EXPERIMENT

Fig. 1. Flight 6 of the NCAR King Air aircraft during
The HAPEX (Hydrolo.gic Atmospheric Pilot HAPEX on 21 MAY, 1986. The letters E, F, G, and H

Experiment) project was conducted near Toulouse, represent four different locations with different

France in 1986. The NCAR King Air aircraft underlying surfaces near Toulouse, which form aircraft

participated in a special observing period of this flow pattern. The numbers indicate each flight leg.

experiment between 9 May and 15 July. Twenty-six The dashed line shows maximum ground altitude, which
is 150 m above mean sea level.flights were flown following a fixed pattern within a

100 km X 100 km area during this period (Hildebrand, 3. LCL, LFC, AND LOC _ _S_ E_
1988). Flight 6 on 21 May was selected as the case DISTRIBUTIONS
study for this paper for its suitable cloud conditions and

high dataquality. It includes five sounding legs and The so_mdings of temperature (T), virtual potential
nine near-surfacehorizontal legs(Fig. 1). temperature (0v), and specific humidity (q) were

smoothed with a Gaussian filter. The LCL for each data

point in the horizontal leg are calculated based on its

_lEi'_lEItJTION OF THI,S DOCUMENT IS UNLIMIf'Z,.

yC04-z.



i ,_L,

,i

b

near-surface measured pressure (F'), T, and q. Those data cloud top is higher than the observation. This '
| points that are warmer than the environment are difference may be caused by neglecting late/al mixing

considered as rising air parcels. They are lifted dry during adiabatic lifting.
adiabatically to their LCL and then moist adiabatically Clouds form when parcels' LCLs are lower than
to the height of the highest sounding level. The LFC, their Z i. The buoyancy driven boundary-layer cumulus
LOC, and Z i of each air parcel are determined by cloud (Cu) coverage can be estimated by using the joint
comparing a parcel's 0v with that of the environmental distribution of the parcel's local Zi and LCL level (Fig.
sounding (Stull, 1988). 3). Among rising parcels, those above the thick line

(i.e., LCL < Zi) contribute to cumulus clouds. The
calculated cumulus cloud cover is 37.3%, while the

(a) .5 subjective report by observers in the aircraft is 40 502400 _ "" "
% (Stull 1986). Active cumulus cloud cover can be

,--. 2200 III/_ ._lr_¢ IL/l_,. _ _. I estimated by the number of cloudy points that reach

"_ "_1_11_" w their LFC level. The estimated active cloud cover is
E :_000 - 33.6 %, while the airborne observation of active Cu is
E _¢ 30 50 %.
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,d 600 Fig. 3. Joint distribution of Z i and LCL for horizontal
leg 6 and sounding 7 of Flight 6 in HAPEX. The thick

500 line indicates Zi = LCL.
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The Zi vs. LCL data such as in Fig. 3 are difficult
Fig. 2. Distribution of calculated (a) cloud top (LOC) to use, as noted by Wetzel (1990). An alternative
and (b) cloud base (LCL)'from horizontal flight leg 6 approach is developed in this section that uses easy-to-
and sounding leg 7 of Flight 6 in HAPEX. The thick measure (and hopefully easy-to-parameterize) near-
horizontal lines indicate the approximate heights as surface data, such as P, T, and q.

reported by observers in the aircraft. Each data point Both LCL and 0 v (calculated from near-surface
represents a 20HZ samp,e, and there are 12600 samples measured P, T, and q) of an air parcel are dependent on
plotted in this figure, the properties of the underlying surface, the vegetation,

the shape of terrain, and local weather conditions. The

Distributions of the caAculated cloud base height joint distribution of LCL and 0 v from horizontal leg 6

(LCL) and cloud top height (LOC) from near-surface (above a flat forested area) together with the 0 v profile
of sounding 7 are plotted in Fig. 4. Fig. 5 displays a

horizontal leg 6 and sounding leg 7 are shown in Fig. similar plot except for horizontal leg 4 (over a hilly
2. The observed average cloud base and cloud top farmland) and sounding 3. Those points to the right of
during that period are also plotted as thick horizontal the sounding are warmer than the environment and their

lines. The general agreement between calculation and LCL levels are lower than Z i. They can form clouds.
observation is good; however, the average calculated Notice that the shapes of the joint distributions for both
cloud base is slightly lower than the observation and the horizontal legs (Fig. 4 & Fig. 5) have some similarities
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• ' and differences that might be possible to parameterize
• based on surface, weather, and mean boundary-layer

conditions. Fig. 6 shows the contours of the joint

dis_ibution of LCL and 0 v in Fig. 4. The Cu cloud 1000 _,40
coverageforcedby buoyancycanthenbediagnosedby

overlaying the observed 0 v soundings onto the _ 900 ("'_
paramemrized joint distribution of LCL and 0v for the E

corresponding surface and weather conditions. ,_E 800
)==,_
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" Techniques such as shown in Figs 4 & 5 consider
500 - [ only the buoyancy of the parcel relative to th_

! environment, but neglect other factors that can
400 ' ' " ' " " _ .... _ .... contribute to cloud formation such as parcel inertia,

288.5 289.0 289.5 290.0 290.5 291.0 background turbulence, and terrain-induced motions.
The next section provides an alternative technique into

Thetav fK) which these other energy sources can be more easily
incorporated.

Fig. 4. Joint distribution of LCL and 0 v from the near
surface horizontal leg 6 and 0 v prof'de of sounding 7. S. CAPE APPROACH

Vertical profiles of the convective available
potential energy (CAPE) are computed for aircraft

9 0 0 soundings and for individual parcels along horizontal
. legs based on a reference virtual potential temperature

800 - (0vr) (Randall & Wang, 1992) as follows:.
":'_" Soundm_ 3

= 700 - (Ovp - 0vr) dz (1)_, _ CAPEp [z =

"_- e0o -_

- CAPEs [z- (0rs- 0vr) dz (2)
"_.J 500 Z . z--zo

,q
--- 4

...; --, where CAPEp and CAPE s are CAPE for air parcels and
" 400 _ ._)'.,. sounding at height Z. Zo is the starting height of

3 00 - sounding and CAPE at Z o is assumed to be zero. 0 w is
-" . chosen as the average measured 0v from the near-surface

horizontal leg. 0vp and 0vs are the potential
288.0 288.5 289.0 289.5 290.0 temperature for air parcels and sounding at height Z.

The difference in CAPE between air parcel and the
Thetav (K) environment at certain levels indicates the potential

convective energy the parcel has at that height. CAPE
at LCL and LFC of each parcel for leg 6 and CAPE

Fig. 5. Same as Fig. 4 except for horizontal leg 4 and profile of sounding 7 are plotted in Fig. 7. Similar to
sounding 3. Fig. 4, those points to the right of the CAPE profile
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are rising at their LCL level (Fig. 7a); therefore, they includes the cloud buoyant inertia, while CAPE tends to ,
form cumulus clouds. Those points to the right of overestimate the cloud coverage because it. does not
CAPE profile in in Fig. 7b form active cumulus consider the friction drag between clouds and their
clouds. The CAPE method allows other energy environment. The initial cloud fields are not included in
sources, such as mechanical turbulence and terrain the above calculations.

forcing, to add to the cloud coverage over that from
buoyancy alone. The total cloud coverage based on the 6. CONCLUSION
CAPE method for leg 6 is 65.2% and active

cloud.coverage is 57.1%. They are closer to the HAPEX aircraft near-surface horizontal leg and
airborne observations than results obtained from the 0v sounding data are used to calculate the lifting

method (see section 3). The 0 v method tends to condensation level (LCL), the mixed-layer height (Zi),
underestimate the cloud coverage because it does not the level of free convection (LFC), the level of limit

convection (LOC) for each data point along a horizontal
flight leg. The convective available potential energy

12 0 0 _ (CAPE) for horizontal flight leg and sounding are also
computed. Two methods are used to determine the

11 0 0 -_ :" buoyancy driven boundary-layer cumulus cloud coverage

__ Sounding 7 and type. One approach compares computed LCL's1 000 -q from near surface measurements with the observed local

_.. _ inversion height. Rising parcels with LCLs below the
"_ 900 _ inversion form clouds. The alternative approach
= _ examines a parcel's CAPE at their LCL with the
_" 800 "; environment's CAPE profile. Clouds are formed from

i • :,
"" " approach tends to underestimate cloud formation by70 0 _ ._, parcels with positive buoyancy at their LCL. The 0 v

. ' _ _ ._ neglecting buoyant inertia. The.CAPE approach agrees
-- 6 0 0 " better with the observations in this study and allows for

a more complete representation of energy sources of

500 2 boundary-layer cumulus clouds. These case studies
show the start of a lar_er project with the coal of

400 , parameterizing cumulus cloud coverage for use in
weather and climate forecast models.
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