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ABSTRACT

From results of large-eddy simulations of the clear convective boundary layer and of a stratus-topped boundary
layer, mean properties of “plumes” that consist of “updrafts” and “downdrafis” are determined. The plumes
are defined locally by the sign of the vertical velocity or of moisture fluctuation or by a combination of both.
As a further alternative, updrafts and downdrafis in which the vertical velocity magnitude exceeds certain
threshold values are considered. The first two variants divide the motion field into two streams, whereas in the
other variants “environmental™ air forms a scparate stream. The computed mean properties are in general
agreement with existing measurements, From the results we compute mean vertical fluxes assuming “top-hat
profiles” and compare these with the actual fluxes. It is shown that the most uniform flux approximation is
obtained if the plume structure is classified in terms of vertical velocity w. For such “w plumes,” the top-hat
profiles approximate about 60% of the actual fluxes if updrafts and downdrafts are distinguished with zero
threshold values just according to the sign of the vertical velocity. A higher percentage is obtained with nonzero
threshold values.

1. Introduction WI = a(e,wufy + agwafy + aw.f),  (3)

W = baw(fu = fa)- @

Here, w* and w** are “flux velocities,” a and b are
constant coefficients of order unity, and o, is the height-

The motion in clear or stratus-cloud topped con-
vective boundary layers exhibits a coherent structure
of convective circulations composed of “‘updrafts” and
“downdrafts,” possibly separated by “‘environmental

air,” The updrafts are composed of quasi-steady large-
scale plumes, which often extend from the surface far
up into the boundary layer and which carry a large
portion of the vertical fluxes within the boundary layer.
This justifies the “top-hat approximation” in which
vertical fluxes w'f’ are computed as if the vertical ve-
locity w and the transported quantity fat a given height
were constant within the two or three regions of mo-
tion. Let a, denote the area fraction taken by updrafts
(subscript p = u), downdrafts (p = d), and environ-
ment (p = e) at a given height and let w, and f, denote
the corresponding mean values of w and f, respectively.
Then previously proposed approximations (e.g., Betts
1973; Greenhut and Khalsa 1987; Manton 1975; Bus-
inger and Oncley 1990) are

W' = w*(fy = F), where f'= aufy + aafa + acf;,
(1)
w7 = o**(fu — f2), (2)
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dependent rms vertical velocity fluctuation. These ap-
proximations are applicable if 2 and b are about con-
stant for all relevant quantities f, and if «* and w**
have universal height-dependent profiles within con-
vective layers, both for clear and cloudy cases. The
parameter values depend on the criterion used to dis-
criminate between the two or three regions of motion.
In previous studies, the top-hat approximation was ap-
plied to scalar fluxes. Its applicability for fluxes of hor-
izontal momentum (/"= u) or vertical velocity variance
(f= w) has not been tested.

Several experimental studies have considered the
mean properties of plumes including the related fluxes.
A wide variety of plume definitions has been used in
the literature. Lenschow and Stephens (1980), for ex-
ample, studied the convective boundary layer over the
ocean and discriminated “thermals” from environ-
mental air by requiring that the humidity be larger
than a certain threshold for a sufficiently large distance
within the thermal. Penc and Albrecht (1987) followed
Nicholls and LeMone (1980) to investigate solid and
broken cloud-topped mixed layers. They defined up-
drafts as that part of a measured time series having
collocated positive values of vertical velocity and hu-
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midity fluctuations. Segments of the time series where
both quantities are negative are classified as downdrafts,

leaving a remainder of environmental air that belongs

to neither of these two classes. Greenhut and Khalsa
(1982, 1987) identified an updraft (downdraft) in the
marine atmospheric boundary layer when the vertical
velocity fluctuation is larger (smaller) than a certain
threshold value for a minimum time along the flight
path of the measuring aircraft. Otherwise they classified
the motion as belonging to environmental air. Young
(1988a,b) analyzed data from a convective boundary
layer over land and defined updrafts and downdrafts
in terms of either positive or negative spatially filtered
vertical velocity. The filter excludes scales smaller than
about one-tenth of the boundary-layer thickness. Fur-
ther studies have been reviewed in the references just
mentioned. Hence, practically every study is based on
a different definition of plumes, and thus conclusive
comparisons cannot be made between the various
studies. Moreover, the measurements apply to either
clear or cloudy boundary layers and it is not obvious
how the findings depend on the type of boundary layer.

In this paper we present analysis of large-eddy sim-
ulation (LES) results applying various types of plume
definitions in order to find out for which classification
the top-hat profile model gives the most uniform and
universal approximation, in which the coefficients are
the same for any transported quantity and are simple
functions of height or are constant. Qur ultimate ob-
jective is to set up a predictive model for plume dy-
namics in stratus-topped boundary layers. Since more
data on plumes are available for the clear case, we first
compare plume statistics from the LES for the dry con-
vective boundary layer (CBL) with observations and
then discuss the stratus-topped boundary layer (STBL).
By comparing the results from the two cases we learn
about the cloud effects with respect to plume properties.

Large-eddy simulations (see the review by Nieuw-
stadt 1990) resolve the energy-carrying eddies while
modeling subgrid-scale (SGS) contributions. They have
been used to identify the spatial structure of plumes in
the CBL (Schmidt and Schumann 1989) and in the
STBL (Moeng and Schumann 1990). Such simulations
with fine resolution have been shown to be very suc-
cessful in simulating quantitatively the characteristic
features of buoyancy-dominated clear boundary layers
because the convective circulation with plumes or
thermals can be resolved. Relatively few simulations
have been performed for stratus-topped boundary lay-
ers (Deardorff 1980, Moeng 1986).

For the present study, we use available simulation
results, which were obtained before from the LES-code
of Moeng (1984, 1986). We treat the LES results just
as experimental data and assess their validity by com-
paring to experimental results where possible and by
comparing the magnitude of the observed effects rel-
ative to SGS contributions. The conditional averaging
procedure will be based solely on the resolved field.
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Thus, our approach is similar to experimental studies
that use filtered fields to classify the plume type or re-
quire the indicator function to persist over a certain
interval.

2. The large-eddy simulation data

The method for the clear convective boundary layer
(CBL) and the parameters of the simulations, em-
ploying 96° grid points, are as described in Moeng
(1984) and Moeng and Wyngaard (1989). The (equi-
distant) grid spacings are Ax = Ay = 52.1 m in the
horizontal directions and Az = 20.8 m in the vertical.
The flow is driven by a constant geostrophic wind of
10 m s™' in the x direction with a Coriolis frequency
of 10™* s™!. The results for the CBL are scaled using
the convective velocity scale w, and the temperature
scale T, which are based on the surface heat flux, the
height of the boundary layer z; (actually the height
where the vertical heat flux takes its minimum value),
and the buoyancy parameter. The ratio between
boundary layer height z; and the Obukhov length L is
rather large, z;/L = —14. Hence, turbulence in the
present case is mainly driven by buoyancy with small
contributions from shear (friction velocity u, = 0.589
ms™', w, =2.02ms™!, z; = 1030 m). Figure 1 depicts
mean profiles of u, v, and ¢ in the CBL. We observe
the well-mixed part of the CBL with close to uniform
potential temperature below the inversion. The strong
mixing in this layer is also reflected in the velocity pro-
files. Rather strong vertical shear appears at the inver-
sion and near the surface. The budget of kinetic energy
and the profiles of kinetic energy and vertical velocity
variance have been shown in Moeng and Wyngaard
(1989). The energy budget shows that, in this case,
shear contributes only a little to energy production ex-
cept near the surface. The large value of the vertical
velocity variance within the mixed layer indicates
strong updrafts and downdrafts. The kinetic energy in
the subgrid scales is small (less than 15%) in compar-

v imi/s]

1B 2 —2
Z_ {a) ] ]
Zi | ] ]
10] 1 —
] I ]
05 ] ]
] T 1
01 1 ]

296 300 304 308 7 8 9 10
8 [K] u[m/s]

FIG. 1. Mean profiles in the CBL versus height z. (a) Potential
temperature and (b) horizontal wind components.
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ison to the energy of all scales; i.e., most of the energetic
motions are resolved by the LES.

The method for the cloudy case (STBL) and the
parameters are as described in Moeng (1986), simu-
lation case I, except that the code was rerun with 803
grid points instead of 40%. The vertical grid width has
been halved to 12.5 m. The horizontal grid spacing
(62.5 m) is the same as in Moeng (1986) but the size
of the computational domain has been doubled hori-
zontally to cover 5 km X 5 km X 1 km. The larger
horizontal domain size allows for the formation of
larger scales and reduces statistical uncertainty in ap-
proximating ensemble means by horizontal mean val-
ues. The surface is kept at constant temperature and
at saturation mixing ratio of the moisture. Mean pro-
files, see Fig. 2, compare closely to previous results
(Moeng 1986). The boundary layer possesses a strong
inversion at z; = 507 m below which a 312-m-thick
solid layer of stratus cloud forms. The liquid water
content grows with height in close agreement with adi-
abatic mixing. The wind profile is similar to that in the
dry case. The inversion extends over only two vertical
grid cells. Convection in the mixed layer is driven
mainly by both longwave radiation cooling at the top
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and the surface buoyancy flux as reflected by the total
heat flux profile in Fig. 2d and the buoyancy production
term B, see Fig. 2e, which equals the flux of virtual
potential temperature. Here turbulence results are
normalized by a convective velocity w,, which is based
on the averaged buoyancy flux inside the cloud layer
(Moeng 1986). Often experimental data have been
normalized by the velocity scale

Z; 1/3
Wep = [Z.ST"gJ; w’%dz] (5)

introduced by Deardorff (1980), and we use this scale
in comparisons. On average, w, = 0.829 m s™!, w,p
=1.102 ms™', and u, = 0.300 m s™'. According to
the large ratio z; /L = —20, shear (curve S in Fig. 2e)
contributes significantly only near the surface and, to
a minor extent, at the inversion. Turbulent transport
(term D in Fig. 2e) balances the energy loss by dissi-
pation {—¢) and buoyancy at the inversion. The profiles
of velocity variances and kinetic energy E, Fig. 2¢, have
a shape similar to that in the dry case, except that cloud
forcing has caused larger variances in the upper part
of the boundary layer.
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FIG. 2. Mean profiles in the STBL. (a) Liquid water potential temperature (full curve) and
virtual potential temperature (dashed); (b) total and liquid water content; (c) wind components;
(d) sum of liquid water static energy and longwave radiation fluxes (full curve) and liquid water
static energy flux alone (dashed); (e) budget of kinetic energy due to buoyancy B, shear S,
dissipation ¢, and turbulent transport D; and (f) total kinetic turbulence energy E, SGS energy

e, and variance components.
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3. Conditional sampling method

We determine conditional mean values f, of any
quantity f for either of the three classes p = u, d, e
from averages over all discrete grid points, i =1, + + -,

M., j= , M, in a horizontal plane at height z:
f(2) = Zl E L(xi, v, 2)f(xi, ¥js 2)/
i=1 j=1
My M,
1 Z I(x:, ¥, 2), (6)
i=1 j=1

where I, is the “indicator function” that discriminates
between “‘updrafts” (1), “downdrafts” (/;), and pos-
sibly “environmental air” (/) through the following
definitions:

1) “wplumes” using vertical velocity:

= 1if w(x, y, z, t) > wh, I, = 0 otherwise; I;(x, y,
z,)=1if wix, y, z,1) < w,;,, I; = 0 otherwise; I,
=1—-1,—I; In general and for comparison with
Young (1988b), we assume zero threshold values w},
= wy, = 0, so that the set of grid points with environ-
mental air is empty. Greenhut and Khalsa (1982, 1987)
set thresholds for updrafts (downdrafts), wi, (W),
equal to the square root of one-half the variance of all
positive ( negative) values of w’ about w' = 0. In com-
paring to their measurements we find better agreement,
however, when omitting the factor one-half (i.e., using
V2 larger threshold values), as will be explained below.
In order to compare with Nicholls (1989), who inves-
tigated strong downdrafts using a nonlocal criterium,
we will present results with wy; = 0 and with wy,
= “‘O.SW*D.

2) “g plumes” like w plumes but using total mois-
ture (vapor plus liquid water concentration) instead
of vertical velocity and zero threshold values.

3) “wg plumes” using vertical velocity combined
with total moisture: I,(x, y, z,t) = 1 if w(x, p, z, )
> 0and ¢'(x, y, z, t) > 0, I, = O otherwise; I,(x, y,
z,)=1ifw(x,y,z,t)<0and ¢'(x, y, z,t) <0, I;
= 0 otherwise; I, =1—~1,— I,

I(x,y,z,t)

In the clear CBL we use potential temperature instead
of moisture to obtain “T plumes” or “wT plumes.”
We cannot compare with Lenschow and Stephens
(1980) because the LES of the clear CBL has been
performed without moisture. Note that the classifica-
tion is based on the resolved fields w, T', and q. This is
consistent with the usage of filtered measurements by
experimentalists. Local values of the fluxes are com-
puted as sums of grid mean values plus modeled
subgrid-scale contributions. The subgrid-scale parts are
generally of small importance except for the surface
layer. To reduce statistical errors, the results have been
averaged over eight (for CBL) or six (for STBL ) discrete
time points from a time period of 1920 s (CBL) or
1500 s (STBL) for which data are available. In these
periods the simulations are quasi-stationary. For in-
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stance, the velocity # in the CBL changes by less than
0.5 m s~! in that period within the mixed layer. The
averaging periods are sufficiently large in comparison
to the convective time scales (z;/w, = 510 s in the
CBL and 612 s in the STBL) to obtain reliable mean
values.

For a known indicator function, we can compute
the fractional area taken by plumes at height z from
My M,

i
Y My 121 ,Z I,(1, j).
The mean number of plumes per unit length z; in the
x direction, e.g., is determined by

(7

ap =

1

pr": p(i+ l,j)“I,;(i,j)‘,

®

and similarly for N, in the y direction. Here, the in-
nermost sum counts the number of intersections of a
plume surface with a grid line in the computational
domain. The outer sum performs the average over all
parallel lines and the remaining factors provide the
proper normalization. The mean lengths taken by
plumes along either of the two horizontal coordinate
directions are

dyy =

HMR

1M1
ﬁ?z

Ny, dyp = Ny (9)

4. Comparison with experiments

Several authors have reported conditional mean
values based on measurements in clear or cloudy
boundary layers to which we can compare the results
obtained from our two LES cases. The LES results for
the CBL are compared, e.g., in Fig. 3 with data of
Young (1988b). The measurements are taken in a
cloud-free CBL over land for which —z; /L varied be-
tween 11 and 164 (Young 1988a). Hence our simu-
lations (—z; /L = 14) are within the range of parameters
covered by these experiments. The analysis distin-
guishes between updrafts and downdrafts according to
“w plumes” with zero threshold values. The area frac-
tion taken by updrafts is smaller than 0.5 in the mixed
layer. As a consequence of continuity, the vertical ve-
locity magnitude is larger in updrafts than in down-
drafts. This is consistent with a positive skewness of
the vertical velocity (Wyngaard 1987; Moeng and Ro-
tunno 1990). If one compares the present results with
those obtained by Schumann (1989) from LES of a
CBL with zero mean shear, one finds that the shapes
of the computed and the measured profiles of the area
fraction of updrafts and the corresponding updraft ve-
locities agree closely with each other, in particular in
the lower part of the mixed layer. However, the shear-
free case gives slightly smaller area fractions in the up-
per part of the mixed layer (minimum of «, = 0.34
instead of 0.41 at z = 0.8z;). Updrafts are warmer than
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F1G. 3. Comparison of w plume mean values computed from LES
for case CBL (full curves) with measured data (symbols) and cor-
responding interpolations (dashed curves) from Young (1988b).(2)
Area fraction of updrafts, (b) updraft and downdraft velocities, (¢)
potential temperature deviations in updrafts and downdrafts relative
to the horizontally averaged potential temperature.

downdrafts, as to be expected, in the mixed layer. The
reduction in temperature difference very close to the
surface is presumably caused by insufficient resolution
of small-scale plumes in the LES at this level. At the
inversion, updrafts are rising beyond buoyant equilib-
rium because of their inertia and this agrees qualita-
tively with the measurements. At that altitude, the
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model shows some oscillations which are difficult to
explain in detail and are too sharp in the vertical to be
detected observationally given the uncertainties in both
z and z; as measured by aircraft. Therefore, the differ-
ences between measured and computed values are to
be considered as small and this confirms the validity
of the LES data.

In order to document the spatial parameters of
plumes and to identify the possible contributions of
rolls, Fig. 4 shows the LES results for profiles of the
average diameters of updrafts and downdrafts and the
number N of updrafts per unit length, separately for
the x and y directions. The plume diameters increase
with height above the surface, reach a maximum at
midlevels where smaller plumes have merged into
larger ones, and then decrease again because the ki-
nematic constraint by the stable layer at the inversion
suppresses large-scale vertical motions as does the sur-
face. Moreover, at the inversion, gravity waves with
short horizontal wavelengths get mixed with plumes
in the present analysis. In the surface layer and at the
inversion the plumes have larger widths in the down-
stream direction because some of the motions are or-
ganized as convective roll structures, but at midlevel
the diameters are only a little different in the two di-
rections and, hence, most of the large plumes have a
circular mean structure with small contributions from
downstream rolls. The computed maximum values of
the mean diameters are slightly larger than the mean
values reported by Young (1988b) for the “width” of
updrafts, which ranged from 0.152z; to 0.35z;. Young
found that the number density of plumes was scattered
within a range from 1.4 to 2.8, and these data agree
with the model results to within the scatter of the ob-
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FiG. 4. Mean diameters d of updrafts and downdrafts and number
N of updrafts per unit length for case CBL, w plumes. Full curves:
in the downstream x direction; dashed curves: in the y direction.
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Different statistics on plumes have been reported by
Greenhut and Khalsa (1987) from measurements in
a maritime cloud-free CBL. The results shown in Figs.
5 to 7 have been evaluated from the same LES data
with their threshold definitions. The computed thresh-
old value profiles reach extreme values wy, = —0.35w,
and w, = 0.53w,, near z/z; = 0.4, while Greenhut and
Khalsa (1982) and Khalsa and Greenhut (1985) report
threshold value profiles for z/z; < 0.32, which are about
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F1G. 5. Comparison of plume mean values computed for case CBL
(thick curves without symbols are for the original threshold values,
thin curves in some panels are for V2 larger threshold values) with
measured data (symbols) from Greenhut and Khaisa (1987). Full
curves and A: updrafts; dashed curves and V: downdrafts; dotted
curves and O: environmental air. (a) Area fraction of plumes, (b)
number of plumes per unit length, averaged over both directions,
(c) mean diameter of plumes. The thin curves are not included in
(b) because they are very close to the thick curves shown.
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FiG. 6. As in Fig. 5 but for (a) vertical velocity, (b) deviation in

virtual potential temperature from the horizontally averaged profile,
{c¢) deviation in wind speed in x direction from average profile.

10% to 20% larger than the LES results, in particular
at small heights. Such an underestimate is reasonable
because the LES values are computed from the resolved
fields using horizontal grid spacings of about 52 m,
while the experimental data are obtained with a reso-
lution smaller than 10 m. The agreement between
measured and computed data is generally good, but
even better agreement is obtained if we use threshold
values that are larger by a factor of V2. The results
shown in Figs. 5 to 7 are much different from Young’s
results and those reported by Lenschow and Stephens
(1980) because of the different criteria used.

Figure 5 shows that updrafts with large vertical ve-
locity occupy only about 20% of the total area. Their
diameter increases from the surface up to the upper
third of the mixed layer. The number of updrafts per
unit length is smaller than the number of downdrafts.
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FIG. 7. As in Fig. 5 but for (a) vertical buoyancy flux, (b)
momentum flux, normalized by the surface fluxes.

The downdrafts occupy a little larger area fractions and
have greater frequency while diameters of updrafts and
downdrafts are roughly equal. The quantitative agree-
ment with the observations is reasonable but even bet-
ter with the larger thresholds, for which the area frac-
tions and diameters of updrafts and downdrafts are
smaller and very close to the observations. The updraft
velocity, Fig. 6, is larger than the downdraft velocity
and these values are larger in the criterium of Greenhut
and Khalsa than in that of Young. The profiles shown
have about twice the magnitude of the threshold pro-
files, and this agrees with the observations (G. K.
Greenhut, personal communication 1990). But the
LES underestimates the absolute values of the vertical
velocities in the present analysis by about 20% (the
quantitative agreement with observations is again better
when using larger thresholds). The temperature values
are quite close to the observations (this result is rather
insensitive to the threshold values), as are the condi-
tionally averaged downstream velocity fluctuations
when normalized by the friction velocity. Updrafts
carry most of the momentum flux. This can be seen
from the larger difference in horizontal velocity shown
in Fig. 6¢ and in the larger flux values from updrafts
shown in Fig. 7b. Figure 7a shows that also most of
the vertical heat flux is carried by the strong updrafts.
The LES flux results for updrafts and downdrafts are
quite insensitive with respect to the actual threshold
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value, but the agreement between fluxes from the en-
vironmental regions was better when using larger
threshold values. Overall, the normalized profiles agree
with those of Greenhut and Khalsa (1987) to a large
degree in spite of the fact that details of forcing by
shear and surface friction are different. The agreement
is better if we use larger threshold values, and this is
reasonable if one considers the different filters that have
been applied to the data.

Larger differences are found in Fig. 8, where LES
data are compared with data of Nicholls (1989), for a
STBL. The LES data, given by the two sets of curves,
refer to downdrafts defined as w plumes with wy, = 0
or wy, = —0.5w,p. Nicholls’ sampling method differs
from ours. In the time series of the vertical velocity
field he first searched for the event that has w’
< ~0.5wyp. He then used the nearest zero crossing
points on either side of that event to define the extent
of the downdraft and its intersection width. As a con-
sequence, Nicholls’ method selects fewer downdrafts
than we obtain for w; = 0 but more than for wy,
= —(0.5w,p. Mainly because of the difference in the
sampling procedure, the agreement is poorer for the
STBL than for the clear case. But the differences also
certainly arise from deficiencies in the LES. The mea-
surements indicate clearly that the measured down-
drafts are of smaller diameter and larger frequency than
in the simulations. This is probably caused by a still
100 coarse horizontal resolution in the LES for this
STBL case. The ratio Ax/z; amounts to 0.123 in the
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F1G. 8. Computed values from LES for case STBL using w plumes
(full curves: wy;, = 0; dashed curves: wy, = —0.5w,p), with measured
data (symbols) from Nicholls (1989) (with a nonlocal plume defi-
nition). (a) Area fraction of downdrafts, (b) downward vertical ve-
locity averaged over the downdrafts, (c) diameter of downdrafts in
ydirection, (d) number of downdrafts per unit length in y direction.
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STBL, while it is 0.0506 in the CBL simulations.
Hence, a diameter of about 0.25z;, as found in the
measurements, corresponds to only two horizontal grid
cells in the simulation of the STBL. For zero threshold
values, Fig. 8c shows that the maximum normalized
downdraft diameters are about 20% larger than in the
CBL, compare Fig. 4. However, differences will also
be caused by different buoyancy forcing. Nicholls’ cases
are driven by top cooling with very little surface heating.
Some of his data were obtained for cloudy mixed layers
that were dynamically decoupled from a surface layer.
Hence, we cannot expect strict quantitative agreement
in this comparison.

Next we compare results obtained from case STBL
for wg plumes. Such plumes were considered before
by Nicholls and LeMone (1980) and by Penc and Al-
brecht (1987). Here we compare to data obtained by
the latter from measurements in a maritime boundary
layer with broken or solid stratus clouds without a de-
coupled subcloud layer. Penc and Albrecht show data
for the rms values of the vertical fluctuations, w'/ wyp,
from their own analysis and from Nicholls and LeMone
(1980). In the mixed layer, the computed results (the
variance is shown in Fig. 2f) vary between 0.6 to 0.7
and fall within the range of the measurements that vary
between 0.5 and 0.9. In Fig. 9, we compare with respect
to area fractions of the three classes of wg plumes. Penc
and Albrecht ( 1987 ) reported average-area fractions of
0.28 to 0.29 for updrafts, 0.27 to 0.31 for downdrafts,
and 0.41 to 0.44 for environmental air from measure-
ments for various cases. R. S. Penc (personal com-
munication 1990) provided the data plotted in Fig. 9.
We see that our LES results show little variation with
altitude. The computed results for the area fractions
reveal about equal fractions of the three plume cate-
gories, while the data of Penc and Albrecht suggest that
updrafts are concentrated in slightly smaller areas. In
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FIG. 9. Area fractions of updrafts (full curve), downdrafts (dashed),

and environmental air (dotted) in a STBL for wg plumes. The symbols
represent measurements, A for updrafts, O for environmental regions.
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any case, because of using the same sampling scheme,
the agreement is better than in Fig. 8.

Figure 10 shows differences between updraft and
downdraft moisture and temperature profiles. Updrafts
have larger moisture than downdrafts because that is
a condition entering the criterion of wg plumes. In the
lower part of the boundary layer this difference is
caused by surface evaporation. The difference decreases
with increasing height because of lateral mixing be-
tween updrafts and downdrafts. The moisture differ-
ence becomes very large at the inversion because
downdrafts from above the inversion carry very dry
air. The magnitude of this difference reflects the strong
vertical decrease in the mean moisture profile at this
level, see Fig. 2. Because of surface heating, the updrafts
are warmer than downdrafts for most of the mixed
layer by up to six units of the convective temperature
scale in rough agreement with the resuits for the dry
CBL, see Fig. 6b. In the stratus layer, water condenses,
resulting in positive differences in liquid water content
between updrafts and downdrafts. The latent heat re-
lease causes additional buoyancy forcing of the circu-
lation as revealed by the differences in virtual potential
temperature. But the updrafts are colder than down-
drafts at the inversion because updrafts rise beyond the
level of zero buoyancy (virtual temperature difference)
into the much warmer air above the inversion, see Fig.
2. The differences between temperatures of updrafts
and downdrafts would certainly be smaller for a less
stable inversion.

The data points in Fig. 10 are taken from Penc and
Albrecht (1987). The absolute values of the data differ
considerably from the simulation results because of
differences in the absolute values of the fluxes and the
changes in mean temperature and moisture at the in-
version. Therefore, the data have been normalized and
plotted according to the upper ordinate in Fig. 10. Here
we use the convective scales of temperature 7',p and
moisture g, such that w,pT ,p equals the mean ver-
tical temperature flux and w,pg,p the mean vertical
moisture flux averaged from z = 0 to z = z;, where
w,p is Deardorff’s velocity scale, see (5). From the
data of flights 4 and 5 analyzed by Penc and Albrecht
(1987) we determine w,p = 0.54, 0.31 m s™}, Typ
= 0.007, 0.0023 K, g4p = 0.016, 0.011 g kg™, for the
two flights, respectively. In the LES results, the corre-
sponding scales are 7,p = 0.027 K, g,p = 0.017 g
kg~'. The normalized data agree quite well with the
simulated results. This is true in particular with respect
to the liquid water and total moisture differences. The
subcloud temperature differences show larger devia-
tions but the measurements support the strongly neg-
ative temperature difference at the inversion. In the
subcloud layer, the results are of a magnitude that is
comparable with data recorded by Nicholls and
LeMone (1980).

These results show that the simulations for the CBL
agree quantitatively with observations from very dif-
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and virtual potential temperature (Af,).

ferent field experiments and analysis methods so that
we can use the LES data to determine the parameters
of Egs. (1)-(4). For the STBL, the agreement is still
sufficient to identify changes in these parameters as
introduced by a cloud layer.

5. Top-hat profile parameters

Horizontally averaged flux values versus height ( full
curves) for various transported quantities are shown
in Fig. 11 for the CBL and in Fig. 12 for the STBL.
Also plotted are the contributions from plumes ac-
cording to the simple top-hat approximation:

W =~ (uWufy + aawafa + awefe).  (10)

The various curves apply to different types of plume
definitions but all with zero threshold values. In general,
the top-hat approximation underestimates the actual
flux profiles, which means that the coeflicient a in Eq.
(3) should be larger than unity. The strong reduction
of the approximated fluxes in the lowest 10% of the
boundary layer is caused by insufficient resolution of
the narrow plumes near the surface. Here, and only
here, large portions of the total fluxes in the LES are
carried by subgrid-scale motions.

From Fig. 11, for the CBL, we see that w plumes
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‘% [ (a) | A ]
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1}k ] : q -
L ] ] ]
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[ ] ] ]
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FiG. 11. Normalized fluxes in the CBL. (a) Heat flux, (b) momentum flux, (c) vertical velocity
variance. Full curves: total flux; dashed curves: top-hat profile approximation for w plumes, dash-dotted
curves: same for T-plumes.
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F1G. 12. Fluxes in the STBL. (a) Heat flux, (b) latent heat flux, (¢} momentum flux, (d)
buoyancy flux, (e) liquid water flux, (f) normalized vertical velocity variance. Full curves: total
flux, long-dashed curves: top-hat profile approximation for w plumes, dash-dotted curves: same
for g plumes, short-dashed curves: same for wg plumes.

give about the same contributions from top-hat profile
approximations as do 7 plumes with respect to the
temperature flux; but 7 plumes underestimate plume
contributions to the momentum flux and to vertical
velocity variance, in particular in the upper part of the
boundary layer. T plumes do not describe the fluxes
as well as w plumes because in the upper boundary
layer the correlation between w' and T is weak, and
therefore not much of the variance in w' is associated
with events defined in 7. However, we see that the w
plume results are uniformly smaller than the actual
fluxes by a factor of order 0.6 and close to constant
throughout the mixed layer 0.1 < z/z; < 0.8. This is
the first indication that w plumes provide more uniform
top-hat approximations to fluxes than other types of
plume definitions.

Figure 12 shows similar comparisons for the STBL,
including fluxes of nonconserved quantities like buoy-
ancy or liquid water. Generally, the top-hat approxi-
mation, Eq. (10), underestimates the actual flux mag-
nitudes. However, it overestimates the moisture fluxes,
given in Fig. 12, panels (b) and (e), and the heat and
buoyancy fluxes, (a) and (d), when using ¢ or wg
plumes. Especially the wg plumes (short-dashed curves)
give much too large moisture flux at the inversion. This
is partly a consequence of the criterion that selects those
plumes with large correlation between moisture and
vertical velocity. The overestimate is particularly large

at the inversion where updrafts are very much more
moist than downdrafts, see Fig. 10a, so that the related
fluxes are large. Also, dry air entrained from above the
inversion exhibits large negative moisture fluctuations
correlated with negative vertical velocity resulting again
in a strong positive vertical flux. From the numerical
results we found that each of these two positive fluxes
is much larger than the total flux and the negative con-
tribution by the environmental part is too weak to bal-
ance the overestimates from updrafts and downdrafts.
A smaller overestimate might arise at less stable in-
versions. The wq plumes also overestimate the entrain-
ment heat flux because entrained air exhibits negative
moisture fluctuations but positive temperature devia-
tions. The g plumes (dash-dotted curves) result in flux
profiles that differ qualitatively from the actual flux
profiles not only at the inversion but also in the mixed
layer. Obviously, only w plumes (long-dashed curves)
give uniform top-hat approximations. This is reason-
able because w plumes are defined according to the
vertical velocity, which is responsible for vertical trans-
ports by plume motions.

In Fig. 13, we show the coeflicients a and b and the
flux velocity w*, which result from Eqs. (1)-(4) using
the LES resuits for w plumes. Profiles of w** are not
plotted because, by definition, w* */ o* = o, ~ 0.5 for
plume definitions that distinguish between updrafts and
downdrafts only. In this case, a, = 0, and continuity
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F1G. 13. Coefficients a (top panels) and b (middle) and flux velocity
w* (bottom), as defined in Eqs. (1), (3), (4), for w plumes with zero
threshold values. Left: CBL, right: STBL. The various curves result
from different values of the transported quantity f. Solid: 8 (or 8, for
STBL), long dashed: u, short dashed: w, dash-dotted: g.

implies azw* = w** = ga,w, = bo,,. The results are
shown only for z > 0.1z; because the LES underesti-
mates contributions from narrow plumes near the sur-
face. This underestimate causeés a strong increase in
the coeflicients near the surface, while Businger and
Oncley (1990), from high-resolution data, find an al-
most constant value b ~ 0.6 even at very small alti-
tudes. In Fig. 13, the flux velocities for the STBL are
normalized by w,p, Eq. (5). Penc and Albrecht (1987)
proposed to normalize by (w2, + 4u2)!/2. However,
this normalization gives only small differences because
of the smallness of u,/wyp in the present simulations.

We find that the coefficients a and b are not strictly
constant and not strictly independent of the transported
quantity. The differences between the various coeffi-
cients and flux velocities are smaller if one compares
the results only for the scalars #(6;) and g, while for the
velocity components larger differences appear. This
might be caused by pressure forces that affect the latter
more than scalar quantities. The results show large
fluctuations in the upper part of the mixed layer be-
cause both the fluxes and the plume differences become
small or even change sign there, but not exactly at the
same altitude. Hence, the top-hat approximation is
generally meaningful only in the mixed layer; i.e., for
z/z; < 0.8. Much larger variations have been found in
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comparable plots (not shown) for g plumes ( T plumes)
and wg plumes (wT plumes). The differences between
the various curves are smaller in the STBL than in the
CBL. This might originate from the fact that the fluxes
in the STBL in the upper mixed layer are larger than
those of the CBL, so that the coefficients and flux ve-
locities are determined with less uncertainty. As can
be seen from Egs. (1)-(4), the ratio between q, b, and
»** depends only on the plume properties, indepen-
dent of the quantity f.

The largest degree of uniformity of the coefficients
and flux velocities for the various transported quantities
has been found for w plumes with threshold values as
defined by Greenhut and Khalsa (1987). Further eval-
uations of the mixed layer of the CBL in w plumes
with such threshold values as used by Greenhut and
Khalsa (1987) resultina ~ 1.3 £ 0.1, b ~ 04 £ 0.1,
w*/w, =~ 04 = 0.1. Figure 14 shows, e.g., the LES
results for «** in w plumes in comparison with ex-
perimental data for the CBL. The magnitude of w**/
w, ~ 0.24 + 0.05 is within the range of data reported
by Betts (1976) and Nicholls and LeMone (1980) who
considered wg plumes. Using V2 larger threshold values
result in about 15% smaller flux velocities.

6. Conclusions

The LES results compare generally well with obser-
vations. For the CBL the only significant differences
are in the near surface layer (where subgrid-scale con-
tributions are important ) and near the inversion where
turbulence interacts with gravity waves and where the
model shows variations at vertical scales, which are too
small to be detected observationally given the uncer-
tainties in both z and z; as measured by aircraft. Ob-
viously, the LES method has become a validated tool
to predict properties of convective boundary layers.
The differences between observed and simulated STBLs

0.8 1
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FIG. 14. Flux velocity w**/w,, see Eq. (2), for w plumes with
nonzero threshold values as defined by Greenhut and Khalsa (1987),
for the CBL. The circles indicate data from these authors. Solid: f
= @, dashed: u, dotted: w.
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are considerably larger than those between observed
and simulated CBLs. This may result from one or a
combination of the following reasons: differences in
the sampling scheme used in analyzing the STBLs, the
coarser grid resolution for the STBL simulation, dif-
ferences in the actual inversion properties, or effects of
physical processes not included in the LES of the STBL
(e.g., solar radiation). The CBL simulations cover both
the properties of the clear CBL over land and over sea.
Hence, physical processes other than the surface heat
and moisture fluxes are of little importance for con-
vective boundary layers. The results match very well
with the well-established convective scales.

We have shown that top-hat approximations give a
most uniform representation of the vertical profile of
fluxes of various transported quantities if the plumes
are w plumes, i.e., classified according to the local ver-
tical velocity. The approximation is generally better
for nonzero threshold values, but this requires one to
treat environmental regions in addition to updrafts and
downdrafts. Classifications based on temperature or
humidity give uniform approximations only if these
quantities are well correlated with vertical velocity
fluctuations. The combined usage of vertical velocity
fluctuations with temperature or humidity fluctuations
can result in overestimates of the fluxes, in particular
near strong inversion. For w plumes, the top-hat ap-
proximation gives a fair approximation not only for
scalar fluxes but also for fluxes of horizontal momen-
tum and for the vertical velocity variance.

For w plumes with zero threshold values, and for
the mixed layer of the CBL, we recommend a ~ 1.6
*+ 0.1, b =~ 0.6 £ 0.1. Hence, the simple top-hat ap-
proximation, Eq. (10), describes a™! ~ 0.625 + 0.04
or about 60% of the total fluxes of all relevant quan-
tities. The same result has been found by Young
(1988b). The remaining 40% of the fluxes are trans-
ported by subplume motions that are lost when aver-
aging over updrafts and downdrafts separately. The
subplume fraction is smaller (10% to 30% in the LES)
when using w plumes with nonzero thresholds, where
environmental regions are treated separately, as also
shown by Khalsa and Greenhut (1985). For w plumes
with zero thresholds, the value of w*/ w, is of order 0.7
and weakly dependent on z/z;. For w plumes with non-
zero thresholds as in Greenhut and Khalsa (1987), we
support their result w**/ w, = 0.24 + 0.05 within the
mixed layer of a CBL. In a subsequent paper, we will
consider budgets of various fields within plumes.
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