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Figure 1.  Time series of vertical velocity 500 m above
the surface at the central facility on 10 July 1995
measured with the 915-MHz wind profiler.  Data are
15-s averages, passed through 25-weight binary filter
(  = -0.25 m/s).
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Introduction

Past efforts (Coulter et al. 1993, 1995) have shown that meas-
urements of vertical velocity, w, in coherent structures within
the Planetary Boundary Layer (PBL) in convective conditions
can be directly related to the convective velocity scale, w*,
which is, in turn, related to areally averaged heat flux, H, and
the mixed-layer height, z .i

Analysis of data from the Boardman ARM Regional Flux
Experiment (BARFEX) in 1992 (Doran et al. 1992) and an
Intensive Operating Period (IOP) at the central facility of the
Southern Great Plains Cloud and Radiation Testbed (CART)
during October 1994 (IOP94) indicated that w* = "w (0.5z ),1 1

where w  is the vertical velocity measured within thermalt

plumes, and " is a constant near 1.0.  The definition of the
boundaries of the thermal plumes is critical for the definition
of wt; both the conditional sampling methods (used for the
BARFEX data) and the wavelet transform methods (Coulter
and Li 1995) used for IOP94 data rely on subjective
determinations of controlling parameters such as threshhold
vertical velocity, plume length, and critical scale size.

The earlier approaches used measurements of the upward
motion within the thermal plumes in parameterizations.  This
paper reports on results that instead use the downward motion
of the vertical velocity field.  In unstable conditions, the
negative field results from forcing by the field of thermal
plumes; downward motion should be a better estimate of the
convective velocity field because 1) it is, in effect, an integral
measure resulting from the field of thermals and 2) there is
generally a preponderance of downward motion to compensate
for the relatively strong, local thermal plumes, thus rendering
more robust statistical characterization.

Discussion

Figure 1 shows the vertical velocity measured with the
915-MHz wind profiler 500 m above the central facility
on 10 July 1995, between 0800 and 1600 CST.   It is apparent

that the measured mean vertical velocity, , throughout this
period is nonzero.  Throughout IOP95 (26 June - 16 July
1995),  was predominantly negative between 0800 and
1600.  Furthermore, the behavior illustrated in Figure 1, in
which  becomes more negative during the middle portion
of the day, is typical.  This characteristic of the convective
velocity field can be understood by realizing that within a field
of coherent structures, the vertical velocity field is not
homogeneous.  It consists of spatially separated well-defined
regions of vigorously rising air surrounded by descending air
(Stull 1989; Ferrare et al. 1991); however, over a sufficiently
large area,

With any vertically pointing, stationary remote sensing device,

where the wind direction is along the x direction and x = st,
where s is the horizontal wind speed and t is time.  If one
assumes that the horizontal cross section of a thermal plume is
circular (measurements indicate that they are, in fact,
slightly eliptical  [Ferrare et al. 1991]), and  if a  square region
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î &1 1&ŷ2 1/2

l̂ '
l
d

, x̂ '
x
d

, ŷ2 '
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(3)

(5)

Figure 2.  Geometry and definitions for area containing
a circular thermal plume of radius d.  Mean vertical
velocity within rectangle is zero.

(5)

(6)

Figure 3.  Measured  versus calculated y/d; left
curve fit is for w  assumed constant, and right curve fit+

assumes equation = A(1-r /d ).2 2

surrounding a thermal plume can be found within which (1) is
true (Figure 2), then, assuming a mean rising velocity  and
mean descending velocity 

where n  and are the number of negative and positive-

measured values of w, respectively, during the calculation of In reality, of course, the vertical velocity field is not constant
(2), (  )min refers to the minimum possible value of the ratio, within a thermal.  A number of different forms for the
and the second part of (3) is only true for the case where the
measurement axis passes through the center of the thermal.
To apply this simple picture to the data from IOP95, we
assume that a “composite” thermal, defined by the sum of all
of the thermals that pass over the profiler during an averaging
period (1 hr) also has the shape shown in Figure 2.  This
assumption is not generally true; however, it provides a useful
conceptual basis for relating the negative velocity field to the
positive velocities in thermals.  On the basis of our
observations, we have estimated (n /n )  to be 0.5; thus (l/d)- + min

= 1.5, and

A single realization of  is defined by that portion of the
composite thermal that passes over the profiler.  When  and

are constant, (2) is readily evaluated:

where

in-thermal field can be chosen [w (r) = A(1-r /d ), for+
2 2

example].  Figure 3 shows example fits for these functions
using all the data from IOP95.  Figure 1 shows that the
negative velocity field is also not likely to be constant, as has
been assumed.  A similar form can be assumed for the
negative field; however, these forms are less than satisfactory
because they are not continuous at r = d.  We can use a
continuous definition for the w field of the form

where k can be 1/2, 1, 3/2, 2, etc., and " is defined such that
w(d) = 0.  Then w at the center of the plume is w  - w , and the1 2

maximum negative value is w(l).  Table 1 shows comparative
values and fits to the data for different forms of w(r).

Thus, several forms are available for describing the spatial
variation of the vertical velocity field that fit the data
reasonably well, yet a large variation exists in the associated
mid-thermal and maximum negative velocities.
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Figure 4.  Diagram of actual “composite” thermal
shape, calculated by equating the cumulative probabil-
ity of w with y/d and calculating x/d from Figure 4.
Diagram of actual “composite” thermal shape,
calculated by equating the cumulative probability of w
with y/d and calculating x/d from (n /n ).- +

Figure 5.  Scatter plots of derived w* versus w*
calculated from surface measurements and z ,  Lefti

plot uses values of w* averaged over the CART site;
right uses central facility only.

(7)

Table 1.  Different forms for w(r) and associated
values of mid-thermal (w ), edge (w  = w(l)) andc e

regression of fit to all available data from IOP95.

Form for w(r) w  (m/s) w  (m/s) Rc e

both const 1.28 -1.77 0.77

w :(1-r )+
2 1.99 -0.61 0.70

w , w  as+ - 2/48 -1.11 0.69

A -(1-r )+
2

k=.5 Eq (6) 3.13 -0.78 0.66

k=1 Eq (6) 3.04 -1.09 0.66

k=2 Eq (6) 4.29 -0.97 0.64

Nevertheless, the best fit to the overall data set is obtained
when the thermal positive velocity field is assumed to be
constant.  All analyses that assumed that the thermal upward
motion decreased with distance from the center overestimated

for small (n /n ).  Obviously, this is not what is to be- +

expected for individual thermals; however, when an “average”
is calculated over a relatively long time, several thermals will
be sampled, and each thermal will be intersected at a different
location.  This has the effect of “smearing” the spatial
distribution of thermal velocities; for example, if the center of
one thermal passes over the profiler and if the edge of another
identical thermal passes over during the same averaging
interval, the “composite” thermal will be relatively uniform.

Results

The cumulative probability distribution for w indicates that
 is positive in about 9% of the cases.  On the other hand it

is clear from Figure 2 that  is positive when y < .07d, and
one would expect  > 0 in about 50-70% of the cases (all
values of y are equally likely).  This implies that the shape of
the composite thermal must be as in Figure 4, with small
values of n /n   likely to occur less often than otherwise.- +

Figure 5 compares values of w  calculated with (4) (where t

is determined by averaging the negative velocity profile
between 200 m and 0.6 z ) with w* determined either locally ati

the central facility or averaged over 10 Bowen ratio stations
over the CART site.  In both cases, z  was determinedi

subjectively from vertical time sections of signal strength
measured by the 915-MHz profiler at the central facility.  It is
evident that the agreement is better with average w*, as was
observed with the IOP94 data (Coulter et al. 1995).  This
is probably because the average  w* values  represent a  better
statistical  sample of the variation of surface likely to affect the

PBL development within 10 km of the central facility than is
obtained from the flux measurements over the central facility
alone.  When the positive portions of the velocity field are
used, the regression value is 0.53.

Furthermore, a better agreement with the data is achieved if 

is used instead of (4).  This observation is further corrobora-
tion that the “shape” of the composite thermal is not circular.
Integration of the shape of Figure 5 predicts a coefficient of
1.67 for (7).
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Figure 6.  Plots of calculated w* using equation (7) for
before and after noon.

Figure 7.  Values of H calculated by using estimates of midthermal velocities as measures
of the convective velocity scale compared with average Bowen ratio estimates of H averaged
over the CART site.

When the data from Figure 5 are stratified by time of day
(Figure 6), it is clear that the relationship between w  and w* ist

better defined before, rather than after, noon.  This may just be
a result of the larger differences usually encountered before
noon as both the sensible heat flux and the mixed layer
increase rapidly; or it may be the result of inappropriate
averaging times used during the afternoon, as the thermal
plumes become too large to obtain sufficient samples to attain
significance within an hour.

By using the calculated values of w  with (7), we can estimatet

areally averaged surface sensible heat flux can be calculated,
using z  and w* from profiler data.  Values calculated fromi

selected days during IOP95 are shown in Figure 7.  Clearly,
the method gives reasonable values and exhibits expected
daily variations; however, because the calculated H is
proportional to the third power of w*, small errors in w* can
lead to large errors in calculated H.  We are working to
develop methods to ameliorate this problem while maintaining
the theoretical basis of the calculations.
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