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ABSTRACT

Vertical motion profiles can be diagnosed with the mass continuity equation using horizontal divergence fields
derived from various single-Doppler radar techniques such as EVAD (extended velocity—azimuth display),
CEVAD (concurrent extended velocity —azimuth display), and VVP (volume velocity processing ). These meth-
ods allow for the retrieval of mesoscale air motions in precipitating regions when the wind field is relatively
homogeneous. In contrast, VHF wind profiler data can provide a direct measurement of vertical motion, albeit
across a much smaller domain compared to the single-Doppler radar techniques. In this study, we compare
horizontal divergence and vertical motion patterns derived from the various single-Doppler methods with those
obtained from VHF profiler data.

The diagnosed profiles of horizontal divergence and vertical velocity from the single-Doppler (scanning radar)
techniques are in qualitative agreement in the lower troposphere but often exhibit large variability at higher
levels. Because of less stringent radar echo requirements, the VVP technique often analyzed data above the top
of the EVAD—-CEVAD analysis domain, resulting in a deeper layer of upper-level divergence. The CEVAD
technique often produced a deeper and larger region of upward motion despite similar profiles of divergence,
probably due to the CEVAD top boundary condition specification of particle terminal fall speed as opposed to
the vertical air motion, as well as to the adjustment procedure employed during the regression solution.

The wind profiler data showed much larger vertical gradients and magnitudes of divergence and vertical
velocity when averaged over the same time interval required to collect data for a single-Doppler retrieval.
However, when all the available data were composited, the high-frequency variability in the wind profiler
retrievals was reduced resulting in relatively good agreement between all analysis methods. The wind profiler
usually sampled vertical motion (divergence) several kilometers above the single-Doppler retrievals, which the
authors attribute to the stringent precipitation echo coverage requirements imposed by the scanning radar analysis
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techniques, thus limiting their vertical extent near echo top.

1. Introductior

Knowledge of vertical motions in mesoscale con-
vective systems (MCSs) is important for understanding
physical processes within these systems (e.g., precipi-
tation production ) as well as how these features interact
with the large-scale environment through transports of
heat, moisture, and momentum (Houze 1982; Johnson
and Young 1983; Houze 1989). Diagnosed vertical ve-
locities are also important for verification of numerical-
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model-derived kinematic, thermodynamic, and micro-
physical fields.

Numerous studies have discussed vertical motion
profiles in the stratiform regions of MCSs (Zipser
1969; Gamache and Houze 1982; Johnson and Kriete
1982; Balsley et al. 1988; Houze 1989; Keenan and
Rutledge 1993; and others). These studies have used a
variety of techniques to diagnose the vertical motion
profiles including single- and dual-Doppler techniques,
wind profiler data to directly measure air motion, and
rawinsonde data, which was used to calculate areal di-
vergences with height, from which vertical motions
were obtained after applying the mass continuity equa-
tion.

In this study we discuss and compare four techniques
used to analyze vertical motions and horizontal diver-
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gence patterns in the stratiform portions of MCSs.
Three of the methods use scanning Doppler radar data
and one uses vertically pointing VHF wind profiler
data. Because the radar scanning strategy was less than
ideal (discussed in section 2) and due to the different
spatial scales sampled by the platforms (discussed in
section 3), the emphasis is on examining the types of
results one can expect when comparing divergence and
vertical motion from different sensors using less than
optimal designed scans. The scanning Doppler radar
techniques are

¢ EVAD (extended velocity—azimuth display; Sri-
vastava et al. 1986; Matejka and Srivastava 1991);

* CEVAD (concurrent extended velocity—azimuth
display; Matejka 1993); and

® VVP (volume velocity processing; Waldteufel
and Corbin 1979; Koscielny et al. 1982; Boccippio
1995).

In these three single-Doppler techniques, the kinemat-
ics of the mesoscale flow field is analyzed. The wind
profiler technique, on the other hand, makes a direct
measurement of vertical motion (Cifelli and Rutledge
1994). Both the Doppler radar and the wind profiler
techniques require removing the effects of hydrometeor
fall speeds. For the Doppler radar methods, these must
be separated from the horizontal divergence, which can
be integrated to produce an estimate of vertical air mo-
tion. For the profiler technique, fall speeds must be sep-
arated from the detected vertical velocity itself (Carter
et al. 1991).

Each analysis technique has its strengths and weak-
nesses. The scanning Doppler radars provide an esti-
mate of the mesoscale wind field within a relatively
large volume and in short time. Because the scanning
radar techniques are designed to analyze mesoscale
flow patterns, the resulting horizontal divergence and
vertical air velocity profiles appear smooth compared
to those obtained from the wind profiler. However, for
the scanning radar analyses to be performed, relatively
large volumes filled with echo are required, limiting the
situations in which the methods can be applied. The
wind profiler, on the other hand, makes measurements
over a relatively small spatial domain, enabling this
technique to resolve small-scale variations in the ver-
tical motion pattern. Unlike the microwave scanning
radars, the profiler technique is also able to obtain these
measurements in clear air. The resulting detailed ver-
tical velocity structure is often rather complicated (and
possibly noisy if the hydrometeor velocity signal is not
easy to remove). Individual profiles may not be rep-
resentative of the mesoscale flow. However, as we will
show, the mesoscale vertical velocity pattern can be
reclaimed by averaging the wind profiler retrievals in
time. Thus, the wind profiler and scanning radar tech-
niques are viewed as complementary.

Another disadvantage of the scanning radar tech-
niques is that, since they retrieve vertical profiles of
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horizontal divergence, one or more boundary condi-
tions must be specified before the mass continuity
equation can be integrated to produce a profile of ver-
tical air velocity w. These boundary condition assump-
tions can introduce error, especially in situations where
data collection does not extend to a w = 0 level at the
top of the cloud system. Such an effect would result
when, for example, Doppler radar data are subject to
significant attenuation or when upward motion extends
beyond the minimum-detectable echo boundary. The
profiler technique, by measuring w directly, avoids the
need for specified boundary conditions.

EVAD was first used to diagnose upper-level ascent
and lower-level descent of several tens of centimeters
per second in the stratiform region of a midlatitude
squall line (Srivastava et al. 1986). Further studies
have utilized EVAD to examine the mesoscale struc-
ture in both tropical and midlatitade MCSs (Rutledge
et al. 1988; Keenan and Rutledge 1993; and others).
VVP has been applied to studies of the low-level kine-
matic wind field in clear air (Koscielny et al. 1982;
Boccippio 1995) and to the study of tropical thunder-
storm anvils (Boccippio 1995). CEVAD is a relatively
new retrieval technique and the authors are not aware
of a previous study in which this method has been ex-
amined in detail.

VHF wind profilers have been used to diagnose ver-
tical motions in a variety of mesoscale precipitating
systems occurring in the Tropics and midlatitudes. Bal-
sley et al. (1988) presented air motions in clear air and
precipitation conditions at Pohnpei Island (7°N, 157°E)
in the tropical western Pacific using a vertically point-
ing wind profiler. Based on rainfall rates from a nearby
rain gauge, Balsley et al. obtained composite profiles
for both the convective and stratiform portions of the
precipitating systems. Cifelli and Rutledge (1994 ) per-
formed a similar analysis for MCSs occurring over the
Maritime Continent region near Darwin, Northern Ter-
ritory, Australia. Cifelli and Rutledge were able to ex-
tract the vertical air motions for different portions of
precipitating systems that passed over a VHF wind pro-
filer site during both the monsoon and monsoon break
convective regimes.

Augustine and Zipser (1987) used a three-beam
VHF wind profiler to study the horizontal wind struc-
ture within several midlatitude MCSs observed during
PRE-STORM (Preliminary Regional Experiment for
STORM-Central). The profiler-derived horizontal
wind fields were found to be qualitatively consistent
with wind fields derived from nearby rawinsondes.
Moreover, Yoe et al. (1992) presented 2 more detailed
analysis of the horizontal and vertical wind fields for
one of the MCSs discussed in Augustine and Zipser
(1987). Using data from a VHF profiler in conjunction
with two S5-cm Doppler radars, Yoe et al. (1992)
showed that the wind profiler was able to identify many
of the storm mesoscale features (e.g., midlevel rear in-
flow jet; upper-level front-to-rear flow), similar to the
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FIG. 1. Location of the observational network used during the
DUNDEE field experiment. (Adapted from Rutledge et al. 1992).

scanning radars. A comparison of the vertical air mo-
tions diagnosed by profiler and scanning radars using
a single-Doppler retrieval technique showed that the
vertical velocity profiles were in reasonable agreement
for most heights above the melting level (for the one
analysis time presented in the study).

VHF profiler data have also been used to diagnose
vertical motions in precipitating systems over Japan
(Wakasugi et al. 1986; Wakasugi et al. 1987; Sato et
al. 1990; Larsen et al. 1991). In particular, Larsen et
al. (1991) used VHF wind profiler data to diagnose
vertical motions using VAD (velocity—azimuth dis-
play) technique (discussed in section 2) as well as di-
rect measurements of the clear air during a cold-frontal
passage. Their study concluded that the methods agreed
well in regions of isotropic scatter. However, poorer
correlations were found in regions of strong stratifica-
tion or anisotropic scattéring (aspect sensitivity ). Chil-
son et al. (1993) diagnosed the vertical air motion and
precipitation fall speeds in a thunderstorm that passed
over a VHF profiler site in Puerto Rico. In that study,
collinear beams from UHF and VHF profilers were
used to analyze the precipitation and wind structure of
the thunderstorm.

Ralph et al. (1993) described the use of 50-MHz
wind profiler data in conjunction with automated sur-
face meteorological and rawinsonde data to resolve a
ducted mesoscale gravity wave. The array of instru-
mentation in that study provided a mutually consistent
picture of the detailed vertical structure of the wave
from the ground level to just above a critical level.

To compare and contrast the EVAD, CEVAD, VVP,
and profiler techniques, we examine vertical profiles of
horizontal divergence and vertical air velocity in sev-
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eral tropical MCSs near Darwin, Northern Territory,
Australia that were observed during DUNDEE (Down
Under Doppler and Electricity Experiment; Rutledge et
al. 1992). Section 2 provides a summary of the data
collection methodology as well as a brief overview of
each retrieval technique. The sampling scales of the
wind profiler and scanning radar platforms are com-
pared in section 3. Representative individual retrieval
and composite results are presented in section 4. We
interpret these results in light of the strengths and weak-
nesses of the four techniques used.

2. Methodology

The location of the MIT and TOGA radars and the
Darwin 50-MHz wind profiler in DUNDEE are shown
in Fig. 1. The wind profiler was located approximately
along the baseline between the two 5-cm Doppler ra-
dars. The location of the observational network at the
southern tip of the Maritime Continent (Ramage 1968)
provided a unique opportunity to examine MCSs oc-
curring during both the active monsoon (maritime ) and
the monsoon break (continental). In this study, data
analyzed from the stratiform portion of four MCSs
(three break and one monsoon) are presented.

Characteristics of the scanning radars and the wind
profiler are shown in Table 1. The radar scanning strat-
egy for the single-Doppler retrievals is summarized in
Table 2. Radar elevation angles ranged from 1° to 45°
{most of the time) or 1° to 60° (occasionally) and in-
corporated a total of 1518 sweeps for each radar vol-
ume. Although this scan strategy was not ideal for the
retrievals utilized in this study, it was necessary in order
to satisfy all the radar sampling constraints of IDUN-
DEE. More reliable results could probably be obtained
if the radar scanned above 50° and included at least 20
sweeps in the radar volume (Matejka and Srivastava
1991).

As discussed below, each scanning radar retrieval
method makes assumptions about the variability of the

TaBLE 1. Characteristics of the MIT and TOGA microwave radars
and the Darwin VHF wind profiler used during DUNDEE (adapted
from Cifelli and Rutledge 1994).

Characteristic MIT TOGA Wind profiler
Wavelength (cm) 54 53 600
Peak power (kW) 250 250 30
Pulse length (us) 1.0 0.50, 1.9 6.7
Beamwidth (°) 1.4 1.65 34
Minimum detectable

signal (dBm) -106 -113 —165*
Pulse repetition

frequency (s™") 921 921 1000
Antenna gain (dB) 42.2 40.8 29.7
Number of gates 226 224 50
Polarization Horizontal Horizontal Horizontal

* The minimum detectable signal of the VHF wind profiler has an
estimated uncertainty of 20 dB.



OCTOBER 1996

TaBLE 2. Radar scan strategy for single-Doppler retrievals
employed by the MIT and TOGA radars during the four DUNDEE
events.

Scan MIT elevation TOGA TOGA elevation
number tilt (°) elevation tilt (°) tilt (°)*
1 0.8 0.8 0.8
2 2.5 2.4 25
3 4.2 4.0 4.0
4 5.9 5.6 5.4
5 8.0 7.2 6.8
6 10.0 8.8 8.3
7 12.0 11.0 10.0
8 15.0 13.0 12.1
9 18.0 15.0 143
10 21.0 17.0 17.3
11 25.0 20.0 20.8
12 29.0 23.0 25.0
13 33.0 26.0 30.0
14 38.0 30.0 35.0
15 45.0 35.0 40.0
16 40.0 50.0
17 45.0 55.0
18 60.0

* Scan strategy employed only during the 28 January 1990 event.

wind field across the analysis domain and the tech-
niques are therefore best applied to precipitating
regions where the wind field is relatively homogeneous
(i.e., linear or quadratic variations can be assumed; Ma-
tejka and Srivastava 1991). A total of 22 radar volumes
from the stratiform portion of the four MCSs were an-
alyzed with each single-Doppler retrieval technique
and a corresponding number using the wind profiler
retrieval. The sample is admittedly small for compari-
son purposes; however, as shown in section 4b, the
sample is sufficient to illustrate that the wind profiler
and scanning radar techniques are complementary in
the study of MCS kinematic structures.

The individual radar volume scans were first scruti-
nized in order to evaluate the suitability of the retrieval
methods for each volume of data. Subsequent to pro-
cessing, regression statistics from each method were
evaluated to help flag spurious (bad) retrievals (Ma-
tejka and Srivastava 1991; Boccippio 1995). Also, the
single-Doppler retrieved horizontal winds were com-
pared to the nearby Darwin rawinsonde wind profile
when available (Fig. 1) in order to check for consis-
tency.

Independent validation of the wind field kinematic
structure was available from dual-Doppler analyses
performed on two of the events in this study. The dual-
Doppler vertical motion results are presented in con-
junction with the scanning radar retrievals in section 4
and are shown to be in good agreement with the scan-
ning radar profiles.

Brief summaries of each of the four analysis methods
follow.
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a. EVAD analysis
The EVAD algorithm consists of two steps:

1) Traditional VAD (Browning and Wexler 1968)
analysis, which analyzes horizontal rings of radial ve-
locity data for each elevation cone within a specified
vertical cylinder of radar data to determine the mean
horizontal wind field; and

2) EVAD analysis, which separates the combined
effect of divergence and precipitation fall speed from
the VAD-derived horizontal wind field and calculates
divergence, hydrometeor fall speed, hydrometeor ter-
minal fall speed, and vertical velocity as a function of
altitude within a specified volume of VAD data.

In VAD, the radar data are divided into horizontal
rings centered on the radar and a truncated Fourier se-
ries is used to model the radial velocity field v, accord-
ing to

7

v, = z a,f,(¢) + €,

i=1

where fi = 1, f, = sing, f; = coso, fi = sin2e, f;
= co82¢, f; = sin3¢, f; = cos3¢, ¢ is azimuth angle,
a; represents the particular Fourier coefficient, and e is
the departure of the regression model from the actual
observations (Matejka and Srivastava 1991). It is im-
portant to note that in the VAD analysis, reliable so-
lutions for the Fourier coefficients (a;) are typically
obtained in situations where the wind field is relatively
uniform (stratiform as opposed to convective portions
of precipitating regions) and nearly complete echo cov-
erage surrounds the radar.! In the ideal situation, the
wind data are approximately evenly spaced around the
radar so that the basis functions f; in (1) form an or-
thogonal set and the regression is not particularly sen-
sitive to departures from the model assumptions (Ma-
tejka and Srivastava 1991). The time required for the
radar to complete an individual VAD volume scan was
approximately 8—10 min.

In order to apply EVAD, it is assumed that both hy-
drometeor fall speed and divergence are horizontally
uniform within a specified vertical layer. The depth of
each layer is determined from the radar gate spacing
(usually 500 m for the particular radar data used in this
study) and is constant throughout the EVAD volume.
Moreover, it is assumed that there are no significant
temporal variations in the wind field during the radar
volume sampling period.

For a given height interval containing multiple rings,
both particle fall speed and divergence may be deter-
mined from a weighted least squares fit independently

(1)

! Matejka and Srivastava (1991) recommend that the EVAD tech-
nique be applied in situations where the largest azimuthal gap in radar
echo coverage surrounding the radar is 30° or less.






