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A DUAL DOPPER VARIATIONAL OBJECTIVE ANALYSIS
AS APPLIED TO STUDIES OF CONVECTIVE STORMS

Conrad L. Ziegler

1. INTRODUCTION

Numerous investigations in the past ten years have sought to determine
wind velocities in precipitating weather systems from pulse Doppler data. At
least two Doppler radars scanning a common volume are necessary to adequately
deduce in-storm velocities. Although additional radars reduce error variance
in estimated winds, fabrication costs may 1imit many institutions to the use
of only two radars. Additionally, a storm located well outside the area
circumscribed by three or more radars can be analyzed nearly as accurately
with the closest two radars as with three or more radars. This thesis demon-
strates that tangible gains in accuracy of dual Doppler derived wind fields
can be realized through application of all known information in determining
velocities, including Doppler measurements, kinematic constraints, Doppler
measurement error, and general knowledge of severe storm structure based on
theoretical and numerical models. The new technique is applied to the analysis
of Doppler data in selected convective storms where results from a conven-
tional dual Doppler analysis and of three or four radar analyses are available.
An evaluation of the relative merits of the various analyses 1is performed.
The new technique is applied to a study of the structure and evolution of an
isolated hail-bearing convective storm. Storm motion, nearly 90° to the
right of mid- and upper-tropospheric winds, may be explained by continuous
propagation as deduced from synthesized wind fields. A simple hail growth
model in concert with derived wind fields produces realistic hailstones
deposited near a ground hail-sampling site. Air trajectory computations
suggest that air, transported into the upper troposphere by updrafts, remains
at high levels despite the presence of deep downdrafts.

2. DUAL DOPPLER DATA ANALYSIS TECHNIQUE
2.1 History of Dual Doppler Analysis Methods

Early dual Doppler data analysis techniques stressed the synthesis of
two independent Doppler velocity estimates to deduce at most two air motion
components. Later efforts included kinematic constraints on the three-
dimensional wind field in order to estimate the third (quasi-vertical) wind
component. Browning et al. (1968) utilized two 3 cm wavelength Doppler
radars, one fixed pointing vertically and the other scanning in elevation so
that the two radars could illuminate a common volume. For a shower moving
directly over the vertically-pointing radar, the mean vertical wind component
Wp was estimated from the velocity spectrum. The mean radial velocity compo-
nent Vp was estimated by the scanning radar. For an echo at elevation angle
€, the horizontal wind component Ugin the plane containing the scanning
radars‘ beam was calculated from U, = Vp(cos e)'] - W, tan €. Time-height
sections of wp and Ug were transformed according to known echo motion into a




vertical space cross-section in order to estimate precipitation trajectories
in the plane. To utilize wind information in this manner, steadiness of the
wind field following the motion was assumed for the data collection period of
approximately 10 minutes. Peace and Brown (1968) used graphical techniques
to combine radial velocity estimates from two remotely spaced Doppler radars
that scanned in azimuth at low elevation angles. Contribution of vertical
air and precipitation particle motion to radial velocity was negligable. To
produce maps of horizontal velocities, it was necessary to assume storm
stationarity while adjusting the positions of asynchronousiy observed veloci-
ties by time-to-space advection. These pioneering studies demonstrated the
great potential of dual Doppler systems to aid in the study of precipitating
weather systems.

Armijo (1969) derived general formulations of the two and three Doppler
analysis problems. He considered the geometric relations between radial
velocity estimates, the three Cartesian wind components, and the mean hydro-
meteor fall speed. He further utilized the continuity equation for air in
anelastic form, with the logarithmic vertical gradient of air density assumed
constant. For the dual Doppler case, he proposed a transformation of coor-
dinates from radar spherical to cylindrical geometry to ease solution of the
governing system of equations. For the dual Doppler problem to be well-
posed, it was necessary to assume that the hydrometeor terminal fallspeed was
known everywhere in the analysis domain. Smoothing of data was suggested as
a means of reducing error in derived wind velocites. Lhermitte and Miller
(1970) proposed a dual Doppler data collection scheme and wind synthesis
based upon the formulation of the dual Doppler problem in cylindrical
geometry. The two radars' scanning is coordinated such that both radar beams
move within a common plane. This scanning method (COPLAN scanning) relaxes
assumptions of storm stationarity and simplifies interpolation procedures.

The wind components in evenly spaced, tilted planes common to both radars, are
synthesized from interpolated radial velocity estimates. Frisch et al.

(1974) and Miller and Strauch (1974) applied the COPLAN scheme to data col-
lected in the lowest kilometer of a Colorado snowstorm. The incompressible
continuity equation in cylindrical coordinates, was integrated vertically to
obtain the orthogonal (nearly vertical) wind component. Finally, Cartesian
components were computed and interpolated to a suitable Cartesian grid.

The solution fields were displayed in vertical cross-sections in both studies,
and also on horizontal planes in the latter report. Ray et al. (1975) docu-
mented a dual Doppler radar study of a tornadic storm in central Oklahoma,

and introduced the anelastic form of the continuity equation into dual Doppler
analysis. Two 10 cm wavelength radars scanned a common volume, each turning
through a specified azimuth interval at constant elevation, then tilting upward
by a fixed elevation increment and scanning back in azimuth. This process was
repeated until each radar had scanned through storm mid-levels and completed
the tilt sequence. Data in quasi-horizontal azimuthal scan sectors for each
radar were obtained at approximately the same time. Data positions were
adjusted for storm motion, then interpolated in 3-space to a common grid in
cylindrical coordinates. A synthesis of wind components in tilted planes was
performed, incorporating a terminal velocity-reflectivity relation., Vertical
inteqration of the anelastic continuity equation produced the vertical wind
component after the horizontal wind fields had been smoothed using a two
dimensional filter. Interpolation of reflectivity and velocities to a




suitable Cartesian grid completed the objective analysis. Reflectivities and
velocities were displayed on horizontal planes and vertical sections to
facilitate meteorological analysis. The interpolation scheme involved compu-
tation of weighted averages at gridpoints using a distance dependent weighting
function within an oblate-spheroidal influence volume. The degree of smooth-
ing during interpolation could be controlled by varying the dimensions of the
influence volume, which for this study assumed the proportions of individual
grid elements. Studies by Miller (1975) and Kropfli and Miller (1976) uti-
lized the previously outiined COPLAN or coplane technique to determine the
wind and reflectivity structure of deep convective storms in northeastern
Colorado. Both analyses featured the assumption of a reflectivity-terminal
fallspeed relation, and use of the anelastic continuity equation to deduce
the vertical wind component from the two synthesized coplane wind components.
Doviak et al. (1976) performed a detailed error analysis applicable to dual
Doppler analyses, where the initial synthesis of wind components is assumed
to have been performed in cylindrical coordinates. Results were obtained for
bivariate and distance-weighting interpolation methods. Expressions were
derived for error variance of cylindrical coordinate wind components, direc-
tion and magnitude standard deviations of horizontal Cartesian wind components,
and also for magnitude standard deviation of the vertical Cartesian wind
component. Maps of spatial error distributions relative to a radar site

were presented. Brandes (1977) used a dual Doppler analysis scheme in which
wind components were synthesized from Doppler observations directly within a
Cartesian grid, bypassing analysis procedures in cylindrical coordinates
altogether. Two equations relating Doppler velocities to Cartesian wind
components, the anelastic continuity equation, and an expression relating
reflectivity and terminal fallspeed, formed the set of analysis equations.
Reflectivities and Doppler velocities were spatially interpolated to a Carte-
sian grid using an exponential weighting function within an oblate spheroidal
influence volume on the order of the volume of a grid cube. The vertical
component w was determined iteratively from the continuity equation and an
initial guess field w'. On each iteration, successive approximations of the
w field were used to determine approximate horizontal wind components to be
used in the continuity equation. Advantages of this scheme are that only one
interpolation is needed, and that the grid may be set in an east-west, north-
south configuration regardless of the orientation of the radar system.

2.2 The Variational Approach to Dual Doppler Analysis

The previous discussion of dual Doppler analysis techniques illustrates
the reliance on the continuity equation as an analysis constraint. Inde-
pendent measurements of the temperature and pressure fields within convective
storms are not currently available to the analyst. Since the only data
source is Doppler measurements, the kinematic method of deducing vertical
velocity is the lone recourse. Any method of determining vertical velocities
should consider measurement and/or analyses errors when they are
significant.

Several error sources may substantially contribute to uncertainties in
derived vertical wind when the kinematic method is applied to Doppler velocity
estimates. 1) Estimation of the mean Doppler velocity from a velocity spectrum
has an associated error. 2) In addition, storm structure is assumed not to
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change over the data collection period. If storm structure does indeed
change, significant error will result when observations are merely advected a
distance proportional to the difference between observation time and analysis
time to a new location, accommodating storm translation. This operation will
introduce error if the storm fields decorrelate over the data collection
period. In severe storms where the magnitudes of time derivatives following
the motion may be far greater than for weak convective showers, the assump-
tion of storm stationarity may have serious consequences. Generally, larger
errors may associate with longer data collection periods. A related problem
involves the combination of Doppler velocities from a given region within a
convective cloud when the tilt sequences for each radar are only approximately
coordinated in time. A storm discussed in this thesis, for example, was
studied by using Doppler data sets separated by 7 minutes at lowest levels
and 4 minutes at storm top. These data sets did not overlap in time for any
given region in the cloud. Time-weighting of observations will not ameliorate
this situation if the time weights do not reflect the time decorrelations or
if the decorrelation time is a fraction of the collection time. This error
is difficult to estimate quantitatively without knowledge of the time evolu-
tion of convective storm fields. 3) As pointed out by Ray and Wagner (1976),
error accumulation during numerical integration of the continuity equation
and poor sampling of low-level winds both contribute to uncertainty in the
derived vertical wind. The latter difficulty introduces a nearly constant
bias into the vertical motion profile which would in general be horizontally
variable. This reflects the variability of the horizontal divergence.
Truncation errors related to the application of the continuity equation on a
lTarge grid mesh will also contribute to errors in computed vertical velocity.
These errors cannot be estimated without a more detailed knowledge of sub-
grid scale motions. The most effective recourse against this latter error
would be to use radars which collect data with a higher spatial density,
allowing the analyst to define smaller scales.

It is desired to develop an alternative dual Doppler analysis technique
which is less 1likely to admit the above sources of error such that the derived
vertical motion fields constitute physically improved estimates. The need
for such an analysis is suggested by the typical observations in conventional
dual Doppler analyses, that vertical velocities at high levels are unrealis-
tically large and characterized by excessive horizontal variability. The
temporal and spatial variations of storm hydrometeor fields as indicated by
radar reflectivities, do not appear to agree in all cases with computed
vertical velocities from continuity considerations. Recent numerical cloud
simulations (e.g., Hane, 1973; Wilhelmson, 1974) indicate that vertical
motion and water content in the upper levels of simulated deep convection
show generally good correlation and common scales of horizontal variation.
Updraft maxima were invariably near mid-levels during the clouds' mature
stage, despite the presence of considerable thermal buoyancy above the updraft
maximum. This configuration relates to the strong influence of the perturba-
tion pressure. This result was not obtained in one-dimensional cloud models
(Srivastava, 1967, Danielsen, et al, 1972), where updraft maxima were observed
near cloud top. In these models, the perturbation pressure was not included.
In the multi-dimensional investigations, compensating downdrafts in upper
levels were less than or of the order of maximum updrafts at the same level.




The cores of high liquid water content usually coincided with the updraft
plume. The generation, vertical advection, and storage of condensate in the
updraft were found to be important to the maintenance of the relation between
wind and water fields. Profiles of vertical velocity had a convergent tendency
i.e., large values in mid-levels gradually giving way to small values near
cloud top. These results suggest that Doppler-derived vertical velocities
should also be small near cloud top and that the level of maximum updraft
should be considerably lower than that frequently observed in synthesized

wind fields.

In the case of rapidly overshooting or collapsing storm towers 1n_%he
vicinity of the tropopause, updrafts and/or downdrafts of order 10 m s
or larger are possible. Figures 1 through 5 illustrate the time evolution of
a typical deep convective storm in central Oklahoma (this particular storm is
discussed at Tength in a later chapter). Each panel depicts Doppler radar-
derived equivalent reflectivity structure on a vertical, west-east oriented
plane centered on the storm core. Storm date and time of each cross-section
are indicated in the upper left corner. One important feature is the fairly
persistent reflectivity maximum aloft which indicates strong, deep updrafts.
Another important feature is the location and behavior of the penetrating
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Figure 3. Same as in Fig. 1,
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Figure 4. Same as in Fig. 1,
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Figure 5. Same as in Fig. 1,
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stratospheric tower whose edge is defined by the 15 dBZ contour. This
feature is always nearly over the reflectivity maximum and exhibits a pul-
sating tendency until it subsides to the Tevel of the tropopause by 1832 CST.
We may infer that the central updraft extends through the reflectivity maximum
aloft to the upper levels of the stratospheric tower core, after the reasoning
of Newton (1966). Figure 7 in Newton's paper depicts vertical radar-derived
cross-sections spaced in time, of a convective storm with pulsating towers.
The shortest apparent period of tower pulsation was approximately 8 minutes
with corresponding average vertical motion speed of approximately 5 m s-1.

In Figs. 1 through 5, the largest height changes of the tower occurred in the
periods 1719-1743 CST and 1816-1832 CST. Largest observed height changes
were on the order of 2000 meters which corresponded to an average vertical
motion speed of approximately 1.5 m s-1. Greatly reduced time resolution may
have prevented the detection of short period large amplitude oscillations.

In an effort to determine whether shorter period cloud top oscillations
occurred during the 28 May storm, time lapse photographs of the storm taken
at NSSL were utilized. Stratospheric tower oscillations near 1530 CST were
found to have a period of roughly 5 minutes and associated rise/fall rates in
the range of 10-15 m s-1. Similar estimates could not be made at later times
because the anvil rapidly expanded to hide cloud top activity. Although the
exact relation between motions of radar top and visible top are not known,
they may be quite similar. It is hy?othesized that these oscillations may be
typified by velocities up to 15 m s-1. Since the width of the visible towers
was much smaller than the width of the cloud as a whole, a representative
storm-top vertical velocity may be one order of magnitude less.

An alternative analysis technique recognizes the importance of incor-
porating and adjusting for errors. The analysis design is founded on the
concept of a modified kinematic method. Horizontal winds are subject to
analysis and measurement errors. Consequently, the vertical motion field is
derived from horizontal winds adjusted in accord with known error such that
the continuity equation and two kinematic boundary conditions are satisfied
simultaneously. With the upper boundary condition on vertical motion pro-
perly specified, it is hoped that many of the ills attributed to convention-
ally derived vertical motion fields will be mitigated. The framework of the
analysis modification is the strong constraint formalism in the calculus of
variations (Sasaki, 1958; Stephens, 1965; Sasaki, 1970), which involves the
introduction of a multiplier to increase the number of unknowns and render
the analysis problem well-posed. The problem solution is in the form of
optimally adjusted horizontal wind components. O0'Brien (1970) derived an
analytical variational solution for the vertical velocity problem, and
applied this technique to mesoscale radiosonde data through the adjustment of
horizontal divergence.

An appropriate upper boundary condition is important for maximized
accuracy of derived vertical motion. This is particulariy true in the upper
levels where adjusted vertical velocities are strongly influenced by the
boundary value.” In a previous discussion we concluded that the assumption of
a stationary storm top could be a good approximation. An intuitive consequence
of this condition is that in-cloud air motions near storm top must be small.
This would lead to the choice of a small value of w on the upper boundary.

In this preliminary investigation, we assume that precipitation is floated at
altitude. The resulting approximate upper boundary condition is w = -Vi.
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The choice of a Tower kinematic boundary condition is that w is assumed
to be zero at the earth's surface. All previous studies using dual Doppler
data have included this boundary condition. Maximum vertical velocities at
the ground arising from wind flow over sloping or irregular terrain are
unlikely to exceed 2 m s-1, while terrain-induced vertical velocities for
these studies would be at least one order of magnitude less. Such effects
are justifiably negligible in studies of convective storms, where maximum
in-cloud vertical velocities are at least two orders of magnitude larger.

2.3 Data Management and Interpolation

, Data collected by a pair of pulse Doppler radars are processed and
synthesized in post-analysis to obtain storm wind and reflectivity fields.
The information gathered by three different radars is employed in this
investigation. The first radar is the NSSL Doppler radar located at Max
Westheimer Airfield in Norman, Oklahoma. The second radar is the CHILL
(University of Chicago and I1linois State Water Survey) Doppler Radar located
during the Spring 1977 research program 77.1 km at 246.7° from Norman, near
Anadarko, Oktahoma. The third Doppler radar is located at Cimarron Airfield
41.3 km at 310.0° from Norman, near Yukon, Oklahoma. Characteristics of each
radar appear in Table 1 while the relative Tocations of the radars are indi-
cated in Fig. 6. Each radar is equipped with a digital integrator that
employs an exponential time weighting function to provide signal power averages.
These are recorded on magnetic tape for post-analysis. The NSSL and Cimarron
radars both have 762 range gates spaced 150 m apart, while the CHILL radar
has 1024 range gates spaced 150 m apart. Doppler data are derived by applying
a hardwired processor of the pulse pair algorithm (Sirmans and Bumgarner,
1975) to time series of complex (in-phase I, and quadrature -phase Q) video
echoes. Estimated power-weighted spectral means for each range gate are
recorded on magnetic tape. In post-analysis, range-normalized equivalent
reflectivity and signal-to-noise ratio are retrieved from average power.

Data are then reformatted and written on magnetic tape for archival.

Data analysis is divided into three parts. Doppler velocities are
checked to determine if aliasing exists, with any detected aliasing corrected.
In the next step, Doppler velocities and equivalent reflectivity information
for each radar separately are interpolated to a common grid in cylindrical
coordinates. The analyst has the option of incorporating the first step into
the second step. In the third step, horizontal wind components are first
derived from synthesized Doppler velocities obtained from the two radars. As
an option, the continuity equation may then be integrated vertically to
obtain a conventional vertical wind estimate. Alternatively, a variational
adjustment may be performed on the horizontal winds prior to integration of
the continuity equation. Cartesian wind components are then computed and
interpolated to a suitable Cartesian grid. Lastly, equivalent reflectivities
at cylindrical coordinate grid points are directly interpolated to the same
Cartesian grid. Analyzed fields are displayed by a variety of graphic
techniques to facilitate interpretation.

~ Prior to objective analysis, aliased Doppler velocities must be detected
and corrected. Noisy velocity estimates are removed by thresholding with a
minimum signal-to-noise ratio, typically on the order of 5 dB. For a Doppler
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Table 1. Characteristics of the Doppler Radars.

Norman Cimarron CHILL
Wavelength (cm) 10.52 10.94 10.94
Peak power (KW) 750 500 600
Pulse length (us(m)) 1(150) 1(150) 1(150)
Half-power beam width (deg) 0.81 0.85 0.95
Nyquist velocity interval (m ) £34,2 +35.6 £26.6
PRT (us) 768 768 1024
Antenna gain (dB) including waveguide
and radome transmission loss Ly 8 43,2 4.5
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radar with sampling frequency f_. and wavelength of transmitted energy A,
frequencies >f./2 are aliased into the fundamenta1 Nyqu1st interval (+f /2)
and are 1nterpreted as velocities within V4 A4). For the purpose of
detecting and correcting such ambiguities, three a1fferent methods may be
employed for each radial, depending on the expected distribution of veloci-
ties in the Nyquist 1nterva1. Examination of velocity data from each radar

in a range-azimuth format (B-scan) indicates both the spread of velocities
within the Nyquist interval and the severity of aliasing. Gate-to-gate
‘velocity differences of order 2V.,, indicate that aliasing is present. When
velocity estimates along the radial are quasi-normally distributed and veloci-
ties are not aliased throughout the Nyquist interval, the technique of Ray

and Ziegler (1977) may be employed. In this method, a histogram of velocities
along a radial is constructed and a velocity sub-interval containing quasi-
normally distributed velocities is identified. Any velocities well outside

. of this sub-interval are flagged and corrected for aliasing such that all
velocities are then normally distributed. In many severe storm data sets,
aliasing is totally absent at low elevation while velocities appear throughout
the Nyquist interval at high elevation. This is a consequence of the intense
divergence at high levels. In these cases, two alternative techniques are
employed to detect aliasing. For low elevation angles, aliased velocities
are detected by comparing each velocity along the radial with a truncated
Fourier expansion of the entire series of velocities along each radial.
Pronounced deviations from the reconstructed model of velocity distributions
indicate aliased velocities and corrections are performed on the assumption
that multiple aliasing does not exist. The previously described technique
may be used as an alternative procedure. In subsequent radial scans, a shear
check is employed between velocity estimates both in azimuth (previous radial)
and range. Assuming that some initial velocity is not aliased adjacent
velocities are flagged if a velocity difference greater than a prescribed
threshold of order 2Vpax exists. A flagged velocity will be corrected unless
the adjustment results in an unrealistic azimuthal shear. Since the reference
velocity must not itself be aliased the first element is compared to the
first element of the adjacent radial and adjusted if necessary. In practice,
this technique is more cumbersome than the frequency distribution technique,
but yields satisfactory results.

In order-to solve the finite-difference analysis equations, data in
radar spherical coordinates are interpolated to a common analysis grid in
cylindrical coordinates. After derivation of wind components and combination
of reflectivity estimates from each radar, fields are interpolated to a
Cartesian grid. Figure 7 shows the basic characteristics of the nested
cylindrical and Cartesian coordinate systems employed in these analyses.

Interpolation is a distance-weighted average of all data contained
within a spherical volume whose radius R is of the order of the grid point

separation. A Cressman weighting function (Cressman, 1959) of the form
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manages the interpolation, where the i'th datum within the influence volume is
located a distance Dj from the gridpoint. The weighted gridpoint average of
a quantity Q is computed from

where N is the total number of data within the averaging volume and Q represent
Doppler velocities, reflectivities, or derived Cartesian wind components.

This algorithm is not optimal, but yields satisfactory results since Doppler
data is rather densely distributed. Due to the large quantity of data to be
processed, running sums of weights and weighted data are created as data is
read. After all data has been read, the gridpoint average is computed.

To avoid data extrapolation at the analysis volume boundaries, the sums of
weights at each grid point must be above a prescribed threshold for an

analysis variable to be assigned to that gridpoint.

After radar information has been interpolated to common gridpoints, the
wind components in p -s planes are synthesized. The two Doppler velocity
estimates Vi, Vo, and the volume mean hydrometeor terminal velocity Vi
are related to the wind components by

(s+d)r,V

V7 - (s-d)r,V

and

where Ug is the wind component parallel to the s-axis and U, is the wind
component parallel to the p-axis. The geometric factors s, d, p,

and o are determined by the position of a gridpoint in the chosen cy11n§r1ca]
coordinate system. Figure 7 illustrates the orientation of this coordinate
system with respect to the two radars. A plane of constant a 1is called a
"coplane." Terminal velocity estimates are based on interpolated reflectivity
Z (Joss and Waldvogel, 1970) and two correction factors. The first correction
accounts for changes in terminal velocity due to changes in air density ¥y
(Foote and du Toit, 1969) while the second factor parameterizes the effect of
a 11near]y varying mixture of ice and water within a given layer. The ]1qu1d
fraction is represented by the Vt - Z relation and a constant value of V+ is
imposed in the ice region of the cloud. The complete expression is
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y 0.4
_ = 0.107| o
Vt = 2.6 7 - s](z) + 52(2)

where the height scales sy, so, take the values

Zi -z
s Lo Sz<5 1
- > SR
Zi Z2 i
s](z) = 1 ; 0 z< Z2
0 ;Zi<z
z -1
L
2 yA z S Z.
Z 2 Lo =
Zi Z2 i
sp(2) = {2 P2y <z
0 | s 0<2z<1Z

The gridpoint altitude is z while Zy and Z. are respectively the freezing
level and some high level where the cloud londensate is assumed to be entirely
in the ice phase. For storms studied here, Zg ~ 5 km and Z5 ~ 10 km.

2.4 Variational Optimization Method

The mass continuity equation in anelastic form, the fundamental kinematic
constraint employed in the variational and conventional analyses utilized in
this thesis, may be expressed in vector notation as

VgeYU=0 . (M
In these analyses, the wind vector is determined in a cylindrical coordinate
system natural to the two radars. Interpolation to a Cartesian grid follows
computation of Cartesian wind components. Equation (1) is written for cylin-
drical coordinates as

3
§d(YUa) =9 (2)

|-

9 13
s () + % (ovU,) +

The continuity Eq. (2) may be written in expanded form as
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9 9 13 9 19
8S(YUS) t U 5 (any) p dp (pUD) ¥ Uo o5 (Anv) + B“Bd(ua)
1 2 3 4 5
1. B
ol gg () =0 . (3)
6

Consider the task of scaling the terms numbered 1 through 6 in Eq. (3).

Since Eq. (3) will be applied to kinematic fields obtained by remote sensing
of deep convection, representative spatial scales for the disturbance and
orientation of the sensor relative to the disturbance, must be specified.
Temporal scales need not be specified since Eq. (3) is diagnostic in the wind
components Ug, Up, and Uy. We adopt the density profile of the undisturbed
environment to estimate order of magnitude of the within-cloud profile, hence
horizontal density variations will be scaled much smaller than vertical
variations. The scales are:

P ~ 5 x ]04 m,

§s ~ & ~ 5 x 10° m,
o ~ 5° ~ 10'] radian,
D ~ 10" m

L ~ 8s, 8p (length scale),

u <u_ ~ Up ~ 10m s_],

a =~ s
Yy ~ 1 kg m'3,
62 ny ~ 1,
9 1 N =
KZ = 5 (2ny) D 62 any ~ 1 x 107,
K =12 (any) - K.cos(a) ~ K.cos(sa) ~ K. ~ 1 x 1074
a p da z z z >
K ~ g—-(zny) ~ K_cos(90-a) ~ 1 x ]0_5
o 9p Z ’

Evaluate term-by-term orders of magnitude:

P 1 -3
Term 1 - 5_5— (US) ~ T US ~2x 10 s
Term2 - U §—-(QnY) ~ 0
S 9s 2
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12 1y - -3
Term3 - 3 55—(DUD) U~ 2x 107,
Term4 - U d (any) ~ K U, ~ 1074

p3p MY 0°p ’

19 ] -3
Term 5 - 5-5&-(Ua) p5g Yo S 2 x10° ,

Lo 8 | -3
Term 6 - ) UOL—OL (QJ’?Y) ~ KOLUO(. <10 )

We adopt a first-order approximation of Eq. (3) by retaining terms 1, 3, 5,
and 6. This approximation is justified since for the given scales, the
a-component of the wind is quasi-vertical. Hence, the s- and p-components of
mass advection are small compared to the a-component. After replacing the
a-gradient of log-density by the constant k, the approximate equation of mass
continuity takes the final form

0

) 1
+ 1y =0 (4)

1 K
55 (Ug) + 555 (PUg) + 5 Uy

In finite-difference form using centered differences, Eq. (4) is written as

Woryz " Yanye) | Yoy = Yooty _
20 poAo,

D, + 5 (5)

where D = horizontal divergence (in tilted planes)

= LW 54y - (W)y41 /205 + LloUy) 54y - (0U,)5 11/ 2000

In recursive form:

U

_ (o) - k(20)7T] 2 )]
atl/2 - [(pAa)-1 N K(Zp)—]JUa-]/Z - Dy {(OA“) + x(2p) ] . (5a)

For the purposes of the variational analysis, the continuity equation is
vertically integrated through the storm depth, i.e.,

K 19 _
f (DOL‘FEUOL“"E%(UOL)J de =0
ol "

In finite-difference form the integral is replaced by a vertical sum
(quadrature) which is written as
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km km

LY Glanz m G2l 20 (6)
where
S S
C] —2p+pAcx>0and Gy pho  2p >0

and the index km is the number of grid levels in the vertical. Expanding the
second L.H.S. sum and using the index relation o = k-1, there follows

by G Yaryz = G2 Yy

= (Cy Uy p = € U_y/p) + (Cq Uy yp - €y Ugp)

+ ...+ (U -C, U )
1 OLmaxﬂ/2 2 OLmax']/2
= -C, U + C, U
2 -1/2 1 amax+]/2
+ (CZ'C‘I) (U"/Z + U] ]/2 + ., ., + Uamax_-l/z).
4

Since Cp - Cy ~ 5~ 107" and the sum of Uy is ]ess than or of order 102, the
third r.h.s. term is less than or of order 10-2. For Uy 1, the first two
r.h.s. terms are at least of order 10-3. In general, the last term is not
negligible. However, since we desire a constraint with vertical motion
implicit only, we will adopt the incompressible continuity equation in these
studies. To retain the anelastic form, an iterative solution would be required
since the kinematic constraint Eq. (6) involves vertical velocities within
upper and lower boundaries. We may then write

km
} D, =¢C,U -Cc, U,
k=1 k 2 -1/2 1 B * 1/2
The Tower kinematic boundary condition is (Uy)_1/» = 0. Here we have assumed
that the earth's surface essentially coincides with the -0.5 deg coplane.
For convenience we assume that Uy = Uy, +1/2° We may then write
_ /2
max max
km . ,
I D +CiU, =0 (7)
k=1 max

as the final form of the continuity equation in integral form.

The vertical Cartesian wind component U, is related to the cylindrical
components Up and Uy by the transformation
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Uz =W = Up sin{a) + Ua cos(a)

where @ is coplane elevation angle. Solving for Uy, we obtain
Uy = w/cos (a) - Up tan(a)

By employing a suitable estimate of w at storm volume top and inserting an
observed value of U, at the same point, we may compute the appropriate kine-
matic upper boundary condition in the cylindrical coordinate system.

The initial phase of the objective analysis manages the derivation of Ug
(baseline) and Up (radial) air motion components at regularly spaced grid-
points, in a series of coplanes evenly spaced from local horizontal upwards.
This 3-dimensional array of gridpoints constitutes the analysis domain S. It
is desired to adjust U. and U, at all interior points in S in an optimum
least-squares sense so that the constraining relation (7) is exactly satis-
fied throughout S. A solution of this problem is obtained by applying theory
of the calculus of variations. First define the functional

_ et w8 w522
I .[j.IO: {oc(Us-US) + 8(U,-U,)T + 2 6(U,U LU )| dado (8)

where G is the mass continuity given in Eq. (4), o and B are observational
weights having specified functional dependence on space variables, Ug and U,
are wind components to be adjusted, and A is the lagrange multiplier. A
tilde (~) denotes a quantity which is already known throughout the given
region of interest. If the extremals Us and U, exist, these functions will
uniquely and exactly satisfy G at least in the interior of the region of
interest. In finite difference form the functional is presented as

%h fh fm (u_-U_) ~<' U )? ' ) (9)
= a(u_-u + R(U -U + AG (U_,U_,U . 9
=12 §=j8 k=1 >3 PP e

where summation replaces integration and the region of interest is the
gridpoint domain S. The boundary surface defined by the summation limits,

i%, ih, j%, jh, and km is generally irregular. A1l quantities in Eq. (9) are
analogous to those in Eq. (8) except that they are defined at discrete
gridpoints. G' is the continuity equation in finite-difference form, Eq. (5).
Now assume A = A(s,p). We can rearrange the vertical summation in Eq. (9)

and apply the integral constraint Eq. (7) to obtain an equivalent form of the
finite-difference functional, i.e.,

ih jh km

1=1 1 ) ag0)% + B i)
i=ig j=ig k=1
ih ih km 1
* ] M VU + 9 (U )] + F (10)
i=i8 j=j2 k=1 %% P PP

where F = C;Uy(k=km). The centered difference approximation used to evaluate
the first derivative in the s and p directions is, respectively,
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B 1
Vi3 = 2a @i, - %4a1,3) T za V0
and
B 1
Vobi,5 = 7d O4,50 - %5,5-1) Taa Vot (10a)

The identities inEgs.(10a) define the symbols Y5 and V5. The extremals of
the functional Eq. (10) may be determined if it is stationary and if the
first variation of (10) vanishes. The latter condition is expressed as

%h jh gm . L
§I = ¥ 25(U_-U_)8U_ + 2B(U_-U_)su
=i j=j% k=1 > 88 B PP
ih  jh km .
+ i AY U+ o (sl

i=ig j=j% k=1 BT

ih ih  km
tY 1 ] v+
i=ig j=jr k=1

1

EVb(pUp)] +F =0. (11)

Now commute the sums S1 and S2 where
St=1 1 E M,j ¥s(0Us)y 5

and
_ 1
S2=1 1 Z_ ML o o (0ol )i, 5

Consider first the commutation of the sum S1. Expanding and rearranging of
terms gives

%h jh o km )
) Yo Y (U ) -

iZig j=je k=1 "i,5 5 ST
Jh  km A

"l by Py T Wieen,g) ey i,y T g,y

Foo ot 8U - 8UL L) AL, L (8U. _

ih-1,3%%n,5 = Yin-z,30 * Min, 5 Viner,5 - Vinor,y)

%h km

= LS, 5P, 5 7 Mayg) * Miaee,30hnea,s 7 M, g)
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+ . . . +8U ) + 68U

(Asp,5 = Mn-2,j)

ih-2,5%h-1,5 = Mih-3, ] ih-1,j

+ {uncommutable terms}i .
The uncommutable terms in the index i are
h km

Ao . SUL o
=j% E=1 i2,3 *Vie-13

- Wig,5 * Min-1,5 %Yin,g * Minyg Viner,j

[Nt

i2+1,]

where subscript s has been suppressed on some of the above terms for
convenience.

The commutation of the sum S1 takes the final form

ih Jh km
1212 jzjz E=] M3 ¥slosdi, 5
ih-1 jh  km
= -1Zi£+] jéjz E=] vsxi,j(sus)i,j + {uncommutable terms} .

A similar manipulation for the commutation of the sum S2 yields
ih  jh km A,

D ACLS
iZiL j=j2 k=1 P; ° P

- : 0 2 sU_ ). . + {uncommutable terms}. ,
1212 2241 K=1 % %] P15 ¢

where the uncommutable terms in the index j are

ih  km As - A sy
1
~(p8U )s 5, g 2 - (psU ), L 2l
iZig k=1 p'1,32-1 o,y PTsdd B4 4
A A. .
h i,jh-1
+ 6U .. 1,J + 6U .. Ll LY oL
(o 0)1,Jh+1 Psh (e 0)1,Jh P ih-1

The first variation of I as expressed by Eq. (11) may now be written as
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ih jh km N
D ) 26 (Ug-U.) sUg + ze(up-u

)6Up
i=1g j=j& k=1

P

i j ih  jh km
ih jh  km L X
-1 Y V7 V.xSU_ - R N ) /e 8U
i=i2+1 j=j2 k=1 s =i j=jetl k=1

%h gh gm [ Ry
+ vuU + =V (pU )J + F |8)
i=ig j=jalk=11 %% © PP

+ {uncommutable terms}i + {uncommutable terms}j =0

It is desirable to bring the first three summed quantities above under a

"common summation sign". For convenience we will adopt a subscript conven-

tion to identify boundary terms while rearranging terms in the above expression.
This subscript notation, to be associated with the last five bracketed terms
below, will indicate the set of gridpoints at which each term applies; e.q.
[(A)li=ig in}j,k is interpreted as "term A appears at gridpoints where index

i equals ig o¥’ih and a summation of term A is carried through all values of
indices j and k". The first variation of I may then be re-expressed as

in-1  jh-1 km P .
: 6. (U-0.) - v Xku + (23(U -U ) - oV --Jau
i=12+1 j=je+1 k=1 [ S S s)s PP Pp o

ih-1  jh-1 [km 1
N N (vsus + =V (pU )] + F|8Xx + {uncommutable term in i,j}
i=Tg+l j=ja+l (k=1 peoe
([ ~ " -
jzjﬂz)jh jzjsz"jh

A
(‘st ‘S“sJJa‘z,jh}i,k ' {'pvp > 6“o]1‘=m,1h}j,k

km
1 -
{{E:](vsus ¥ B'VO(DUO)] ¥ F}6A}1=12,1h =0
J=j%,3h
A1l terms not under summation are the boundary terms in the problem. It is

desirable for these terms to vanish identically. Employing so-called natural
boundary conditions on A, we specify

+

+

Aso = = A

10,5 = Ml T M-,y T Mg 0

ih,J
and

A = A = =0

i,92 7 ML T M,5he1 T ML gn
To complete the set of boundary conditions we further specify that the
variations of the fields Ug and U; vanish on the Tlateral boundaries, i.e.,

19




(oUs, éqa)iz’j = (6 §Ug» SU )1h g = (sU,, 5Up)i,jz = (sU, 6Up)1,jh =0
Further note that since A is specified on the outer two lateral boundaries,
it follows that the variation of A is zero at the same points where A is
specified. The condition of vanishing wind component variatigns on the
lateral boundaries implies that the values of observed winds Ug and U and
the functionals Ug and Uy on the lateral boundaries are identical. W1th
these boundary conditions assumed, all boundary terms vanish identically. In
appropriately simplified form the first variation of I is written as

ih-1T  jh-T1 km

NP - s A
2a(U_-U_)-v xJ@U % [ZB(U -U_)-pV,= [8U
i=ig+1 j=je+l k=1 [ = 8 R1S o "’ TP [0
km 1 )
+ . + ~ + Flon = i
EZ](VS ¢t 2T 6U)] FJoA 0 | (12)

Now SUg and 8U, are arbitrary evérywhere in S except on the lateral boundaries,
while 8\ is arbitrary everywhere in S except on the outer two grid surfaces.

In order to satisfy Eq. (12) at all points in V except on lateral boundaries
given variation conditions, it follows that

) -V =0 (13)

2&(US—US

and
28(U -U,) -0%,2 =0 (14)

while at all points in S except on outer two grid surfaces (given variation

conditions)
m

7?'!.\/]77

][VSUS+ SV (eUg) | + F =0 (15)

which is the recovered constraint Eq. (7). Equations (13) and (14) are the
so-called Euler-Lagrange equations. Note that although vertically summed
divergences of observed winds may be obtained at points just inside the
lateral boundaries, we are not guaranteed that the constraint, Eq. (7), will
also be met at these points. This is true because the third term in Eq. (12)
vanishes identically through the assumption of natural boundary conditions,
irrespective of whether or not the constraint is in fact satisfied. Substitu-
tion of Eq. (13) and Eq. (14) into Eq. (12) allows for the elimination of Ug
and U,, and the equation for A can be derived. After performing the substitu-
tion and rearranging terms we can write

- Em v 1y ] 6
o k=}( sUs * 5 Vo (PUp )+ F (16)
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This equation is elliptic and has non-constant coefficients which are
proportional to geometric factors and the so-called Gauss precision moduli,
defined as (Whittaker and Robinson, 1944)

a = ]2 and B = ]2 ,
20 20
S P
where og and oZ are error variances of the radar derived s- and p- wind

components, respectively. In this paper, these are computed from the expres-
sions (Doviak et al., 1976)

2, 2. 2
2 %ty
> IRG

and

6 2[r 2(s+d)2 + r,%(s-d)?]

gt = Y 1 2 + 2 . 2@

0 = 2 2 G.t S1n ’
4d%p

where 05 is the assumed error variance of the independent Doppler velocity
estimates, oé is the error variance associated with the terminal velocity
estimate, d is grid separation, and ry and rp are slant ranges from radars 1
and 2 to the target. Note that we have not included other possible sources
of error variance as discussed in Section 2.2.

Using the definitions of the central-difference operator in Egs. (10a),
the finite-difference forms of the various analysis equations are written as
follows:

Euler-Lagrange equations:

_ ]
W) 5= Wl 5 * g5a My, = Mio1L5) (17)
0 1
Wodi,5 = Wi i *agm (i gn = M, 500) e
Elliptic equation in A:
km km
Cisz,g = Myl 2@in,s - Bays - M2 28)ia,;
2 2
POn Mg My 1, % Mg Mg M1
Pj Pz P50 k=1 2B ITT ey Tey Py ey 2B ThI-T
+ 4d° Em [v U+ 1 v (ol )) + F =0 (19)
k=] S'S p p p J 'ia\j )




Equation (7) is the constraining relationship written in finite-difference
form.

Equation (19) is elliptic in A, and must only be solved once for each
(i,J) during program execution. The successive over-relaxation (SOR) tech-
nique has been chosen for obtaining the solution from Eq. (19) because of its
simplicity. The expression has non-constant coefficients, reducing rate of
convergence slightly. On successive passes, values of A at each (i,j) are
adjusted by adding a fraction of the gridpoint res1d¥a R, obtained by
evaluating Eq. (19). The new gr1dpo1nt estimate A i is re]ated to the

previous estimate A” 1, by the expression

n+1 n o
A D V& .
1,07 M.t g R

where a is the over-relaxation factor and the quantity B is computed from the
relation

2 2
km o km o km
) 1 1 ] 1 5.9 1
B .5~ (g=] 76)ie 5 (E:1 75i-1,5 2 (51 28) R (E=] _zé)i,j-r
j j

Since the sum terms are ordinarily larger than unity and geometric factors
are greater than or of order unity, B for these integrations is typically
larger than 4, which is appropriate for a Poisson-type elliptic equation.
Based upon experimentation, a value of a = 1.3 was used in this analysis.

Before Egs. (17-19) can be solved, the lateral and upper boundaries of
the analysis domain must be identified and flagged. A projection of the
interior of the storm volume containing wind measurements 1is first generated
on a horizontal plane. For fixed values of the quasi-horizontal indices
i and j, a routine counts the number of levels in the vertical (denoted by
K') at which horizontal divergences may consecutively be computed from the
ground upwards. The largest value of K so determined at each gridpoint in
i and j, is a first estimate of the analysis volume extent and is stored.

At each array location where a non-zero K' value cannot be determined, the
array element is assigned a value of zero. In the next step, the considera-
tions of where it is prudent to specify an upper boundary condition (and vice
versa) are imposed in the following semi-objective manner. The height above
ground Tevel (AGL) denoted h; i, is computed for each non-zero value of K'.
The he1ght h; 5 is equivalent %o the radar-visible storm top. A flag param-
eter F is computed from the expression F = H{-tHt, where Hy is the tropopause
height and T is a tolerance parameter. The parameter T is subjectively
chosen less than 0.2. For stronger and deeper convection, F is closer to Ht
because the tropopause is expected toact (more or less) as a "1id" of con-
vection in these cases. The height h; ; is compared to F at all points.

When hj 5 <F, K' is set to zero. Effect1ve1y, the analysis will be limited
to storm reg1ons where a convective column significantly interacts with the
tropopause. For columns of shallow or intermediate extent, no adjustment is
performed since the chosen upper boundary condition is unlikely to apply.

The upper boundary level is now defined by non-zero values of K'. The set of
gridpoints for which K' = 0, adjacent to the closed region(s) for which
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K' = 0, are lateral boundary points. Since non-zero elements of K' are not
confined to a rectangular domain in general, the boundaries are expected to
be irregular. The forcing function (fifth 1.h.s. term in Eq. (19)) is com-
puted by summing the quasi-horizontal divergences of observed winds verti-
cally using the index K'(i,j) for the upper limit. Inspection of Eq. (19)
indicates that ) varies only at points at least 2A grid units inside the
lateral boundaries. The forcing function need be computed only at these
points. The A field may then be determined by solving Eq. (19) by the SOR
technique already described. ‘

Adjusted wind components are computed from observed winds, observational
weights, and the x field via Eq. (17) and Eq, (18). The vertical or
a-component is determined from adjusted s- and p-components by integrating
the continuity Eq. (5) upward from the specified lower boundary condition.
Lastly, and as in the conventional wind analysis, the Cartesian wind compo-
nents u, v, and w are computed and spatially interpolated to the Cartesian
grid. The origin and x-axis of the Cartesian grid are, for convenience,
coincident with those features of the cylindrical coordinate analysis grid
(Fig. 7). The Cartesian wind field will not exactly satisfy the three-
dimensional continuity equation at each gridpoint due to interpolation error.
A variational algorithm can easily be designed and implemented to correct
this deficiency, if desired. Appendix C presents such an algorithm, for
reference purposes. Since accuracy of vertical velocities would not be
improved by this additional step, it is not employed in this research.

2.5 Analysis Response

Spectral modification of data fields occurs during the interpolation and
variational adjustment phases of the objective analysis. The response func-
tion for gridpoint adjustment is unknown. The determination of an appropriate
power transfer function is complicated because a gridpoint adjustment is not
solely dependent on local wind field characteristics. Experimental evidence
indicates that the variational adjustment results in a systematic, modest
reduction in overall variance of the Ug and Up fields. Explicit low-pass
filtering terms, such as those used by Wagner (1971) and McGinley (1973), are
not included in the formalism. Interpolation by a distance-dependent weighting

Figure 7. Cylindrical/
dq Cartesian coordinate

dp systems used for dual-

{ Doppler analysis. The

| 4 7 radars are located at
asi I(S the points 1 and 2, and

ap, ag, dg are the1unit
normals defining the

three velocity component's
direction.




function acts as a low-pass spectral filter of the data field. Stephens
(1967) discussed the discrete filtering response of the Cressman weight
function assuming continuous data fields. He noted that, because of the
discrete random nature of an actual data distribution, aliasing errors due to
negative side lobes of the weighting function beyond its cutoff could be
significant. Analyses of spectral modification is more difficult if irregular
distribution of data locations is considered. Stephens and Polan (1971) have
determined an expected form for the interpolation power transfer function for
two dimensional fields, assuming the Cressman weight function and a random
data distribution. Based on the successive corrections method, truncated
after one pass and considering a null guess field, they obtained an estimated
power transfer function for R (influence radius) = 1.75d (average separation
of data locations). Their result is reproduced in Fig. (8). Assuming d = AX
and R = 1.75 Ax, it is apparent that waves shorter than 5Ax are damped con-
siderably by interpolation. Waves between 2Ax and 3Ax are virtually
eliminated. In these studies, d ~ 0.70Ax and R ~ 1.0Ax ~ 1.4d. In spite of
the differing values of R and d, and the fact that interpolation is actually
3-dimensional in these studies, the appropriate power transfer functions are
probably quite similar. Results shown by Stephens and Stitt (1970) indicate
that the random distribution model can successfully be applied to real data
distributions. Doviak et al. (1976) obtained an approximate expression for
normalized variance reduction resulting from application of the Cressman
weighting function within a spherical influence volume of radius ry. Assuming
uniform data spacing Ad, the expression is

2\1/2 _ 0.64
(1-r%1/2-_0.64
(r_/ad)*?

where RZ is the normalized variance reduction. The equation is approximate
for ro/0d < 1.5, For one interpolation, the approximate normalized variance
reduction is 0.61. Since two interpolations are performed in succession, the
total analysis filtering will be somewhat greater. The combined response is
determined from the product of the transfer functions of each step. We
expect that the total response for A 210 km will remain strong, while heavier
damping will occur for shorter wavelengths.

3. CASE STUDIES

3.1 A Comparison of Two and Three Doppler Analyses
- 29 April 1977

On the afternoon of 29 April 1977, a cluster of convective cells
developed ahead of a squall line advancing from the west and between the
Norman, Cimarron, and CHILL Doppler radars. Coordinated data collection
scans involving these radars near 1757 CST, provide an excellent opportunity
for comparison of two and three Doppler radar analyses. Results of a triple
Doppler study of these cells are presented in Ray et al. (1978), who include
a brief synoptic weather discussion and a detailed description of the multiple
Doppler objective analysis technique utilized. The WSR-57 radar 0° PPI view
of the storm is presented in Fig. 9. The dual Doppler analyses utilized data
collected by the Norman and Cimarron radars. The analysis grids overlap in
the region of most intense convection.
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Figure 8. Power transfer function for one-pass
application of the method of successive correc-
tions with a zero guess field for (R/d) = 1.75
and d = MX (after Stephens and Polan, 1971).
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Figure 9. Norman WSR=57 integrated
recetved power at 1767 CST on
89 April 1977. PPI display at 0°
elevation. Signal contoured
(weakest to etrongest) as follows:
dim (~108 to -98 dBm); bright
(-98 to ~88 dBm); black (-88 to
=76 dBm); dim (=76 to -65 dBm);
bright (=65 to ~54 dBm). Arrow.
indicates cell to be studied.
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Figure 10 shows the plan view of dual Doppler (Northeast-Southwest grid
orientation) and triple Doppler (North-South grid orientation) analysis grid
locations with respect to the radars. Horizontal fields of wind and equiva-

“lent reflectivity obtained from the two and three radar analyses are presented
in Figs. 11a-h. Dual Doppler winds (left side of page) are adjusted w1§h1n
the area enclosed by a heavy dashed line in Fig. 1la, with unadjusted winds
outside the dashed boundary. As shown later, variations on the horizontal
winds are two orders of magnitude smaller than the mean wind. Consequently,
differences are not visually apparent. Storm motion (7.3 m 5f1 toward 26
from N) has been removed from all velocities, and is displayed on the compass
at the upper left corner of the page. Convergent flow into the region of
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Figure lla-h. Horizontal winds and reflectivities at 1757 on 89 April 1977.
Heights are indicated above each panel. Reflectivity is contoured as
10 log (Z). Dual Doppler fields are on the left and tripZ% Doppler fields
are on the right. Mean storm motion (7.35 m s=1 toward 26° from N) compo-
nent has been removed. Compass (above upper left corner of dual Doppler
panels) indicates north toward upper left corner of page. Dual Dopplgr
grid origin is in lower left cormer of each panel. Triple Doppler grid
origin is Norman radar site. Adjusted dual Doppler winds at 3 km ar§
enclosed by heavy dashed line in Fig. 1la. One grid length = 5 m s-1.
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high reflectivity at 3 km is quite similar for both two and three radar
analyses (Figs. 1la and 11b, respectively). Weak circulations at (16, 9) and
(16, 6) in Fig. 1la, are also apparent in Fig. 11b. Reflectivities generally
agree to within 5 dB. At higher levels (Figs. 11g,h), the flow field as
derived from two Dopplers display a relative lack of symmetry compared with
the outflow as indicated by three Dopplers. The existence of a symmetric
outflow plume is in accord with the presence of weak vertical shear in the
environmental winds. It may be concluded that the three Doppler analysis
yields quantitatively better horizontal wind fields than may be obtained from
the use of two Dopplers. However, the addition of the third radar does not
appear to have significantly altered the overall horizontal wind field
features.

Figures 12 and 13 depict vertical cross-sections through unadjusted and
adjusted dual Doppler analyses and triple Doppler analysis, respectively.
Figure 12a shows a plan view of the orientation of dual Doppler cross-sections
on the analysis grid while Fig. 13a performs the same function with respect
to the triple Doppler analysis. Triple Doppler cross-sections lie parallel
to the planes of corresponding dual Doppler cross-sections, but are shifted
by small and arbitrary distances in the horizontal coordinate. The A-B
cross-sections (Figs. 12b, 13b) are viewed looking to the north into the
storm. Tilt and character of updraft, close relation between updraft and
radar reflectivity core, the character of horizontal Tow level inflow and
high level outflow, and the existence of horizontal rotors centered near 8 km
are features common to each cross-section. Due to the upper boundary condi-
tionw =2m s ! imposed by the variational analysis (Fig. 12, lower panel),
signs of storm top collapse evident in the dual Doppler conventional analysis
(Fig. 12, middle panel) and triple Doppler analysis are absent. Note that
variationally adjusted winds have been supplemented on the storm flanks by
unadjusted winds. Variationally adjusted core updrafts are slightly stronger
than unadjusted or triple Doppler updrafts. Adjusted compensating downdrafts.
on the downshear side of the mid-level rotor are weaker than the corresponding
unadjusted downdraft, but comparable to the triple Doppler-derived downdrafts.
Comparison of the C-D and G-H cross-sections again indicate that a qualitative
similarity exists among the three analyses. The C-D cross-section illustrates
how storm top vertical velocities derived by a conventional dual Doppler
analysis may be quite "noisy," characterized by large horizontal shears not
present in the three Doppler fields. It is important to keep in mind that
these triple Doppler vertical motions at storm top are essentially unique,
measured quantities that only weakly depend on continuity or other constraints.
Large horizontal shears of the vertical motion are absent from the variation-
ally adjusted storm top wind fields. Vertical velocity errors may result
from the assumption of storm top stationarity as illustrated by these cross-
sections.

Figure 14 illustrates the effects of the variational adjustment
procedure on the wind and divergence profile within the updraft core of the
29 April 1977 storm. Plotted results correspond to the interpolated Carte-
sian fields, but are nevertheless representative of the function of the
variational analysis in the cylindrical coordinate system. Unadjusted pro-
files are dashed while adjusted profiles are solid. Variational adjustment
shifts the divergence profile to achieve satisfaction of the integral
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constraint. Observational error which increases with altitude, results in
greater horizontal wind and divergence adjustment at higher levels. In the
illustration, the maximum updraft has increased in response to the increase
in area under the divergence profile below 8 km. Since the shape of the
divergence profile is not greatly modified, the shape of the resulting
updraft profile is essentially conserved.

The distribution of the means of coplane wind adjustments with elevation
for the dual Doppler variational analysis, is shown in Fig. 15. The absolute
values of adjustments are used to compute the mean. Since the radar azimuths
from Norman and Cimarron (respectively at Tocations 1 and 2 in Fig. 9) to
the storm are nearly at right angles with the radar baseline, the p-component
is well determined in comparison to the s-component. Consequently,
p-component wind adjustment is of the order of the assumed Doppler velocity
error variance. The p-component wind adjustment increases with coplane
elevation angle in response to the increasing contribution of the error
in terminal velocity estimation. The s-component wind adjustment is
constant with elevation because. the s-component is completely determined by
the radar measurements. Irregularities of coplane mean adjustment at high
elevation are due to fluctuations in radial distance as radars tilt out of
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Figure 14. Vertical profiles of Figure 15. Distribution of means of
vertical velocity and horizontal coplane wind adjustments with ele-
divergence within core region of vation angle for dual Doppler varia-
29 April storm. Profiles of unad- tional analysis. Overbar denotes
Justed quantities are dashed curves storm volume mean quantity.

while corresponding adjusted pro-
files are solid.
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the storm. Storm volume mean adjustments, indicated by horizontal dashed
1ines, are both of the same order as the assumed measurement errors.

Figures 16 and 17 show comparisons of vertical velocity profiles derived
by the two and three Doppler analysis techniques, at two select locations
within the main storm updraft. Figure 16 indicates a vertical velocity peak
on the storm south flank at low levels, while Fig. 17 indicates that the
updraft peak has risen to high levels over the storm core. These observa-
tions are consistent with the general configuration of the storm flow field,
which indicates a main updraft tilted to the north. The "R1" profile was
obtained from three Doppler observations by the "Step One" analyses of Ray
et al. (1978). In this intermediate analysis step, the three Doppler wind
fields weakly satisfy continuity within the influence volume surrounding each
gridpoint while strongly depending upon the observations. The "R4" profile
results from the application of continuity as a strong constraint through the
"Step Four" analysis routine (Ray et al., 1978). The "ZU" and "ZA" profiles
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from two and three Doppler analyses
within the central updraft on the

29 April storm's south flank. Labels
R1 and R4 correspond to three Doppler
steps one and four, respectively.
Labels ZU and ZA correspond to two
Doppler unadjusted and adjusted
analysts, respectively.

39

within storm core.




are derived from, respectively, the dual Doppler conventional and variational
analyses. The striking similarities between the shapes of two and three
Doppler vertical velocity profiles, reflects the qualitative similarities
between the horizontal wind (hence divergence) fields as previously discussed. .
In the storm core central updraft, the two Doppler unadjusted vertical velocity
profile agrees very closely with the three Doppler profile. In the south

flank of the updraft, the adjusted two Doppler profile is closer to the three
Doppler profile than is the unadjusted two Doppler profile. These observa-
tions illustrate that the "accuracy" of the dual Doppler variational objec-
tive analysis results are dependent upon the accuracy of the assumed kine-
matic upper boundary condition.

3.2 A Comparison of Two and Four Doppler Analyses
- 20 May 1977

An outbreak of convective storms on the afternoon and evening of 20 May
and early morning of 21 May 1977 produced a total of 16 tornadoes in Oklahoma.
The tornadic Del City storm moved from southwest Oklahoma into the multiple
Doppler network near 1700 CST when it developed a single Doppler convergence
signature. Data collected from the Del City storm by four Doppler radars
between 1736 and 1747 has been used to generate two and four radar analyses
for comparison. The four Doppler analysis technique is presented in Ray
et al. (1978). The two and four Doppler analyses in this study utilized data
collected by the Cimarron and CHILL Radars. Information from the Norman
radar and the 5 cm NCAR CP-4 radar (located near Hinton, OK, 88 km at 287°
from Norman) completed the data set for the four Doppler analysis. The
Norman Doppler 0° PPI view of the Del City storm at 1736 is presented in
Fig. 18. The plan view of dual Doppler (northwest-southeast grid orientation)
and four Doppler (north-south grid orientation) analysis grid locations with
respect to the radars is shown in Fig. 19. The analysis grids have been
located to overlap in the region of most intense convection.

- Figure 18. Reflectivity (log Z) at
Norman Doppler at 1740 CST on

20 May 1977. Range marks every

20 km. Arrow indicates cell to
be studied.
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Horizontal fields of wind and equivalent reflectivity obtained from the
two and four radar analyses are presented in Figs. 20a-h. Dual Doppler winds
(left side of page) are adjusted at all points except on lateral boundaries.
Variations on the horizontal winds are at least one order of magnitude smaller
than the mean wind so that differences are not visually apparent. Four
Doppler fields (right side of page) and dual Doppler fields directly across
the page are located at a common altitude. Storm motion (15.1 m s-! toward
35° from N) has been removed from all velocities and is displayed on the
compass at the upper left corner of the page. At 4 km (Figs. 20a,b), a
north-south oriented confluence band is evident toward the upper right corner
while strong cyclonically curving inflow predominates. At 7 km (Figs. 20c,d),
axes of anticyclonic and cyclonic curvature appear in the upper right corner
and in the reflectivity gradient to the left side, respectively. At 10 km
(Figs. 20e,f), strong diverging outflow on the right is flanked by a cyclonic
shear zone on the left and flow toward the bottom of the page. The 12 km
(Figs. 20g,h) winds are strongly divergent. Twin outflow centers are located
in Fig. 20g near the points (17,22) and (19,16) and in Fig. 20h near the
points (-25,-20) and (-20,-22). The colocation of these two sets of points
highlights the strong similarities between the horizontal wind fields derived
from two and four radar observations. Reflectivities generally agree to
within 5 dB. We conclude that the use of two additional radars in the wind
analysis does not appear to significantly alter the large scale horizontal
wind features.

Figures 21 and 22 depict vertical cross-sections through the unadjusted
and adjusted dual Doppler analyses and the four Doppler analysis, respectively.
Figure 21a shows a plan view of the orientation of dual Doppler cross-sections
on the analysis grid while Fig. 22a performs the same function with respect
to the four Doppler analysis. Four Doppler cross-sections lie parallel to
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the planes of corresponding dual Doppler cross-sections, but may be shifted
by small and arbitrary distances in the horizontal coordinate. The A-B
cross-sections (Figs. 21b,22b) are viewed looking to the northwest in the
storm. Strong low level convergence associates with a 10 m s-1 updraft at
(20,1) in Fig. 21b and (12,1) in Fig. 22b. Corresponding refiectivity fields
are also quite similar and feature a maximum aloft near 4 km and a core pro-
file canted strongly to the northeast. Indication of storm top collapse from
unadjusted dual Doppler winds (Fig. 21b, middle panel) is not evident in the
four Dopp]er w1n? field (Fig. 22b). As a result of the upper boundary condi-
tion (w = 2 m s=!) imposed by the variational analysis (Fig. 21b, lower
panel), good agreement exists between adjusted two Doppler and four Doppler
fields. Neither dual Doppler analysis yields low level downdrafts as strong
as those in the four Doppler analysis. The C-D crosssections (Figs. 21c,22c)
are viewed looking west. The core of the storm outflow as seen from the four
Doppler analysis (gridpoint (24,13) in Fig. 22c) and from the adjusted dual
Doppler analysis (gridpoint (28,13) in Fig. 21c, lower panel) contains weak
updrafts. The corresponding feature in the unadjusted dual Doppler analysis
(Fig. 21c, middle panel) contains strong downdrafts. High level downdrafts
in the unadjusted dual Doppler analysis (gridpoint (23,13) in Fig. 2lc,
middle panel) and four Doppler analysis (gridpoint (18,13) in Fig. 22c) are
similar. The constant upper boundary condition used in the variational
analysis precludes depiction of this feature. The G-H cross-sections

(Figs. 21d,22d) are viewed Tooking southwest. Strong low level inflow on the
left side and pronounced horizontal convergence in the vicinity of gridpoint
(20,1) are common features of all three velocity cross-sections. The strong
downdraft in the unadjusted dual Doppler analysis around gridpoint (20,13) in
Fig. 21d (middle panel) is not present in the adjusted dual Doppler analysis
(Fig. 21d, lower panel) or the four Doppler analysis (Fig. 22d). We conclude
that the variational adjustment has resulted in improved estimates of vertical
velocities, primarily because the conventional analysis often disagreed with
the four Doppler analysis as to Tocation and strength of downdrafts near the
storm top.

Figure 23 illustrates the effects of the variational adjustment procedure
on the wind and divergence profile within the updraft of the Del City storm.
Plotted results, which correspond to the interpolated Cartesian fields, ade-
quately represent the wind field in cylindrical coordinates. Unadjusted
profiles are dashed while adjusted profiles are solid. The variational
adjustment effectively shifts the divergence profile to achieve satisfaction
of the integral constraint. The maximum updraft has increased in response to
the increase in area under the divergence profile below 10 km.

Figure 24 shows the distribution of the coplane mean wind adjustment
with elevation for the dual Doppler variational analysis. Storm volume mean
adjustments, indicated by the horizontal dashed 1ine, are nearly one order of
magnitude Targer than assumed Doppler velocity error variances. Due to the
relatively wide radar spacing and the close proximity of the northwest side
of the analysis grid to the radar baseline, radials are not perpendicular.
Locally, large errors in the derived wind result in the large mean adjustments.
The increase of p-component wind adjustment with the coplane elevation angle
is more pronounced than in the 29 April case because the range of elevation
angles is much greater.
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Vertical cross-sections through four Doppler analysis
Upper panel:

Mean storm motion component has
Arrow one grid length long equals 15 m s-1.
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Figure 23. Vertical profiles of Figure 24. Distribution of means of
vertical velocity and horizontal coplane wind adjustments with ele-
divergence within core region of vation angle for dual Doppler varia-
20 May storm. Profiles of unad- tional analysis. Overbar denotes
Justed quantities are dashed while storm volume mean quantity.
corresponding adjusted profiles
are solid.

Figures 25 and 26 show comparisons of vertical velocity profiles derived
by the two and four Doppler analysis techniques at two locations within the
storm updraft. Figure 25 shows updrafts in the inflow region of the storm
(southeast flank) while Fig. 26 indicates downdrafts beneath updrafts within
the storm reflectivity core. The "R4" profile results from objectively
analyzed four Doppler observations modified by the application of continuity
as a strong constraint. The "ZU" and "ZA" profiles are derived from the dual
Doppler conventional and variational analyses, respectively. Figure 25 shows
that the variational analysis has eliminated the spurious high level downdraft.
Adjusted dual Doppler and four Doppler profiles show good agreement. Results
in Fig. 26 illustrate that dual Doppler winds and divergences have been
smoothed more than four Doppler winds during interpolation. Despite the
small disagreements between adjusted dual Doppler and four Doppler profiles
in Tow levels and at storm top, peak updrafts are in excellent agreement.
These illustrate that the variational analysis yields the greatest improve-
ment in estimated vertical velocities in the case where conventional dual
Doppler derived vertical velocities are excessively large in the vicinity of
the storm top.
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3.3 Case History
- 28 May 1977

3.3.1 Introduction

On the afternoon of 28 May 1977, an isolated severe thunderstorm
developed near Wynnewood in south central Oklahoma. The storm was unusual in
that it produced large hail while moving slowly in a southerly direction,
nearly 90° to the right of mid- and upper-tropospheric winds. Storm evolu-
tion was documented by dual Doppler and WSR-57 radar data, time-Tapse movie
footage, many still photographs obtained by ground intercept teams, and a
limited number of infrared and visual satellite photographs. Other data
included hail samples collected in real time by a ground chase vehicle within
the precipitation shaft, and air samples and atmospheric parameters recorded
on an instrumented aircraft flying near cloud base.

3.3.2 Synoptic Discussion

The principle features of the upper Tevel flow are illustrated in
Figs. 27 and 28. During the early morning of the 28th, the 850 mb analysis
(Fig. 27a) showed a trough extending from the Dakotas southwestward to the
Texas Panhandle. A closed circulation was indicated over western Oklahoma
and eastern portions of the Panhandle. A belt of weak southerly winds to the
east of the trough carried warm, moist air from the Gulf of Mexico over
central Oklahoma. A dry intrusion was evident at 850 mb in southwestern
Oklahoma. The morning 500 mb analysis (Fig. 28a) indicated that difluent
flow with two branches was present over extreme eastern Kansas and southern
Missouri. The northern branch was characterized by cyclonic curvature in
relation to an advancing shortwave trough over the northern Rocky Mountains
(not shown in Fig. 28a). The southern branch curved anti-cyclonically from
western Texas across central Oklahoma. A minor shortwave trough in extreme
eastern Oklahoma preceded warm advection over central and western Oklahoma
and the eastern Panhandle region. Surface features on the morning of the
28th (not shown) generally reflect the 850 mb features.

B R P R

850 MB
0600 CST
28 MAY 1977

Figure 27.. 850 mb analyses for 28 May 1977. Height contours (decameters)
are solid. Isotherms (C) are dashed. Wind speeds are in knots. Dew-
points (C) are plotted at selected statioms.
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A composite chart depicting major map features (Miller, 1972) was
constructed to summarize the atmospheric state at 0600 CST on the morning of
the 28th (Fig. 29). In Fig. 29a, jets are indicated by broad arrows. Maximum
jet wind speeds (knots) are indicated at the arrow tail. The zig-zag broad
1ine denotes a significant difluence zone. Solid arrows denote 850 mb jets.
Hatched arrows and wavy line are respectively the 500 mb jet and zone of
maximum anticyclonic shear. Cross-hatching denotes a 200 mb feature. In
Fig. 29b, a wavy solid Tine indicates the 850 mb moist ridge. The thin line
with hatching on one side indicates boundary of significant moisture at the
700 mb level. Solid dashed lines correspond to the 700 mb dryline while open
dash-dot Tines indicate the position of the same feature at the 850 mb Tevel.
To incorporate 12 hour LFM forecast information valid at 1800 on 28 May, thin
lines show isopleths of absolute vorticity while the closed spiked curve
indicates the expected region of maximum positive vorticity advection (PVA).
Overlapping of 200 mb and 500 mb jets over Oklahoma coupled with a moderate
dry intrusion over southern Oklahoma and dry overrunning of the 850 mb moist
jet, are factors which in concert are very favorable to the development of
deep convection. Speed shear is marginal over Oklahoma. Upper Tevel anti-
cyclonic shear zones have been associated with severe weather. These factors .
together indicate a likelihood of isolated severe storms in Oklahoma, east of
the Tow level dry intrusion, by mid afternoon. In the absence of an upper
level disturbance, these storms would not be expected to achieve tornadic
intensity. With the arrival of the shortwave by 1800, storms might produce
tornadoes. Horizontal warm advection at 500 mb (Fig. 28a) and probable weak
subsidence on the right front quadrant of the 500 mb speed maximum, will
actually decrease convective potential during the early afternoon in southern
Oklahoma. The 850 mb and 500 mb charts for 1800 are presented in Figs. 27b
and 28b respectively. At 850 mb, the moist ridge had shifted over central
Oklahoma following the migration of the sub-synoptic Tow into western Oklahoma.
Winds at Oklahoma City had backed 40° in 12 hours and intensified by 5 knots
while the dewpoint temperature had risen 4 degrees. The rise of dewpoint
temperature over north central Texas just east of the dry intrusion was nearly
14 degrees. Vigorous warm advection extended from SW Texas northeastward into

0° 564 -15° 570

2

SO0MB | o
1800 CST | B
28 MAY 1977 | i

i 0600 CST
| 28 mar is77

Figure 28. 600 mb analyses for 28 May 1977. Height contours
(decameters) are solid. Isotherms (C) are dashed. Wind
speeds are in knots. Heavy dashed line denotes shortwave.
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Figure 29. Composite chart for

28 May 1977. Upper panel:

winds. Jets and wind maxima
(arrows), difluence zone (zig-
zag line), and anticyclonic
shear zone (wavy line) at

850 mb (solid), 500 mb (hatched),
and 200 mb (cross-hatched). Wind
maxtmum (knots) at arrow tail.
Lower panel: moisture and vor-
ticity. Position of 850 mb moist
ridge shown by solid, wavy line.
Drylines at 850 mb/700 mb repre-
sented by open dash-dot and
solid dashed lines, respectively.
Thin line with tick marks
encloses region of significant
700 mb moisture. Isopleths of
absolute vorticity (s=1 x 10-9)
and region of maximum PVA
(closed, spiked curve) are
derived from 12 hr. LFM forecast.
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Figure 30. Relation of severe
weather to major map features. -+
Area of watch #158 is outlined X < END.
with dots. Numbered circles \J X
show locations of corresponding
events tabulated in upper left
corner of figure. Selected
upper air features are repro-
duced from Fig. 29.

the sub-synoptic low. The short wave trough had entered western Kansas and
northwestern Oklahoma, and was characterized by moderate cyclonic speed shear
and weak cyclonic curvature. Despite the advancing short wave, 500 mb heights
over Oklahoma had experienced a net 12-hour increase because of warm air
advection from the surface through 500 mb.

Figure 30 illustrates the relation of major map features to severe
weather occurrences in Oklahoma on 28 May. The area enclosed by small dots
corresponds to tornado watch number 158 issued by the National Severe Storms
Forecast Center (NSSFC) at 1649, valid from 1700 to 2100. Severe events 1,
5, and 6 (which is the subject of this case study) occurred before the watch
was issued. A tornado touched down near 2000 at Fairview, Oklahoma (event
2), within the watch box. This event was presumably triggered as a conse-
quence of PVA east of the advancing shortwave. Event 6, characterized by
large hail production, is conspicuously isolated both in space and time from
the tornadic storm in NW Oklahoma. Among the conclusions drawn in the next
section, is an apparent link between events 1 and 5 and the triggering of
event 6, hereafter called the Wynnewood storm.

Surface map features for 1500 28 May are depicted in Fig. 31. A sub-
synoptic low centered in SW Oklahoma was flanked on the west by a moderate
intensity dryline and on the northeast by a mesoscale cold front induced by
the thunderstorms in eastern Oklahoma. The scalloped curve encloses anvil
cirrus of these thunderstorms as they appear from satellite photos (Fig. 32).
The existence of a bubble high in extreme southeastern Oklahoma, western
Arkansas, and southwestern Missouri is indicated from conditions at McAlester,
Okla. (MLC), Fayetteville, Ark. (FYV), Springfield, Mo. (SGF), and Fort
Smith, Ark. (FSM). The latter two stations are not plotted. The anvil cloud
of the Wynnewood storm in south-central Oklahoma is clearly evident in the
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| ) Figure 31. Surface weather fea-
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GOES satellite photograph at 1700 (Fig. 32c). Also noted is a continuous
north-south oriented band of cumulus and towering cumulus in northern Texas
and southern Oklahoma that lies along the west flank of the Wynnewood anvil
cloud. The cloud band may have been associated with a mesoscale confluence
zone. The fiducial mark on the mesoscale cold front just north of ADM repre-
sents the location of first convective development of the Wynnewood storm.
Figures 32a and 32b show a well defined arc-cloud along the leading edge of
the mesoscale cold front. This arc-cloud moved southward at approximately
20 knots, and by 1500 (Fig. 32b) was producing towering cumulus along its
southernmost portions. Figure 32c indicates that northeastern and central
Oklahoma were entirely cloud free, while southern and western parts of Okla-
homa experienced varying amounts of cumulus cloud cover.

The pronounced differences in low-level wind and atmospheric stability
across Oklahoma as indicated by the observations, are illustrated by composite
soundings in Figs. 33 and 34. Figure 34 shows profiles of temperature,
moisture, and winds on a schematic skew T-log p chart based on radiosonde
releases at 1330 from Fort Sill, Ok. (FSI) and the KTVY (TVY) instrumented
tall tower located in Oklahoma City. Plotted soundings have been truncated
above 500 mb. Surface temperature at TVY was 7° lower than at FSI. TVY wind
was from 100°, as compared to FSI wind direction of 140°.. At this time the
mesoscale cold front had passed through Oklahoma City, explaining the differ-
ences between conditions at each station in low levels. Inversions at both
sites between 800 and 900 mb capped a moist layer 75-100 mb thick. Temperature
lapse rates beneath the inversion indicate that dry convective conditions
prevailed within the boundary layer. Cumulus formation at each station
purely from buoyancy considerations was unlikely, since a parcel rising from
the boundary layer would encounter significant amounts of negative buoyancy
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‘Figure 32. Visual photographs from
SMS-GOES satellite. a) 1300 CST;
b) 1500 CST; e) 1700 CST. Oklahoma
appears at the top of each panel.
Arrow points to anvil cloud of
Wynnewood storm.

C
before the 1ifting condensation level (LCL) or level of free convection (LFC)
could be attained. Winds at TVY and FSI were southerly below the inversion,
rapidly veering to a westerly direction above. Figure 33 depicts soundings
taken at Elmore City, Ok. (EMC) at 1330 and 1641. They are particularly
representative of conditions on the high level upwind flank of the Wynnewood
storm. The EMC 1330 sounding is quite similar to the FSI sounding in Fig. 34,
especially in terms of depth of moist layer and near dry-adiabatic boundary
layer, surface temperature, conditional instability, and wind profile. A
significant difference is the relative weakness of the capping stable layer
at 1330 over EMC. Between 1330 and 1641 at EMC, the moist layer deepened
dramatically from a top near 850 mb to approximately 710 mb. The weak stable
layer was nearly eliminated in this 3-hour period. Since the LCL and LFC
nearly coincided, instability could rapidly be achieved. The 1ifted
index was -7 at 1641, hence vigorous updrafts could be realized. In summary,
thermodynamic conditions were most favorable for the onset of deep convection
during mid-afternoon in south-central Oklahoma.

A hodograph derived from the EMC 1330 sounding is presented in Fig. 35.
Pronounced veering with height_?nd weak speed shear, are evident. The storm
motion was from 15° at 5.4 m s ' between 1610 and 1830, as determined from
visual correlation of successive WSR-57 PPI photographs. The cloud-bearing
layer extended from 1 to 13 km AGL (see Fig. 33). The mean wind of the
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cloud-bearing layer, based on a vector average of winds at 1 km intervals in
the vertical, was determined to be from 285° at 10 m s-!. The Wynnewood

storm moved 90° to the right of the mean wind. This anomalous motion must be
due to propagat{on. The corresponding propagation vector is from 85° at
roughly 12 m s™'. Photographs taken by ground intercept teams (Fig. 36) and
time lapse photography from NSSL indicated that the most intense and persistent
cloud development occurred on the storm's west and southwest flanks. This
observation lends support to the conclusion that westward propagation was
responsible for the extreme right-moving tendency of the Wynnewood storm.
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Figure 36. Convection on west
flank of Wynnewood storm as
viewed by ground intercept
teams. a) near Elmore City,

OK at 1655 looking east;
b) mear Lindsay, OK at 1720
looking southeast; c) near

: , . z Elmore City, OK at 1810 look-

c  ing southwest. NSSL-0U Tormado

Intercept Project Photos.

3.3.3 Echo Evolution

Dual Doppler radar data was collected from the Wynnewood storm between
1720 and 1845 CST. Satellite photos, ground intercept team observations, and
WSR-57 PPI photographs establish that sustained deep convection commenced at
1515 and ended between 1830 and 1900. The WSR-57 first echo appeared at 1530
in cloud mid-levels. Recall that vigorous penetrating tower activity was
noted from time lapse photos near this time. The lead time between onset of
deep convection and formation of hydrometeors of radar-detectable size, was
approximately 15 minutes. Between 1530 and 1600, the main echo grew in areal
coverage while elongating along the direction of the mean wind. Initial echo
motion was quite slow and in the direction of the mean wind. Near 1600, a
small echo rapidly developed on the NW or upwind flank of the main echo. By
1610, this echo had become detached while the main echo turned abruptly
towards the south. The small, break-away echo became elongated and moved
with the mean wind until 1645 when it rapidly collapsed. The small -echo was
then downwind of the large echo relative to the low level inflow, and its
demise probably resulted from being cut off from the supply of potentially
unstable low level inflow. After 1550, small echos began appearing southwest
of the main echo, initially separated from the south flank of the main echo
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Figure 37. Norman WSR-57 inte-
grated received power at 1719
on 28 May 1977. PPI display
at 0° elevation.

by between 5 and 10 km. Once formed these echoes proceeded to rapidly

merge with the main echo. Between 1550 and 1800, five such initially discrete
echoes formed. The merger was evidently the result of the larger cell over-
taking the small cell since the average merger velocity was nearly identical
to the main echo motion vector. The storm motion vector remained nearly:
constant between 1610 and 1830. The main echo was observed to propagate
continuously at all times. From these observations it is concluded that
storm propagation was essentially a result of continuous generation of new
convection on the southwest and west flanks of the large cell, with discrete
propagation playing a minor role in determining storm motion. After 1830,
the echo decreased in intensity and turned toward the east {(by 1900, mid- and
upper-level winds had backed from WNW to W). Maximum storm intensity was
evidently between 1700 and 1730 when a fourth level WSR-57 echo maximum
(equivalent to intensities ranging between 58 and 64 dBz) formed in storm
mid-levels and eventually descended to the ground. The WSR-57 0° PPI view of
the storm at 1720 appears in Fig. 37. This maximum disappeared at 1730 and
did not reappear during the remainder of the storm's lifetime. Observations
from ground observers at Norman indicated that all precipitation was from
stratiform anvil cloud by 1900. Although the 0° PPI echo only gradually
diminished, it was apparent that deep convection had ceased by 1900.

3.3.4 Presentation of Dual Doppler Fields

Radial velocity and reflectivity information obtained by the Norman and
CHILL Doppler radars from the Wynnewood storm have been objectively analyzed.
In this section, results of the variational objective analysis corresponding
to coordinated tilt sequences centered at 1719, 1743, 1800, 1816, and 1832
are presented with discussion. The map locating surface observing sites and
the analysis grid position at 1719 are shown in Fig. 38. It is apparent that
data collection did not commence until the storm reached the stage of greatest
intensity and that late observations correspond to the period of net storm
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decline. The Norman Doppler collected usable data for returned, range-
normalized log signal intensity greater than or of order unity. Returned
signals at the CHILL were thresholded such that, in essence, information at
gates for which intensity dropped below order 15 dBz was rejected. The
peripheries of the storm echo are not well-defined in the dual Doppler analyses
as a consequence. In addition, the effort to determine winds in and above
weak reflectivity inflow regions of the storm, e.g., flanking line, is
severely hampered. Conventionally derived wind estimates are displayed only
in Tow and mid-storm levels, and then only when adjusted wind estimates are
unavailable. Extremes of unadjusted vertical velocities in storm core regions
will be referred to for comparison with adjusted vertical velocities.

Figure 39 contains displays of storm-relative horizontal winds and
equivalent reflectivities in selected horizontal planes at 1719. Figure 40
is composed of selected vertical cross-sections of storm-relative winds
within the section and equivalent reflectivities, at 1719. As indicated in
Fig. 39a (2 km plane), two strong cells are centered at the coordinates (13,
16) and (2, 18), hereafter referred to as Cells I and II, respectively. Low
numerals will be assigned to older cells. Cell I has higher intensities,
greater horizontal and vertical extent, and is more erect than Cell II.
Strong divergence and convergence zones are associated with Cell I at 2 km,
and are centered at (13,13) and (10,13), respectively. Their order of mag-
nitude is 7 x 1073 s~ At mid-levels (Figs. 39b,c) an area of locally high
southerly momentum centered at (11,16) exists within the upshear side of
Cell I. This area coincides with strong updrafts. Strong westerly winds on
the storm's south and north flanks are nearly identical to mid-level environ-
mental winds as revealed by the Elmore City 1641 sounding (Fig. 33). A
pronounced wake flow extends roughly 20 km downstream from Cell I at 7 km.
Locally high values of positive relative vorticity exist on the southwest
flank of Cell I, roughly 6 km from the core. A characteristic value of
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relative vorticity in this region is 1 x 10-3 s=1, At 7 km, a closed anti-
cyclonic eddy is located roughly 4 km downstream of the core of Cell I, with
generally high values of anticyclonic relative vorticity in existence on the
east and northeast flanks of Cell I. The negative relative vorticity within
the eddy is -1.2 x 10-2 s-1. Flow diverges around Cell I on its upshear side.
The circulation associated with Cell I is strongly asymmetric. Air flows
from the south into Cell I, while the strong north-flank jet flows smoothly
past Cell I. A pronounced reflectivity gradient on the north flank of Cell I
appears to be closely related to the jet location. At the 13 km level (Fig. 37d)
which corresponds to the tropopause, intense divergence is found with Cell I
while weaker divergence and some upshear flow are found in Cell II. A region
of positive vorticity_in the outflow at (9, 11) is associated with a diver-
gence of -7 x 10-3 s=1, This magnitude is also typical of divergences in the
north flank outflow, which has relatively little vorticity associated with
it. The horizontal winds in Cell II exhibit a veering with height and down-
shear divergence at upper levels. Although horizontal momentum in Tow-Tlevels
of Cells I and II is southerly, Cell II is characterized by appreciably more
westerly momentum than Cell I at mid-levels. A prominent feature of the
reflectivity structure of Cell I in lTow and mid-levels are the two ridges of
high reflectivity extending downshear with the south and north flank jets.
They are separated by a finger-like intrusion of weak echo that reaches
upstream toward Cell I and coincides with the wake of Cell I. This refiec-
tivity pattern may be partly due to differential horizontal advection of
hydrometeeors.

Figure 40 shows selected vertical cross-sections at 1719. Figure 40a
offers a plan view of each section with the 3 km horizontal intensity con-
tours superimposed to provide reference to key storm features. Letters
denote cross-section lateral boundaries. The A-B section in Fig. 40b is
viewed Tooking west-southwest i.e. upshear. Horizontal southerly inflow
forms a layer from the surface to 4 km. High-level outflow resides in a 3 km
deep layer. Two nearly erect updraft plumes sepayated by 8 km are apparent,
The northernmost updraft has a maximum of 46 m s~' at 9 km, just above the
low level precipitation shaft and underneath the outflow plume near 15 km,
Weak updrafts are observed to the north of the strong reflectivity gradient
and below 6 km. The southern updraft has a peak value of 39 m s-! at 10 km.
The regional peak updraft, with the value of 61 m s-1 at 11 km, is not con-
tained in the A-B plane. The core of maximum reflectivity tilts slightly
towards the south with height. The 55 dBZ contour extends to 11 km, while
outlining a mid-level overhang extending south from the core a distance of
4 km. The north flank gradient is essentially vertical through 9 km,
Horizontal protuberances of weak reflectivity extending away from the core to
the south and north (see for example Fig. 40c above 6 km) are the radar-
visible core of the expanding storm anvil. They are formed by the injection
of hydrometeors into the upper levels by the strong updrafts, and their
subsequent advection outward in the outflow layer. Settling of hydrometeors
following the motion results in echo tops that slope downward and away from
the outflow center. Section C-D, oriented roughly south-to-north and parallel
with storm motion, is quite similar to section A-B. The maximum equivalent
reflectivity associated with Cell I is 64 dBZ at 7.0 km. Strong updrafts
coincide with highest reflectivities. The local updraft maximum of 43 m s~
is achieved immediately above the maximum reflectivity at an altitude of
8.0 km. The updraft within Cell I tilts from south to north with increasing

66




\Z,;—sv.s ° Lm.s °

STORn STORN

2 KM ~15.0 M/§ 5 KM —15.0 M/S
LN O I N O I B Py L L L A B L

28
Est 535
45

T Y (O o o O

.

[ S A S A A A AR A |

OISTANCE NORMAL TO BASELINE (KM)
DISTANCE NORMAL TO BASELINE (#M)

TTTTTTTT

L1130 o L1 PSSO 3o YT (8 8P [ 30; ]
14 16 18 20 22 24 26 28 0 2z & 6 B 10 12 14 16 18 20 22 21 e 28
DISTANCE PARALLEL TO BASELINE (KM) . DISTANCE PARALLEL TO BASELINE (KM)
7 KM — 15.0 M/S 13 K —15.0 M/S

[T T T T T T T T T T T T T T T 7 T T T T T T T TTT ) LI O

26| N 260 25,25 §

al 25_/‘\20 - 24l N

L 30~ 25 - - =

T 24, X 25 T ®k 25 N

E ﬂg'* - S olC -

w 2k - w s .

= g g = -

o sj o e ﬂ

7 %) -

a & 16 -

= 2o 7

z 2 7
= E 1L

o = -1
o ==} -

= Z 10 ]

= wor 4

4 z T
@& a 8 |-

— (o |

) 2] - ﬂ

= L= 5[: -

y [ ) ]

2 F ]

o Lttt 1 129N )39 P P o Lo bt i g1

0”24 6 8 10 12 14 16 18 20 22 24 26 28 02 8 6 8 10 12 14 16 18 20 22 24 26 28

DISTANCE PARALLEL TO BASELINE (KM) DISTANCE PARALLEL TO BASELINE (KM)

c d

Figure 39. Horizontal winds and reflectivities from two Doppler variational
analysis at 1719. Heights are indicated at top of each panel. One grid
length equals 15 m s=1. Reflectivity is contoured as 10 log (Z). Mean
storm motion (5.4 m s=1 towa