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Abstract

The Synthetic Dual-Doppler (SDD: - i soics adial wind measuremenis

recorded at two different times by a single i». - '
flow in a precipitating storm. This thesise~: .-/ -*.i1wess and accuracy of the SDD

1ada-  ohran the horizontal wind

technique when applied to operational Deneier a4 h scan only a few low-level
elevation angles
Numerical experiments of the SDD :- * wpplied to a moving Rankine vortex
with random errors superimposed on the ficu oy ided the following results
1. The errors in the synthesized wind increase lincarly with the uncertainty of the Doppler
velocities and are inversely proportional to the sine of the ditference in storm viewing
angles.
2. The most significant errors in the wind field reconstruction tend to be in the wind
component perpendicular to the average storm viewing angle
3. The SDD technique has a tendency to overestimate the actual wind speed
4. The errors in the synthesized wind can become large when changes occur in the
storm-relative flow.
Formal relationships were derived for the first three findings and gave excellent agreement
with the experimental results
Computer software was developed to apply the SDD technique on mesoscale
precipitating systems monitored by operational Doppler radars located at Carvel, Alberta,
and King City, Ontario. The SDD technique was found to be uscful in identifying a roll
circulation associated with an August 6 1993 gust front sweeping across central Alberta
For a July 30 1993 storm over east-central Alberta, the SDD synthesized wind field
indicated a vortex in the low level flow 90 minutes prior to the visual observations of an
F3 tornado. This case shows that proper use of the SDD technique can be useful for
tornado forecasting.
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Glossary

Reflectivity factor (Z)- The reflectivity factor quantifies the combined effect of a
collection of precipitation particles on scattering clectromagnetic energy back to the radar.
It is defined as the sum of the diameter of the particles to the sixth power per unit volume
(i ¢ Z=IDA with units of mm®m-3) This quantity is usually expressed in dbZ

(i ¢ 10log(Z/(1 mm®m-3)). The reflectivity factor is used for describing the intensity of
radar echoes and is commonly referred to simply as the "reflectivity”.

Beam wideh - The angle within which the microwave radiation from the radar beam is at
least one-half its peak intensity (i.e. 3 dB width)

Velocity spectrum - The FFT signal processor of the radar system uses the measured
phase shifts between many pulse pairs (typically 65) to build a velocity spectrum. This
spectrum can usually be approximated as a normal distribution. The mean of the
distribution is archived as the mesn redial velocify and the standard deviation of the
distribution is archived as the specwral widbh.

PPI - Plan Poiition Indicator radar chart. A two-dimensional remapping of the conical
area swept out by a radar scanning at a constant elevation angle.

Velume scan - This is the set of PP] radar scans and it can be used to build a three
dimensional representation of the radar reflectivity. For the AES radars in Do; pler mode,
the volume scan is limited, consisting of only three or four low elevation angle Doppler
velocity scans.

LOG 2 - Reflectivity factor radar chart. A PP type chart showing the radar reflectivity (i
dBZ). When the radar is in Doppler mode, ground clutter (signel returns from fixed

elevation angle reflectivity PPT's (i.¢. the volums scan) are used 10 build a 2-D mepping



MAX R - Maximum Rainfall Ruic 1adar chart This is a 2-1D mapping of the maximum
rainfall rate (related to reflectivity) above 2 km in the volume scan

ECHO TOPS - Echo Tops radar chart This is a 2-D mapping of the maximum height at
which the radar reflectivity is at least 10 dBZ

SEVERE - Severe weather radar chart. This is a 2-D mapping of parameters which are
considered to indicate a strong potential for severe weather Currently, the display
includes the maximum height at which reflectivities of 40 dbZ or more were recorded,
superimposed with the locations and frequency of lightning strikes

"Run-time” - Expression used to refer to real-time interaction with a computer program
For example, parameters can be adjusted without re-running the program Feedback on
any adjustments is immediate.



1.  Introduction
1.1. Historical perspective on Doppler weather radars

The late 1930's saw rapid development in microwave radar technology
(Fletcher 1990) With war about to break out, the driving force behind radar research was
the ability to detect and monitor enemy aircraft well before they could be seen or heard.
Researchers soon saw that microwave radar was also able to detect rain and snow because
precipitating particles acted as scatterers to electromagnetic waves. The first recorded
measurements of precipitation echoes by radar were made in February 1941. During the
war years, weather radar research focused on the atmosphere's influence on microwave
propagation, with little interest in the actual measurement of precipitation. However,
shortly after World War 11, research groups in the United States and Canada started to
concentrate their efforts on precipitation and storms (Atlas 1990).

Until the early 1950's, weather radars were used mainly to measure the location
and intensity (reflectivity) of precipitating echoes. At that time, however, the United States
military was beginning to retrieve velocity information on radar targets through the use of
principles to make velocity measurements on a rain shower. The Doppler weather radar
field became well established when Brantiey and Barczys (1957) reported velocity
measurements of various westher phenomens using a continuous wave Doppler radar unit
(Rogers 1990).

The Doppler radar grestly increased the possibility of studying air flow motions in
westher systems. Velocity information retrieved from a single Doppler radar is however
ambiguous since only the radial component of the velocity vector (i.e. towards or away
from the radar) can be inferred through the Doppler effect. Spatial assumptions can be
made of the wind flow to remove this ambiguity, and these have led to retrieval techniques
for the wind speed and direction averaged over a conical surface. The basis of ihese is the
Velocity Aziensth Display (VAD) technique, which assumes that the wind fleld is locally
linsar. it was first proposed by Lhermitte and Atles (1961), with further developments by
Cﬁ(lﬂl“ﬂ“ﬂ(lﬂ)dw(lm) lﬂﬁt-l.
which the wind spesd and direction are sveraged in thess techniques is usually relatively
hpﬂhﬁtﬁmﬁnwﬂhnﬂydmj mOmens on the
convective or meso scales (¢.g. thundermorms, squall ines, gust fromts). In addition, the




linearity assumption upon which the techniques are based is usually inappropriate for
mesoscale weather systems.

The desire to understand mesoscale weather phenomena prompted the use of dual
or multiple Doppler radar. Using two Doppler radars, a precipitating system can be
observed simultaneously from two viewing angles. By using low radar elevation angles,
the radial components are uncontaminated by vertical velocity components (up and down
drafis) and a synthesis of horizontal winds in the system is possible Three or more
Doppler radars are needed for the reconstruction of a three dimensional wind field
(i.e. including horizontal and vertical motions). Estimates of the fall speed of
hydfometgﬁﬁ (which scatter micrr::w-ve mfg’y) are Ill(l neaded if ihe intent is to deduce
the 3{) prublem using only two r:dlr:

There are two major drawbacks to dual or multiple Doppler arrangements First
and foremost, they are very costly. Second, unless the positions of the radars can be
moved to suit a particular storm system, accurate wind field synthesis can only be done in
certain locations relative to the radars. This limitation is caused by resolution problems
and the requirement for a substantially different viewing angle (to the storm) between the
radars. Airborne Doppler radar provides a solution to the geometrical constraints by
moving the radar and observing the same precipitating complex from two significantly
dtﬂireiuwemngm Thn:aﬂmrgfawdmn'pudo-mmple[hppler' monly

Neas ":"’j',l&amd:ﬂ‘mmmwhnmﬁ(ne m—:ymhmﬁm:)
Unfortunately, the prohibitive cost of aitborne Doppler radars limits their use 1o a few
field experiments per year (Jorgensen 1986).

Teace et al (1968) proposed the basis for a technique which had the potential for
consists of a comparison between two sequential Doppler radar observations of a moving
precipitating complex. These two cbservations can be used to emulate simultaneous
observations from two Doppler radars at different locations. The two radial wind fields
thus obtained allow for the reconstruction of the horizostal wind field in a precipitating
ennplu haﬁmnﬁmuﬂdmﬂuﬁnﬂemwwﬁnwd‘h
hﬂhm:l-jﬂlﬁﬂnﬁmﬂhﬁl
*“h*mm lqhﬁdmadynnnhm lh

hﬂcrﬂ'm Fmﬁmtﬁmmdummﬁd
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somewhat as only one radar is involved in defining acceptable orientations relative to a

weather complex
1.2. Basics of the SDD technique
121 Geometry of the SDD technique

The synthetic dual-Doppler technique is based on the notion that wind
measurements sampled by a single Doppler radar at two different times can be interpreted
as simultaneous measurements by two Doppler radars at different sites. Three basic
assumptions are required for such a time-to-space conversion:

. Radial wind measurements must be available at two times ¢, and ¢;, where

154, is typically 20 to 60 minutes.

During the time period #) to 1,, the storm relative flow pattern must remain

quasi-steady (i.e. no significant changes in the internal storm circulation).

3 The motion of the precipitating system must be such that the viewing angle
from the radar changes significantly from #; to ¢ (i.e. the motion must be
largely azimuthal).

oy

The following example illustrates the way in which the data from two different
times are synthesized (time-to-space). At a time #,, the radial wind component is shown
together with a series of possible wind vectors that are consistent with the actual observed
radial component (Figure 1.1). At a time ¢, a similar situation emerges. During the time
interval 1,-4; the precipitating system moved eastward by a distance dx=c(f,-#;), where c is
the translation speed of the system.



Doppler

Figure 1.1  Single Doppler observations of a moving storm at two different
timeys, 8y and ts. The radial components as observed by the Doppler are
shown, along with various wind veciors which could yield those radials.

The superposition of the two radar observations is equivalent 10 "simultancous”
measurements from two Doppler radars separated by a distance dx Figure 1.2 shows how
the two radial components determine the unique horizontal wind vector (indicated by the
dark arrow).

c(h-1)

Figure 1.2 SDD horizomal wind reconstruction. Daoppler radars are
repositioned in space relative 10 the storm. Both observed radials are shown,
along with the reconstructed wind vecor.

In the sbove example, storm relative winds (i ¢. internal winds) were used for
clarity. Of course, a ground based radar measures ground relative winds, but exactly the



122 Mathematical formulation of the SDD technique

The SDD technique can be formulated in a pair of equations for the x and y
components of the wind vector (& and v) in terms of the radial wind observations and the
angles at which they are observed. Suppose r; and r; denote the radial wind measured at
times ¢, and 1,, with 8, and £, being the azimuthal angles (from north) at which the radial
components are measured. Then:

y < fi(c0sB;) ~ r;(cosf)
sin(g, - £,)

y = BlsinB) - r(sing,)
sin(B, - 5,)

(1)

This pair of equations is the two dimensional version of the "classic” dual-Doppler
relations as described by Lhermitte (1970). The relevant geometry is depicted in
Figure 1.3. It should be mentioned that (1.1) neglects the contribution of the vertical
component of velocity to the radial component. This is a valid assumption when radar
elevation angles are small (e.g. less than 5° for all cases presented in this thesis).

N
l

Figwre 1.3 Layowt for a SDD case showing observed radial components and
azimuthal viewing angles of a given siorm at iwo observation limes.



1.2.3. Changes in viewing angle

Changes in azimuthal viewing angle occur in two ways The first is the most
obvious lﬁd is c:lugd by trlmlatien of a storm, as shown in Figure 13 This implies that

SDD techmque. Thu is not qune true since lh: gzlmu!hnl viewing nngle crl' a p;mcular
part in a storm will change due to parallax, as is demonstrated in Figure 1 4 Although the
feature (a gust front in this example) as a whole has not altered its azimuth with respect to
the radar, the azimuth to individual portions along the front has changed as the front
approached the radar Fundamentally. this parallax is caused by translation A long feature
is used to illustrate this effect, however the same is tnie for smaller features such as
supercell storms, only to a lesser degree.

Figure 1.4  Changes in viewing angle caused by parallax.
1.3. Overview of SDD research (1968 - 19%4)

Peace et al (1968) proposed the basis of the SDD technique and indicated that #
has merits in analyzing single-Doppler observations of quasi-sieady phenomena They
of the measured radial wind flelds were fitted to two dimensional polynomials. A
mm“smmmhwﬂﬁdmmm

d“Wm“ﬂﬂﬁ VVP“d’WHH!'Hl
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expressions for the & and v component wind fields. The storm was observed
simultaneously by two Doppler radars, which provided a means of testing the single
Doppler technique Comparisons were made between single and dual Doppler analyses
and the results were promising In a subsequent study, Peace et al (1969) tested their
technique using simulated fields to see how well the single-Doppler technique could
reconstruct a horizontal wind field, again concluding that single Doppler measurements
could be used to derive horizontal motions under certain conditions.

Most researchers afier 1968 have not used a parameter separation approach to
deriving the horizontal wind field. Rather. the dual-Doppler calculations as described by
Lhermitte (1970) are made with the synthesized (time to space) data sets. There are
several reasons why this is so. First, the technique originally developed by Peace was
limited to analyzing linear wind fields. Linearity in a wind field means that the spatial
curvature term of the flow is small compared to the shear term (i.e. in the Taylor
cpansion of the wind, the second denvmw:: are small), which may not always be valid
for mesoscale phenomena. Second, the dual-Doppler calculations are more direct. Finally,
several software programs already exist to perform the dual-Doppler calculations, and
only minor alterations need be made in order for these programs to run single-Doppler
data sets. An example of such a program is NCAR's CEDRIC analysis package (Mohr,
1986). Krauss (1974) was the first to develop the use of the classic dual-Doppler approach
to “synthetic” radial velocity data sets. This approach puts no limitations on the wind field
structure.

()mdm.getlnt Pm‘:mpﬂnﬂhaﬂhsmthechmmﬂuthn it

l&mﬁrﬂﬂ%mﬂlm&éﬁmmth@mmwﬁkmm

provides a good way to convert polar coordinate radar data to a regular Cartesian grid.
After Krauss' (1974) study, the single-Doppler technique remained dormant for

ﬁl\gnyun.uml 1989. One could guess that this occurred because of the advent of

oppler radar experiments, which were subject to fewer constraints than those

“whwm Klimowski (1990) mentions that the renewed

marﬂﬂdmmmcﬂkmmﬂﬂnﬁmmt.wﬂﬂ

single-Doppler coverage throughout most of the U.S.A..

mﬂmum)nﬂhMmﬂynlﬂﬂd‘m




analysis or "SDD" 2. Since complete volume scans of Doppler data were available, several
levels of the horizontal wind field (0.5, 1.0 and 2 0 km AGL.) were retrievable The time
interval between the two observations used for the analysis was 120 minutes The
hurricane was moving at 20 km/hr, giving a synthetic dual-Doppler base line of 40 km
Their results were consistent with surface measurements, and they concluded that the
technique was viable for the analysis of mesoscale aspects of mobile cyclones and fronts

Klimowski and Marwitz (1990) studied a severe squall line using the SDD
technique. They also used another analysis method applicable to banded precipitation
systems (Banded Velocity Processing - BVP) which relies on a two dimensional
assumption. Results from the two techniques and a real dual-Doppler analysis were
compared. Full volume scans permitted reconstruction of the horizontal wind field up to a
height of 10.5 km. The time interval used was 45 minutes, with an angular separation of
30° between the observations. Their results showed that the SDD technique worked well
for the higher levels, but that the lower level did not compare well to the real dual-Doppler
analysis. This was attributed to a rapidly changing wind structure in the lower levels,
making the time to space conversion inaccurate. They concluded that the SDD technique
can be used to investigate the kinematics of covnvctive situations

Bluestein et al (1991) tested the SDD technique with two cyclonic vortices
embedded in the stratiform rain areas of mesoscale convective systems (MCS)
Comparisons were made with a real dual-Doppler analysis. In both cases, they found the
synthetic analysis yielded results qualitatively similar to the dual-Doppler analysis, even
though the RMS speed difference between the two analyses was quite large in certain
areas. One case used observations with a 90 minute difference and a baseline of 75 km
This relatively large synthetic baseline gave an analysis area about twice the size the real

of 119 minutes between observations, with a baseline of 40 km. Complete volume scans
Donaldson (1992) developed software for the SDD technique and applied it to a
City radar does only a limited Doppler scan (3 low elevation angle scans), several
observations of the squall line were used in order 10 increase the area over which a SDD
of only two) was used to test the "quasi-steady” hypothesis. The method was found to be

|



very sensitive to the advection speed of the storm This is equivalent to having problems
matching storm positions as required for the horizontal wind field synthesis.

Klimowski and Marwitz (1992) compared the SDD technique to the real
dual-Doppler technique using three cases: a mature gust front, a supercell storm, and a
developing squall line. Several low angle (0.5°) scans of the gust front case were used in
the analysis, with time separations varying from 4 to 56 minutes and angular separations of
8 10 62° The best comparison with the real dual-Doppler analysis was with the 19 minute
time difference, corresponding to an angular separation of 38° between the observations.
This reflects the compromise between the angular separation and the time interval between
the observations. Full volume scans were used for the supercell and squall line cases, and
results were in good agreement with the dual-Doppler analysis. They concluded that the
technique was useful in analyzing mean velocity wind fields of certain quasi-steady
phenomena.

The SDD notions have occasionally been used for analyzing single-Doppler data
and Knight (1987) used the quasi-steady assumption for use in a dual-Doppler analysis of
a supercell storm. Nichols (1990) evaluated the speed of a descending jet associated with
an MCS over southern Ontario by assuming steadiness in the wind field. Boonesteele and
Lin (1977) used the SDD ideas to obtain conceptual information on supercell storms.
Their study is exceptional in that the radial data sets used were from differens storms, one
near Union City, Okiashoma in 1973 and the other near Davis, Oklahoma in 1972.
Airborne Doppier measurements are also related to the SDD technique in that it is
assumed that the wind structure is quasi-steady during the data acquisition period. The
time acquisition period for a given area of a storm is typically only a few minutes and,
unlike in the SDL technique, no time-to-space conversions are done. Watson (1993) and
Dowell (1993) investigated supercell storms using sirborne Doppler. Wakimoto et al

mmmﬁlqﬂcm h!ﬂmmhﬁnh;hﬁ
radar dieh) is usually used giving optimum performencs and resoclution. Information
processing and display is performed by “state-of-the-art" computers (¢.g. CRAY super
computer) and workstations (¢.g. Silicon Graphics).



Having a primary mandate to support forecast operations, "operational” Doppler
weather radars have specific tasks which cannot be interrupted by research experiments
Further, these radar units usually consist of moderate hardware (¢ g small radar dish) and
have limited computing facilities for information processing (e g DEC VAX
minicomputer) and display (e.g. IBM PC).

The Atmospheric Environment Service (AES) of the Canadian government
manages two aperational Doppler weather radars. The King City radar, located near
Toronto, began operations in 1986. It is identified internationally by the letters "WKR*"
Development for the Canadian Doppler radars is done at the King City radar facility by a
team of AES scientists. A second Doppler, the Carvel radar (WHK). began operations
near Edmonton, Alberta, in 1990. The AES plans to install several more Doppler radar
units over the next few years.

The AES Doppler radars have a varied agenda. The radar goes through a routine
of Doppler (velocity, reflectivity and spectral width) and conventional (reflectivity)
measurements (see Glossary). This routine repeats at 10 minute intervals

In the non-Doppler measurement mode, the radar scans 23 elevation angles in a
S minute period to produce a three dimensional grid of reflectivity data Such a scan is
often referred to as a "full” volume scan (Figure 1.5). Data from the volume scan is used
to produce various display products for operational forecast use, which include the
CAPPI, MAX R, ECHO TOPS and SEVERE displays (sec Glossary)

Figwre 1.5 The comventional mode “full” volwme scan for the ALS Dappler
radars. The volume sampled by the radar (shaded) encloses 8% of the
volume below 15 km within a radius of 113 km (neglecting refraction amd
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The radar then goes into a Doppler mode and scans at four elevation angles,
typically 0 4%, 0 8¢, 1 3¢ and 3 5° (Figure 1.6). Only four elevations (i.e limited scan) are
possible because the antenna rotation rate must be reduced considerably when doing
Doppler measurements Hardware details of the AES radar units are provided in
Appendix A

Figure 1.6 The Dappler mode limited scan for the AES Dappler radars. The
vwume sampled by the rmir (shaded) encloses only 40% of the volume
below 15 km within a radius of 113 km (neglecting refraction and the
Farth's curvatwre). The angles have been distorted for clarity.

lheSDDlednqng mgwﬂEMEtheneslﬂq:m.
1.5, Objectives of this thesis and appreach te the research

University of Toronto owns 8 portable unit. In the United States, a nstwork of single
Doppler wts (NEXRAD) is in the process of being installed and will soon provide
becoming available to operational forecasters, much effort is now being devoted to the
&vﬂq—ﬂ‘ﬁmmm—bmm
ignificant research on the SDD technique has besn done in the last few yeors.
Wﬁhmﬁﬂhﬂh(lmim cases analyzed were based on data
11




from Doppler radars which offer full volume scans As mentioned in the previous section,
the AES Doppler radars do provide a full reflectivity volume scan, but the Doppler scans
are done only at very low elevation angles due to time constraints

This thesis has three major objectives. The first objective is to investigate the
effect of various erver sources on SDD derived wind flelds. These include inaccuracies
in the measured radial components due to shear and turbulence, errors in matching radial
companenﬁ at two iimﬁ and errors caused by the evolution of a wind field The various

In ctrde,r mdmh:s investigation of error sources for the SDD technique. a
computer program was designed to do SDD wind field reconstructions based on radial
wind fields generated from an initial wind field This program can be thought of as a SDI)
simulator. Various realistic error producing processes can be simulated by modifying the
generated radial wind fields before a wind synthesis is attempted. The dependency on
viewing geometry can be examined, and comparisons may be made between statistical
calculstions and simulator output.

The second objective is to determine whether or net the SDD technique is
wmﬁﬁﬂiﬁnmmmﬂkvﬁmnﬂhw
for real-time eperational use by forecasters. An example of this is the possibility of

The means of satisfying the second objective eventually led 10 a third objective te
develop an SDD analysis package for an eperational Deppler weather radar which
could petentially be used for real-time applications. In keeping with the operational
aspects of this objective, it was determined that the analysis package should have the

1. F!.ﬂi

mrﬂm

The means of satisfying this third objective involved a significant amount of time in coding

12



1.6. Outline of subsequent chapters

Chapter 2 deals with the limitations and inaccuracies of the SDD technique The
configuration of precipitating systems with respect (o the radar as related to the wind field
reconstruction is also discussed

The computer program design, implementation and use of both the SDD simulator
and the SDD analyzer are presented in Chapter 3. The development of these programs
comprised a significant part of the research undertaken. Details on the code are provided
in Appendix C and the source code is included on a magnetic disk in the thesis cover.

Chaptcr 4 consists of the sensitivity tests on the SDD method using the simulator
The effects of spectral noise and imprecise matching of radisl wind fields are examined
Evolution of a wind field structure is simulated to see its effects on SDD wind fields. In
order 10 represent a realistic case, a simulation is done using a combination of noise,
imprecise matching and wind evolution. The effects of viewing geometry using realistic
data are investigated, both statistically and with the simulator. Finally, a statistical
treatment is done t0 determine which biases the SDD analysis may introduce to the

Chapter $ consists of SDD analyses on real westher cases. Three cases from the
Carvel weather radar near Edmonton are presented. The first is a gust front, the second is
a severe storm, and the last is a tornadic storm. All three cases occurred in the summer of
1993 over central Alberta. Interpretations are made on the analyses obtained.

In Chapter 6, a tornadic storm which was observed by the King City radar near
Toronto on July 24, 1987, is analyzed.

The final chapter summarizes the findings of the research uadertaken. Sugﬂm
are made for future work on the SDD technique, particularly as pertains to operatio
radars.

13



2. Limitations and inaccuracies in the SDD technique
2.1. Ervor analysis of the basic wind synthesis equations

An error analysis on (1 1) gives some insight into the limitations and inaccuracies
of the SDD tgciw‘que The dﬂemlinltian aﬁhe honzonul wind vector at a given poim

ahm:tm;. Therefare, errors in lhe haﬂznmﬂ mnd ﬁeld (il ;nd dﬁ') depmd cmlv on
these variables and the accuracy to which tivey are known. Expressions for these errors
can be derived from (1.1)

(eos B, +cos” ﬁl)dr +/(h.n.B.5; );i[}f
sin’(f, - £,)

M = (sm ﬁjfsm ﬁ,)dr + /(n.n.B.B, Wp’
sin’(B, - B,)

di’ =

21)

where it is assumed that the radar measurement errors are the same for both observations
(ne t,s&;:i-udi,iﬂﬁ) The f...) terms are lengthy and involve the cosine and

A scale analysis of (2.1) reveals that the error due to the 4 terms is abowt 100 to
1000 times smaller than that due 10 the dr terms. This then leads to simplified expressions

duw drJcos’ B, sc-ms’ﬂl
) sin(B, - f,)

Jsm B +sin’ ﬁ,
sin8, -8,)

(22)
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2.2. The quasi-steady and azimuthal motion requirements
inherent to the SDD technique is the requirement that the wind structure within

conversion In addition, the storm being observed must undergo significant azimuthal
movement between the observations 30 as to make the wind synthesis calculations
reasonably accurate As a rule of thumb, an azimuthal change of 20° or more is needed to
get a useful reconstruction of the wind field. Figure 2.1 shows the relationship between
angular velocity, w, and range, R Curves for various tangential velocities, v¢, are plotted.
As expected, shorter ranges and higher tangential velocities lead to higher angular
velocities. For example, a storm moving at a tangential speed of 15 m/s and at a current
range of 30 km would undergo an azimuth change of about 10° in 10 minutes. As such,
the storm would have to be quasi-steady for at least 20 minutes in order to get a usable set
of cbservations.

A

B 8 N N B W
R (km)
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A delicate balance exists between the time interval used in an SDD analysis and the
angular separation obtained during that time. Accuracy of the calculations increases for

long time interval. Similarly, a short time interval may help to validate the quasi-steady
requirement, but leads to inaccuracies caused by a small angular difference. For example, a
case with 20°/20 minutes may yield better results than a case with 40°/40 minutes or
10°/10 minutes.

Equation (2.2) shows the sensitivity of the SDD technique to the difference in the
angles from which the storms are viewed. The sinusoidal relationship in the denominator
implies that errors are minimized when the two storm observations are at right angles
Errors are large if the storm or feature is moving almost along a radial (8,~8;) or when
the feature passes over the radar (f;-4,~180°).

The accuracy with which the wind field is reconstructed also depends on the
orientation of the true wind vector with respect to the "radars”. An extensive analysis of
Ray (1976). It is shown that the best wind magnitude estimates are obtained when the true
wind is aligned along the bisector of the angle subtended between the radars and the
perpendicular to this bisector (Figure 2.2).




2.4. Error sources in the SDD technique
24 Measurement of radial components

In order to obtain meaningful estimates of radial velocity, the measurement of the
phase change (Doppler effect) between two pulses of energy for a given location is
repeated many times. On the AES Doppler radars, 65 pulses are used, giving 64 pairs of
measurements from which to compute radial velocities. A Fast Fourier Transform (FFT)
signal processor then computes a spectrum of radial velocities, along with its mean and
standard deviation. The standard deviation of the spectrum is called the spectral width,o,,
and is fundamentally caused by turbulence and shear within the volume being sampled.
Typically, o, varies from sbout 1 nVs in stratiform precipitation to over 4 nVs in strong
convective situations. The uncertainty in the mean value of the radial velocity.o,, isa
function of o, and other parameters. Doviak (1984) shows that, for a Gaussian spectrum
with relatively narrow o,, o, can be approximated as:

oo zuw-) o ,_RF 1 |
| JAPRFA ™ (PRIVTATSNR~ 12(SNR)F| @

where A is the operating wavelength of the radar, M is the number of paired
m;hl“mmudﬂmmﬁnq;ﬁyﬂsmmdﬂ

-to-noise ratio !. For large SNR's, the first term is dominant. Using a PRF of about
IMHLHPJEm-ﬂIﬁMhﬂSﬂL“m!hWEtE
uncertainty in the mean as:

o, #0.33nfo, 2.4)

Spectral widths of 3-6 m/s in strong convective situations then transiate to radial velocity
ervors of 0.5 10 0.8 m/s. The second and third terms in (2.3) can however contribute

significantly t0 o, under typical conditions. Crozier (1966) mentions that for the King City
radar, mean radial velocity estimates of a given volume measured at different PRF's differ

IS8 Dovisk (1984). p. 108, equation 6.26.
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by an average of about 3 m/s. Using addition of errors in quadrature, this suggests that o,
is typically about 2 nvs.

Uncertainties in the azimuth of the radar beam also lead to errors in the radial
component at a given location. These errors are proportional to wind shear at that
location. Under strong shear conditions, a random uncertainty in the beam pointing
azimuth of 0.1° will cause an error in the radial velocity of about | m/s (Doviak 1976).
Radial velocity errors due to inaccurate beam positioning are therefore of the same order
as those due to spectral noise, giving a combined o, of up to 3 m/s Systematic errors in
azimuthal beam positioning may also exist and will cause additional errors in the radial

242 Resolution problems of the radar

The beamwidth and pulse length of a radar unit determine the spatial resolution
wnhwhehtlgpropeﬂmofurﬂurem The angular resolution decreases with
range as the beam widens, however the pulse length fixes the lengthwise dimension of the
volume being sampled. For example, using a beamwidth of | degree and a pulse length of
0.5%x10 5, a volume sampled (or "pulse volume"”) at 30 km can be approximated as a
cylinder with a diameter of 0.5 km and a length of 75 m. At 90 km, this cylinder increases
to a diameter of 1.5 km but retains the length of 7S m. The range of targets must therefore
always be taken into account when using radar data since significam “blurring” occurs at

Thus far, the limitations discussed apply equally to a real dual-Doppler
arrangement and 10 a SDD setup. The following limitations, however, are particular to the

A problem that can arise from using synthetic “radars” is that these raders also
have synthetic positions relative 10 the storm, as determined by the storm advection
podﬂonpﬂym#n(!!)ﬁamﬂm:ﬁmﬁnmdi
wwﬁwﬁﬁmmnmuﬁm?; ortant. However, &
features with strong horizontal wind shear, such as mesocyc ’ -
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critical to the analysis In a broad sense, inaccuracies of x km's in the storm positions will
"blur" features with dimensions smaller than x km (Klinjowski 1992). Furthermore,
artifacts may be created in the wind field as a results of these inaccuracies.

Determination of the advection vector is often a major source of error in the SDD
technique. Additional problems can arise when the advection of a feature cannot be
described by a single vector, as pointed out by Nelson and Knight (1987).

244 Steadiness of the internal wind structure

A significant error source stems from time variations in the internal wind structure.
These errors show up in (2.2) as an increase in dr. The quasi-steady requirement puts
limitations on the time interval between the radial wind field observations used for the
SDD analysis. Typically. a usable time interval for supercell storms would be in the 20 to
60 minute range, while more persistent gust fronts or rainbands may allow for time
intervals of 40 to 90 minutes. Without the use of a real dual-Doppler, the only way to test
that a particular feature is quasi-steady is to compare two or more SDD analyses using
three or more radial wind field observations (Krauss 1974).

for a given elevation angle, the height of a storm which can be examined depends on
range. At 30 km, the 0.5°-3.5° scans will penetrate festures from average heights of 700
to 1800 m. Out to a range of 90 km, these same scans penetrate at average depths of 1200
to 3300 m.

least two observations of a festure are needed for an SDD analysis. Unless the motion of
this feature is strictly azimuthal, the height at which it is penstrated by the radar beam will
components originating from the same horizontal location in the storm will actuslly come
from different heights. Uﬁmmmmm.@u.m

s information from more than one
m*nmmm:f;pf;m of the Doppler informati '
conditions where this works are extremely limited. lﬁtnﬁwmhpﬂl—.
and it limits uee of the SDD technique 10 casss where the storm or feature advection is
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largely azimuthal In order to "keep tabs" on the accuracy of the technique, average beam
heights and their changes between the two observations being compared can be calculated
Estimates of acceptable height changes can be made by considering typical vertical wind
shears.



3. Development of computer programs

Two core programs have been developed to test and utilize the SDD technique.
The first program is a SDD simulator, the second is an actual SDD analyzer. Both
programs are written in the C programming language and run on IBM compatible personal
computers. The source code for the programs is included on a magnetic disk in the thesis
cover. Details on the program structure can be found in Appendix C.

3.1. A synthetic dual-Doppler simulator

The SDD simulator takes an initial wind field and generates the radial wind fields
that a Doppler radar would have observed at given positions. The Doppler "observations®
are then used in the SDD technique to reconstruct the horizontal wind field. Finally, the
initial and reconstructed wind fields are compared. Using the simulator, it is possible to
spectral noise and storm positioning on SDD wind field reconstructions. An outline for the
SDD simulator is shown in Figure 3.1. The major components are discussed briefly in the
following subsections.

3L Program inputs

The first entry in the program specifies a filename for a hypothetical horizontal
wind field. This file consists of 2 NxN matrices, one each for the ¥ wind and v wind
components. These regular grids (matrices) determine the # and v wind fields once a
spatial resolution (i.e. grid spacing) is chosen. Typically, matrices of 67x67 elements are
used with a resolution of | km. The next entry is the elevation angle of the radar which is
used to calculate average radar beam heights. The mean radial component standard
devistion (nVs) is then entered. It is used to add random error to Doppler cbservations

312 Radial component generator

The position of a festure relative 10 the radar is used to derive the radial
components of the horizontal wind field for that feature. This is done for both
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observations. Since realistic storms and gust fronts are relatively large, the difference in
viewing azimuth from one part of the feature to another is taken into account Spectral
noise may then be added to the radial component wind fields with a standard deviation as
specified in the program input.

31.3.  SDD analysis

Since this program is designed to simulate the use of the SDD technique on limited
scan radars, average radar beam heights are calculated for both observation times. Beam
heights and their change between observations are displayed. This helps to keep track of
errors that may be occurring in cases of strong vertical wind shear. The standard 4/3 Earth
refraction model is used to compute the heights (Doviak and Zmic 1984). The generated
radial component wind fields are then displayed using conventional Doppler shift colors
(red-away, blue-towards).

Next, using the dual-Doppler equations (1 1), the horizontal wind field is
reconstructed and its RMS difference with the original wind field is computed. Only the
radial component fields (with spectral noise) and their orientations are used in these
component wind set can be interactively adjusted. If an adjustment is made, the SDD
calculation is repeated, and the new wind field is displayed. Smoothing is done on the
re:ultmg wnﬂ ﬁdd before it is dmphyd (I!e Appendlx B). lelly the vommly and

positions to reconstruct the horizontal wind field which is consistent with those
observations. The program has been designed to accept input from either the Carvel or the
King City Doppler weather radars but could easily be adapted to accept input from other
radars. The analyzer can also be used in conjunction with output from the SDD simulator
tomlhd‘ﬁd‘tmﬂ“m;wﬂﬂnﬂmmismmm
workings of the SDD analyzer are outlined in Figure 3.2.




321 Data preprocessing

The archived radar data undergoes a considerable amount of preprocessing before
being used by the SDD analyzer.

The first step is to retrieve and decode the two required radial wind fields from the
optical platter archives. A decode program ! reads the archived files and allows the user to
select the 'lzimuthi, rgngei and elevation mgles cirf the dm to be deeoded

sweeping ndnrs) to regularly lpleed Cinem coordm:m. The remhlm umfaﬁn
resolution in the radial velocity data facilitates SDD comparisons between data from
different positions on the radar scan. The program which does the conversion puts polar
coordinate data into their nearest corresponding locations in a user specified Cartesian
grid. If two polar coordinate data points fall in the same Cartesian grid cell, then the one
nearest to the center of the Cartesian cell is kept and the other discarded. Cressman (1959)
developed a more sophisticated interpolation method but it is not implemented in this

The maximum radial velocity which can be measured by a Doppler radar without
ambiguity is given by (Crozier 1986):

PRIFA

r, = — 3]
" ] (ER))

Rdulwhcnmmedmgth:mmmmmnhmvd&nmﬂmd(m foldad)
and are indistinguishable from unaliased data. To correct this velocity folding, the velocity
urements must be de-aliased in some way. As described by Crozier (1986), the Carvel

HMC@m“:WMmMMMt@H

ambiguous radial velocity of 48 m/s. mmmuwmmm
nnﬂivdlndmﬁy “unfolds” the data under most conditions. Unfolding errors
can however occur in areas of strong horizon ﬂﬁﬁmnﬁﬁmpﬂlﬂhﬂ
filled (for use in the SDD techniq f).nm‘nmﬂ:mmm‘ﬁlﬁm
This is done by adding or subtracting
MSmpﬂhﬂﬂnMMﬁmMuﬁdmhIn
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minimized. The values of 2x16 and 2x12 m/s represent the possible folds that can occur in
the data. They are related to the AES C band radar (5 cm) dual operating PRFs of 892 Hz
and 1190 Hz.

The last step in the data pre-processing is a rejection of data which do not seem to
fit well in the data set. This is done by comparing values at grid locations with neighboring
data. If the difference is above a certain threshold, the data at that location are rejected
Data eliminated in this way are usually values which were incorrectly de-aliased and in
which the latter procedure failed to recover the data properly

Details of the data preprocessing are contained in Appendix B

322 Input of case characteristics

Once the two radial component sets are obtained, characteristics of the particular
case being analyzed are entered into the program. This includes the position of the center
of the storm at both observation times, grid scale information and the elevation angle of
the radar scan.

323 SDD analysis
Finally the actual S[)[)mlyiisispaﬁmled Th:verigeheiglﬂnﬁherdlr

program, the standard 4/3 Emhnﬁdell:ugdmwuhghaghlﬁehaglﬂ
surface such as the PPI. Differences of beam heigin between the two observations are also
computed. Although these values are not used in the SDD calculations, they are needed to
verify that the data being compared are at similar heights. If the two heights differ
significantly, an SDD analysis may not be appropriate (section 2.5)

Next, the two radial component wind fields are displayed for verification by the
user. The SDD calculations are then made and the ground relative wind field is displayed
The range and azimuth of either radial component wind set can then be interactively
adjusted. If an adjustment is made, the SDD calculation is repested, and the new ground
relative wind field is displayed. Smoothing is done on the resulting wind field before it is
displayed.

Similarly, the storm relative wind fisld is displayed and interactive adjustmen
be made. F'-‘y MMmﬂmmnmddmmﬁ
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3.3. Interactive adjustment of storm positions using "sliding windows"

The simulator and analyzer programs are designed such that the positions of the
storms can be adjusted while running the program This presents a significant advantage
over using existing dual-Doppler software packages for doing SDD analyses, as done by
most SDD researchers With dual-Doppler software, there is no reason to allow for an
adjustment of storm positions since only one observation of the storm is used and its
position with respect 1o the radars is well known. Run-time adjustment is important as it
allows “fine tuning” of the SDD analysis by giving immediate feedback on the resulting
wind field The reason one is able to do fine tuning when the true wind field is unknown is
that relatively small inaccuracies in the storm positions can lead to unrealistic wind flelds
(section 2 4 3)

The method used to allow for this interactive adjustment is to decode and
preprocess areas of data larger than that initially needed  The user can then "slide” around
in the data area 10 choose the subset of data desired. Figure 3.3 illustrates this procedure.
The example shows that the data subset position can be adjusted. Only one cbservation is
shown in the figure, however both observations of the radial wind field can be adjusted.
Figure 3 4 shows how the SDD analyzer displays the current offsets of the sliding

Being able 10 perform this adjustment at run-time is very useful when doing case
studies If an SDD analyzer were intended 0 be used by operational forecasters, run-time
adjustment would be crucial.
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INPUT

- specify a horizontal wind field for simulation

- viewing angles and ranges of storm for both observations
- grid spacing (km)

- radar elevation angle

- spectral noise in Doppler data

"

{ RADIAL WIND FIELD GENERATOR A
(WITH SPECTRAL NOISE)

RADIAL WIND FIELD RADIAL WIND FIELD

(first observation)

SDD ANALYSIS

- display average beam heigits
- display radial component fields
- SDD analysis (wind field reconstruction)
- storm position adjustment ?




PREPROCESSING

- decode archived Doppler radar radial wind field

- de-aliasing of radials using the dual PRF technique

- input of parameters for Cartesian grid to be used

- polar to Cartesian conversion of the radial wind field
- attempt at correcting de-aliasing errors

- rejection of data
RADIAL WIND FIELD RADIAL WIND FIELD
(first observation) (second observation)

INPUT OF CASE CHARACTERISTICS

- storm positions at both times
- grid scale information
- radar elevation angle

Figure 3.2 Outiine of the SDD analyser.



Figure 3.3 "Sliding windows". The solid window on the vekity fiekd indicawes
the area used for the SDD analysis. The larger windiw is the area within
which the smaller window can be slid 10 adjust the analysis. Such an
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4.  Sensitivity tests on the synthetic dual-Doppler technique

The simulator described in the previous chapter is used to test the sensitivity of the
symhetic dual-Doppler technique. The influence of inaccuracies inherent to Doppler wind
observations is considered, as well as the effect of inexact storm position matching and a
non-steady wind field. The degree to which angular separation and wind orientation
affects the synthesis of a wind fleld is examined and a positive speed bias is linked to noisy
data.

A “typical” mesocyclone is used in many of the simulations. Its characteristics are
taken from Burgess’ (1976) study. It consists of 8 Rankine combined vortex ! with a
radius of 2.85 km and an outer rim speed of 22 nvs. The area analyzed is 22.5 km by
22.5 km at a resolution of 0.5 km. The average wind speed within this domain is 9.82 m/s.
This mesocyicone is referred to as a "Burgess mesocyclone” in this chapter.

4.1. Ervers caused by spectral breadening mechanisms

Turbulence. shear and imprecise beam pointing result in spectral errors to the
radial wind field of | 10 3 nVs (section 2.4.1). The SDD simulstor can be used t0 examine
the relationship between these spectral errors and the accuracy of a synthesized wind field.

As an example, a Burgess mesocycione is placed at a range of 60 km, with 20°
between the Doppler observations. Results show thet the general festures of the
mesocycions are easily recognizable with errors up to 3 nvs (Figures 4.1A-B). However,
the RMS speed errors are quite largs relative to the mean initial wind speed. With
uncertainties of 3 mVs, the RMS speed error is grester than the initial mean flow, yet the
overall pattern is quite similar to the initial fisld. Simulations have also been dons with
spectral noise of 4 and 6 mv/s (Figure 4.1C). Significant deterioration of *he wind field is
noted at 4 mv/s, and the pattern is almost totally obliterated with errors of 6 m/s.

Since a Burgess mesocycions contains winds of various directions and speeds, the
sbove findings are also relevant 10 observations of an arbitrary wind fleld where the
Doppler measurements are separated by sbout 20°.

Such a venex (Rasking 1901) consists of solid bady setstion within the cuter rim and /¥ decrenss in

flow boyond the euter rim.
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4.2. Ervors caused by imprecise storm position matching

The problem caused by imprecise matching of radial wind fields was mentioned in
section 2.4.3. In this section, the simulator is used to portray the effects of incorrect storm
positioning and to determinc the magnitude of the problem.

Simulations were done using a Rankine vortex with a radius of 3 0 km
(Figure 4.2A). Results of the simulations (Figures 4. 2B-C) show that the overall cyclonic
pattern is recognizable for position mismatches of 1.4 km. A mismatch of .7 km,
however, completely deforms the pattemn. As compared to the mesocyclone dimension,
this means that a mismatch of 30% is tolerable. A mismaich on the order of 200%,
however, destroys the pattern and creates artifacts in the wind field. This is consistent with
the conclusion that an error in storm positioning of x km will obliterate features smaller
than x km (section 2.4.3).

Storm position sensitivity simulations have been done for a Burgess mesocyclone.
They illustrate the asymmetric effects of storm positioning (Figure 4.3). Thgremllnu
presented in terms of error ravios, defined as the ratio between the RMS error in the wind
for adjustments perpendicular and parallel to the average viewing angle from the radar
The curves show that the analysis is significantly more sensitive to inaccuracies in
azimuthal positioning than it is to range errors. Further, the sensitivity is not symmetrical
about the average viewing angle. Allhuu;hmlumnadmldmfwm
arbitrary wind field, these particular observations are specific to mesocyclones. .
downburst, for example, should show as wﬂhthegppnﬂebéllvmr
the Burgess mesocyclone, the radial component shear is sbout 8x10-} 5*! (or 8 nvs per
km), meaning that positioning errors as small as 0.5 km can contribute more 10 error in the
radial velocities then spectral noise. A more typical shear for larger mesoecale festures is
sbout 1x10°3 5! (or | mv/s per km), implying that positioning errors of | 10 3 km
contribute to dr on the same order as spectral noise.

Our findings suggest that storm position matching is potentially one of the biggest
storm positions, as described in section 3.3, is eseential 10 an operational SDD anelyzer.




4.3. Errors caused by height changes (on limited scan radars)

When a complete radar volume scan for a given case is not available, vertical shear
can cause a similar problem to that of imprecise storm positioning. A "mismatch” occurs
when the radial velocity fields used for SDD analysis are taken from significantly different
ranges on a PPI scan (section 2.5). Unlike positioning errors in the horizontal, no
adjustment can be made to minimize the mismatch in the vertical because of the limited
Doppler scan

This problem is significant when strong vertical wind shears are present.

Weisman (1986) classifies strong vertical wind shear as being greater than $ m/s km-!. For
example, a vertical wind shear of 10 m/s km! gives a maximum error in the radial
components of | m/s per 100 m. This implies that, under strong shear conditions, height
differences of 100-300 m can give errors in the radial wind field comparabie to spectral
broadening errors. Under more typical shear conditions of about 3 mvs km-!, heights
differences of 300-900 m will introduce errors on the same order as those due to spectrum
broadening.

4.4. Ervers caused by an evelviag wiad field

Violation of the quasi-steady assumption can be a large source of error in most
SDD analyses (section 2.4.4). The "spin-up” of a mesocyclone is modeled on the simulator
to see how a typical dynamical evolution can affect the SDD results.

Initially, the modeled mesocyclone has a radius of $.0 km with an outer rim
velocity of 12 m/s. Twenty minutes later, under a constant convergence of 1x10-3 5°1, the
radius has decreased 1o 2.8 km and the rim velocity has gone up 10 22 m/s (Figure 4. 4A) 2.
The mesocycione, first viewed at 190° and 60 km, moves eastward to 170° and 60 km
during the 20 minute time interval. The radial components associated with the initial and
final stages are shown in Figure 4.4B.

The wind field reconstruction (Figure 4.4C) retains the general cyclonic pattern,
but wind speeds in certain areas are much too strong. In addition, the reconstructed wind
fleld is hardly the average of the initial and final stages. The computed RMS error is about
8 w/s, which is almost as largs as the actual mean flow speed. As expecied, the difference
wind fislds show that the most significant errors occur where the initial and final stages of

380c Agpondix E for details on how thess sumbers wese ehinined.
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the wind field differ the most. Errors of a few mvs also exist over the remainder of the
domain gnd tend 1o be oriented with the wind flow

enough to :amplelely ab?ueme even lhe quil,lmwe aspects nf a wmd ﬁeld A: l-uch. I,he
time between the data sets used in an SDD analysis should be kept as short as possible

4.5. Errors caused by combined effects

Spectrum broadening, imprecise matching (horizontal and vertical) and the non-
steady aspects of a wind field can combine to give quite large errors in radial components
that are used in the SDD analysis. If it is assumed that these error sources are independent,
unbiased and normally distributed, then the errors add in quadrature, yielding the
following relationships:

LT ] - —h

o, J(-f) +(c ),..... +(0),.. +(0))...

Fimilindiin
-t-q i b ok b

RMSer = J(RMS.-.-) — +(RMSw) . +(RMSer' ). +(RMSw')_

41)

The second expression can be obtained from the first since RMS errors can be shown to
be linearly proportional to o, (see (4.2) and Appendix D).

field as having a pseudo-normal distribution. In certain regions of the analysis domain, for
compensated for in other areas by an opposite bias.

Any of the four terms in (4.1) can be significant or dominant, depending on the
perticulars of the SDD case. Thm“dimm can be made relatively
small when run-time adjustments of the storm positions are possible (section 3 .3). Further,
if one limits SDD analyses t0 cases where the storm motion is mostly radiel, the heoight
ervor serm can be neglected. On the other hend, the spectral broadening ervor is always
present, as is the error dus 10 & non-steady wind fisld. The spectral broadening term can
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be approximated from the measured spectral widths (see (2.4)), but the evolution term can

The simulator was used to see how errors for a "typical” SDD case combine. The
wind field used consists of a modified Rar.kine vortex with an average convergence of
0.5x10°3 5°!_ For the first observation, the vortex has a radius of 5.0 km and a rim velocity
of 12.0 m/s. After converging for 20 minutes, the radius has decreased to 3.7 km and the
rim velocity has increased to 16.2 m/s. The radius at mid-time is 4.3 km with a rim
velocity of 14 0 m/s, which characterizes the average wind field with which the SDD
snalysis can be compared. Spectrum broadening is modeled by adding normal errors of
2.5 nv/s to the radial components. The storm position mismatch is simulated by positioning
the second set of radial velocities 0.7 km to the southeast of its actual location.

Figure 4.SA shows the initial and final stages of the vortex, along with the wind
field at the average time. The radial components used for the simulations and those of the
significantly differemt (Figure 4.5C). Nevertheless, a vortex is identifiable and is
qualitatively similar to the average (mid-time) vortex that a dual-Doppler would have
observed. The differential fields, as expected, show even more deterioration, to the point
of being almost useless (Figure 4.5D)

The above simulation was repeated many times with various degrees of position
doing simulations with one error term at a time. Results (Table 4.1) suggest that, in some
cases, errors do seem to add in quadrature (4.1). This is not true, however, when the
spectral broadening error is larger than about 2.0 nvs. In fact, with spectral errors of

from spectral broadening alone.
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Spectral | Position| RMS | RMS | RMS | RMS
CASE noise - -
on second Oroadrning eTren ervers (mrasared)
observation
(m/s) (km) (mvs) | (m/s) | (ms) | (ms)

05 | 07SE | 2.1 23 40 48
05 | 1SE | 21 6.4 40 7.8
05 [1issw] 21 41 | 40 56

1.5 0.7 SE 6.4 23 40 68
1.5 1SE 6.4 64 40 89
1.5 1.1 SSW 64 41 40 6.7

28 0.7 SE 10.5 23 40 90
25 1.5E 10.5 64 40 108
2.8 1.1 SSW 10.5 4.1 40 9.3

O 0 QD0 v bW N =

Table 4.1 Simulation results for an SDD case with combined errors.

4.6. Dependence of SDD analyses on anguiar separation

Using the simulator, it is possible to get an estimate of the angular separation
required between two storm observations for a reasonable synthesis of the horizontal wind
field. A Burgess mesocyclone is again used for the simulations, with spectral noise of
2 nvs added to the radial components. Figures 4 6A-B show the SDD reconstructions for
various angular separations. As observed by Klimowski (1992) in various SDD analyses,
significant deterioration in the wind field occurs for angular separations less than 20°

42)

the RMS error depends linsarly on the error in the radial components, o, , but is
k]



independent of the wind speed itself. In addition, the RMS error is a function of the
angular separation, (#,-8). and becomes very large when the angular difference is small
(or close to 180°). Klimowski (1992) provides a similar analysis based on the work of Pilié
(1963) and Krauss (1974).

Plots of the curves defined by (4.2) are shown in Figure 4.7 for various values of
o, Results from SDD simulations using spectral noise on a cyclonic wind field 3 are
superimposed onto the curves. The curves show a strong increase in RMS error for
angular separations less than about 30°. With typical spectral noise, separations less than
20° introduce very large errors to the synthesized wind field.

As mentioned in section 2.3, the best wind magnitude estimates are obtained when
the true wind is aligned along the bisector of the angle between the radars while the best
wind directions are obtained when the true wind is aligned perpendicular to this bisector.
Klimowski's (1992) SDD cases confirmed this spatial dependency (using results of a dual-
Doppler uulym as the 'tme" wind ﬁeld) ln this ﬂud’y lhe SBD sim ,,Lar is used to

Aumfmnnﬂhaﬂaiymrdﬂddnﬂl?nﬂ:wﬂhmmlmaﬂrn/iinihe
radial velocity is used for the simulations. Two cases are examined. First, the storm
positions are chosen such that the bisector of the angle between the storm observations
wnﬂlgnadwuhlhtruewﬂ(ﬂ‘) This scenario is then repeated but with the bisector
aligned adicular 10 the true wind (135°). The initial wind field and results of the
mhmnednwanw-ﬂA—C The RMS errors are similar for both

rations. The difference wind fields, however, clearly show that the RMS error is
hﬁyhtﬂﬁﬁm(w)if” racies when the bisector of the observations is
peraliel (perpendicular) to the true wind.

m&atmﬂnmm“bmhsmmﬁl

esocyclone is shown in Figure 4.9. The difference wind field is largely

b "’,mhwmﬁlﬁﬁﬁnﬁ

’&u:h*g-ﬂiﬂmhgbr—“ﬁgh“m*ﬁ-ﬁnﬁ
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Since a mesocyclone consists of flow in all orientations, it can be concluded that
Jor SDD analyses, the difference wind field due 1o spectral noise is mostly

perpendicular to the average viewing angle from the radar * 1t is noted, however, that
this effect decreases as the angular separation between the observations is increased

Figures 4.10A-B show the difference wind fields for the Burgess mesocyclone using
various angular separations. The difference wind field is largely perpendicular to the
average viewing angle for separations of less than 30°. However, at an angular separation
of 90°, the difference wind vectors are randomly oriented.

This behavior of the difference wind field also applies t0 dual-Doppler analyses,
but is of lesser importance (than in SDD) since angular separations for dual-Doppler
observations are often close to 90°. For example, flight tracks for Doppler equipped
aircraft are often designed such that the storm observations are perpendicular to one
another. SDD scenarios, on the other hand, almost always have angular separations less
than 40°.
asa ﬁm:lmn of lverlgg vuewmg i:ilmth ind ingulir gplmmn The following

denumg B] md B; in terms of the average vmnggngle B*O‘ﬂﬂl*ﬁ;) lnd Ih: ,inguhf
separation AB=p-f3 :

-2
sm(Aﬂ)J cos’(B+ AB) + cos’ (B~ AP)

du
'dvl- - Jém (B+ AP)+sin’ (8- AP)

(4.3)

ﬁhmmmﬂﬁﬁmﬂnmmmm:ah
sndicular t0 the average viewing angle. The orthogonality property is perfect when
hqﬁﬁﬁ“u?hmmnﬂzuﬂwm

‘mmuﬁ)“nﬂ trentme

36



When the angular separation is equal to 90°, the error components have equal weight.
Simulations on a Burgess mesocyclone, not shown in this thesis, confirm (4.3).

It is reasonable to expect that the largest errors in the wind field synthesis will be in
the components perpendicular to the average viewing angle because this is the component
which the Doppler radar does not measure. For the same reason, the orthogonality of the
ervor field decreases when larger angular separations are used and vanishes when the radar
observations are perpendicular to one another.

4.8. Observations of a speed bias due to errors in radial velocities

After doing many SDD simulations, it was noted that spectral uncertainties in
radial velocities cause a reconstructed wind field to be stronger than the initial wind field
from which the radial components are generated. We can define the speed bias ratio
(SBR) for a given wind vector as the ratio of the reconstructed and initial wind speeds:

SBR = ‘/[uz +v? ]/[uf,' +v} ] 4.4)

where u.v and ug.vg represent the reconstructed and initial wind fields. Substituting
u=uy,+du and v=v,+dv into (4.4) and averaging over unbiased Gaussian distributions of d
and dv, it is possible to derive an expression for the average SBR (Appendix D):

— 2
o, ]
+

Ws 1+2 e EE—— 4.8
el T Y

This relation shows that the average speed bias is related to the error ratio %, and to the

Using a uniform speed wind field, 24 SDD simulations were done with esror ratios
0f0.5,0.10,0.34 and 0.51. Figure 4.11 shows these simulation results, along with
predicted curves for the corresponding error ratios. The excelient agreement between the
calculated and simulated results confirms the validity of (4.5).

SDefinsd hore 25 the ratio betwesn the mean uncertainty in the radisl velocity and the mean magnisude of

the “wuc” horizontal wind
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There is no reason to suppose that a speed bias does not also exist in actual
dual-Doppler analyses. However, uncertainties in the mean radial velocities with actual
dual-Doppler systems are smaller than with SDD. In some instances. interpolation
schemes done on full volume dual-Doppler radar scans can reduce uncertainties in the
velocity fields to less than | m/s (Doviak 1978). This relatively small error, combined with
rather large angular separations (typically 40-90°) implies that the speed bias on real
dual-Doppler cases is uiuilly imlll

field can introduce ngmﬁclm errors to th: ndlll wmd ﬁeld ll can not be nsmmed lhil
these errors will be normally distributed, so their effect on (4 5) is unknown Nevertheless,
the results of simulations involving incorrect positioning and non-steady wind fields
usually show a tendency to overestimate the overall wind flow. This suggests that, for a
typical SDD case, the matching and non-steady errors averaged over a fairly large analysis
domain tend to have a Gaussian distribution.

Addition in quadrature of representative values for the various efror sources gives
an effective spectral noise in the radial components of 3-6 m/s. Combined with the usually
small angular separation used in SDD cases, this potentially large error in the radial
components may lead to quite significamt speed biases For example, with an uncertainty of
3 m/s on a 10 mV/s wind flow and an angular separation of 20°, the average flow will be
overestimated by 60%. Figure 4.1] suggests that, wind speeds in SDI) anelyses can
often be overestimated by 10 to 80% *. Klimowski (1992) reported such differences
(10-70%) when comparing an SDD case t0 a dual-Doppler analysis.

In practice, (4.5) can be used to "reduce” wind speeds on a SDD analysis An
estimate of the unbiased wind field magnitudes can be computed using average values for
Yo’ +v? B, - B. and o, Rewriting (4.5) 10 remove the rigt-hand-side dependency on

w2 +v; leads to the following expressi

; R; ) ]*7 — e 7’7 T 7’ “6)




where the overbars represent the mean over a given wind field With (4.6) it is possible to
calculate the average unbiased wind speed based on the mean reconstructed wind speed,
angular separation and uncertainty in the radial components.

Several simulations were done on a Burgess mesocyclone to see to what degree
such s bias correction could improve the final wind field. The results of these simulations
(Table 4 2) suggest that a significant reduction in RMS errors is possible when the radial
wind field spectral noise is relatively large and/or when angular separations for the SDD
analysis are small

Tabe 4.2 Simulotor results of bias reduction on a Burgess mesocyclone
N0 km south of the radar.

It is important to note, however, that although this bias reduction may lower RMS errors,
a perticular vector may actually deviste more from the real wind after the reduction than it
did initially

Simulations under typical SDD conditions have shown that spectral broadening of
10 imporiant errors in & reconstructed wind fleld. Positioning ervors can usually be
contribusors 10 error. Results of various simulations suggest that SDD can give qualitative
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Figwre 4.10C Orthogonality of the error wind field for SDD (and dwal-Dappler)
analyses. lmq‘ﬁmwx(mﬂisﬂnnﬂm)b
shown as a function of the average viewing angle and the angwiar
wﬂﬂﬁw When db=0°, e ervor field is perfectly

pendicular 10 the average viewing angle. When db=90°, the errors are
wmgﬁr-ﬂymﬁc ravdom orieniation).
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represent the valwes calculated from (4.3). The data points indicated by the



8. Synthetic dual-Doppler analyses of mesoscale phenomena over
Alberta

Two convective storms and one gust front which were observed by the Carvel
radar in central Alberta during the summer of 1993 are studied using the SDD technique.
SDD results obtained are compared and combined with results from research experiments
and current conceptual models in order to give credence to the technique and to infer case
specific conceptual models for the observed phenomena.

S.1. The gust front of August 06 1993

A long gust front was observed on the Carvel radar on August 06 1993. This gust
front originated from storms which were beyond the short Doppler radar range '. The
reflectivity and velocity fields from the 0.5° PPis are shown in Figure 5.1. The front first
became apparent in the northwest quadrant of the radar domain at 1930Z. It then
progressed eastward and maintained its identity until about 2300Z. Examination of the
0.5° and 1.5° PPl scans revealed that the gust front had a depth of 1500 to 1800 m, as
evidenced by the disappearance of echoes due to overshooting (not shown). The radar
imagery showed the gust front to be about 100 km in length during its lifetime of over
3 hours.

The radar data used in this case come from the 0.5° PPI scans. This is the lowest
scan available and the best for the analysis since gust fronts tend to be relatively shallow
features. The reflectivity and velocity structure appeared to be quasi-steady between
2010Z and 2210Z based on an animation of the 0.5° PPI radar imagery. The analysis
presented here is based on three observation times: 2050Z, 2120Z and 2150Z.

Sl SDD analysis results

'The shont (unfbided) Deppler range is 113 km. This is the range %0 which the dual PRF sechnique is
may be slissed since the messusements ssc made 2t enly ene PRF.
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height change of the radar beam in the center and at the four corners of the areas chosen is
shown in Figure 5.3. Beam heights being compared are within about 300 m The decoded
radial wind fields for the analysis regions (Figures $.4-5 $) show how the "red" gust front
changed to a "red-blue” 2 during the eastward progression. Contained in this change of
"color" is the information which allows the synthesis of the horizontal wind field for the
feature.

The wind field derived from the SDD technique (Figure $.6) shows the calculated
ground relative wind field. The flow is west-southwesterly at 15 to 20 nvs, the direction of
the flow being the same as the translation of the gust front and perpendicular to the line of
echoes. This finding conforms to what is observed with conventional observations of gust
fronts as they pass through weather stations. Unfortunately, no such observations were
available for this front as it tracked through an area void of weather stations Figure $.7
shows the flow when the front motion is removed (i.e. the flow refative to the gust from)
The relative wind values are much lower than the ground relative field. suggesting that
most of the momentum in this gust front came from its translation. Nevertheless, the
relative flow shows a speed of $ to 10 mVs, mostly from the west-southwest, suggesting
that other processes were giving an additional "push” to the gust front.

Figure 5.8 shows the vorticity of the derived wind field. As expected, no obvious
patterns are apparent in this linear feature. The convergence field however shows that
convergence was occurring at the leading edge of the front while divergence dominated on
the trailing edge (Figure $.9).

512 Inference of a "roll” circulation

In an attempt to further analyze the circulation associated with the gust from, the
SDD analysis was repested on more northerly sections of the front (Figure S 10A-B)
Keeping in mind that the Doppler observations come from PPI scans, this gives a way to
analyze wind flow as a function of heigit. The analyzed wind field indicates that the flow
at the northern part of the front is weaker than that at the south (Figure $.10C).
Akernatively, by considering beam heights, it can be said thet the westerly flow at 1500 m
AGL is wesker then that at 500 m. Combining this finding with the low level convergence-
divergence pattern depicted in Figure 3.9, a schematic flow pattern of s "roli” circulation
is inferred (Figure S.11). The axis of this “roll eddy” is paraliel to the gust from. A simila

2Analogeus 10 the eptical Deppler offect. Wargats seceding frem the sader ave diaplaved in sod while targets

appresching the radar are displayed in blus.
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roll within a gust front was detected near Denver on June 20, 1986, using lidar
observations (Christian 1993)

S13 Test of the quasi-steady assumption

Fulfillment of the quasi-steady requirement can be tested by using different time
intervals in the SDD analyses of a given case. If a feature is steady, the resulting wind
fields should be similar regardiess of the time intervals used. The test was performed by
doing two more SDD analyses using the additional observation at 2120Z. Analyses were
done for the 2050Z to 2120Z and the 2120Z to 2150Z time frames The ground relative
wind field results for these two cases are shown in Figures 8 12 and $ 13 Comparisons
with Figure S 6 show that the wind fields from the 30 minute syntheses are similar but
noisier than the 60 minute synthesis. This is due to the smaller angular change undergone
by the front during 30 versus 60 minutes. These results suggest that the front was
quasi-steady from 2050 to 2150Z.

8.2. The severe storms of July 29-30 1993

July 29 and 30 1993 proved 10 be very active severe westher days over central
Alberta (ALWC 1993 severe weather log book). Several long lived severe storms tracked
rapidly from the southwest on the afternoon and evening of July 29 and into the night of
July 30 Moist, unstable and sheared conditions provided the environment 10 sustain such
storms The $00 and 250 mb heigit charts (not shown) surgest that a short wave
embedded in a strong south-southwest flow triggered the storms. One of these storms was
examined during two stages of its lifetime using the SDD technique. Figure S 14 shows
the 0 5° PPl reflectivity and velocity fields of the storm as it tracked northeastward. The
windows on the velocity frames show the areas used for the analyses. The Doppler scans
of 2310Z and 2340Z were used 10 look at the storm at an early stage, while the 0030Z and
0100Z observations were used to study a latter stage.

s21 SDD analysis results

The analysis results using the 23 10Z and 2340Z observations are shown in
Figure $.15, along with the storm positions, beem heights and radial wind fields used for
the case. The ground relative flow is quite weak in sharp contrast 10 the rapid movement
of the sorm (S0 km/hr from the southeast). By subtracting the storm translation, we infer
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that a strong northeasterly storm relative flow dominates the area examined In addition. a
cyclonic structure can be seen on the southeastern edge of the storm 1t is likely that the
strong northeasterly flow is the warm and moist inflow into the storm Average beam
height calculations show this inflow to be at a height of about 600-1200 m

The 0030Z and 0100Z observations yield similar results (Figure $ 16) Being at a
shorter distance 10 the radar, these observations come from a level of 400-900 m The
inflow is still dominant, however it is stronger and more northerly than that observed at
higher levels The cyclonic structure seen in the 2310-23407 analysis is not apparent
Since the results between the two cases are comparable, the quasi-steady assumption of’
the SDD technique is justified

By using the 1 5° Doppler scans. the northeasterly inflow was further investigated
Results from the scan using the 0030Z and 01007 observations (Figure § 17) suggest that
the inflow remains dominant from 1000 to 2500 m

$.3. The Helden tornadic storm (July 30 1993)

One of the July 29-30 1993 supercell storms (section $ 2) formed 160 km south of
the Carvel radar at 0000Z on July 30. This cell tracked northeastward at S0 km/iv during
lhm:ﬁdiﬁpndbyosmz 160 km east nﬁhe radar Alumndu sp-wnad from

deumpmmmﬁmm:mn lhecmlplﬂcdmm-m
of one home. Based on the damage, inspectors from the ALWC classified the tornado as
0140Z to 0410Z. Unfortunately, the cell was out of the short range Doppler domain when
the tornado occurred. Nevertheless, an SDD analysis of the storm prior 10 the touchdown
was done since the cell was visible on short range Doppler for over 2 hours before the
tornadic event  The analysis reveals the existence of the mesocyclone which eventually led
to the tornado. Figure $.18 shows the reflectivity and velocity fields of the 0 §° PPI scans
at 0150Z, 0220Z and 0250Z Associsted with the intense storm tracking along the edge of
the radar range in the southeast quadrant is a small velocity couplet, just visible on the
p-'pll-'yd‘thim &iyth:()?mmuﬁmlbmmm as

‘hﬁﬁ_“iﬂhlﬂ#““ﬁp#ﬂlﬁh
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$31 SDD analysis results

An SDD analysis was performed using the 0150Z and 0250Z observations
(Figure S 19) The motion is almost purely azimuthal - an ideal configuration for the SDD
technique The beam heights are shown in Figure 5.20 Beam height changes are quite
small, being aimost always less than 300 m. The average height is about 1500 m above
ground The radial component sets used for the analysis are shown in Figures 5.21 and
§ 22, with the velocity couplet visible on both time frames. Areas to the southeast of the
couplet are void of data because they are beyond the unfolded Doppler range.

The ground relative wind field generated from the two observations is shown in
Figure S 23 The storm relative flow, shown in Figure .24, consists of a strong
northeasterly flow over most of the area As in the storms earlier that day. it is likely that
this represents the warm moist inflow to the storm The 0300Z surface analysis indicated
dew points of 16 to 20°C and temperatures of 20 to 26°C in the area within 200 km to the
northeast of the storm 4 This is consistent with the notion that moist warm air entered the
storm from the northeast

A cyclonic circulation is visible near the center of the storm relative wind field
depiction (Figure $ 24), as is strong shear on the ground relative wind field (Figure 5.23)
With this mesocycione being at a range of 105 km, the pulse volume has a diameter of
sbout 2 § km with a length of 75 m. A grid spacing of 1.0 km was used on the SDD
Cantesian grid, which represents a compromise between the angular and range resolutions
With its diameter of about 6 km, the vortex is just being resolved.

The vorticity and convergence fields derived from the generated wind field are
shown in Figure $.25 and $.26. Both are "noisy” because of the limited angular resolution
and the long time interval used in the SDD wind synthesis. A rough guess at the vorticity
of this mesocyclone can be made by approximating it to a Rankine vortex with a solid
body rotation radius of 3 km and an outer rim tangential velocity of 1S mvs. These
approximations would give vorticity values of 1.0x10-2 s*! within 3 km of the center of
the feature Burgess (1976) reports that mesocylones have an average radius of 2.8 km
with a mean velocity of 22 mVs on the outer rim. These values give a vorticity value of
1 $x10°2 5°! within the solid core.

cporting stations: WV (Vegeeville). YLL (Lisydminster). WLB (Lac La Biche) and YOD (Cold Lake).
(-



$32 Test of the quasi-steady assumption

The quasi-steady requirement was tested by using a third observation of the radial
wind fleld at 0220Z Results for the 0150Z-0220Z and 0220Z-0240Z. runs are shown in
Figure $.27. Both fields reveal the mesocylone feature as well as the northeasterly storm
relative flow previously discussed. The difference fields between the 30 minute time frame
analyses and the 60 minute time frame analysis are shown in the bottom panels of
Figure $.27. The wind fieids were aligned for comparison using the mesocylone center,
indicated by the arrow at the center  The difference wind field is quite significant in both
cases, showing RMS speed differences of almost 10 mvs This relatively large value is a
reflection of changes that occurred in the wind field during the observations Similar
computations were done by Bluestein (1991) and Klimowski (1992) on SDD cases, and
RMS speed errors of S-10 m/s were common, while errors of 10-20 m/s or more existed
in certain areas of the analysis. Despite these RMS speed errors, visual inspection of the
wind fields obtained using different time frames shows them to be qualitatively similar
Use of the quasi-steady assumption may be justified

$33 Ground truthing

mwmhym:mm:vmrulheimﬂxmml WC 1993 severe
westher log book) Evidently, the observed mesocyclone led 10 the development of the
tornado near Holden. The potential usefulness of the SDD technique l‘orieveremhgr
forecasting stands out in this case. The askded informainm generated by the SDD analyzer
could have been available to the forecaster shortly after 0220Z The tornado was not
reported on the ground until about 0350Z, implying the potential for 90 minutes of lead
time. Usually, a 30 minute lead time is considered excellent for tomadic events *

s34 Insight into storm structure

Some insight into the structure of the July 30 1993 storms can be obtained by
using the SDD results in conjunction with other radar products and the Stony Plain upper

%ney tuned for updates.
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air station (WSE) sounding WSE is located a few kilometers east of the Carvel radar site
Using routinely available conventional radar products, a bounded weak echo region
(BWER) can be seen on the southeast flank of the storm Figure S 29 shows the various
products used to identify the BWER The 0 4° long range Doppler scans show an
indentation (as shown by the arrow) on the right flank Over this same area, strong
reflectivities (or rainfall rates) exist at higher levels The MAX HEIGHT depiction shows
returns greater than 40 dBZ at heights between 10.5 and 12.0 km over the BWER while
the ECHO TOPS display shows maximum return heights of 14 km in the same area. The
MAX R and CAPPI depictions are consistent with these observations

model is based on the various conventional radar products available, the SDD analyses
(for locating the mesocyclone in relation to the BWER), and Lemon's (1980) observations
of the BWER in a supercell Part of the mesocyclone is in the BWER. particularly at
higher levels This is consistent with the observation that the mesocyclone couplet was
barely visible on the 1S and 3 .5° Doppler scans, as mentioned previously.

Going one step further, Lemon and Doswell's (1979) conceptual model for
supercell airflow was "customized” 10 the observations available for the Holden storm to
produce the three dimensional model in Figure $.31. The mid and upper level
environmental air flow shown is storm relative, with the directions and speeds obtained
from the WSE July 30 0000Z upper air sounding. The low level inflow and the placement
of the mesocyclone are modeled from the SDD results. The downdrafis (rear and forward
flank ) were not detected in any way but are included for completeness.

n
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Figure 5.2 Storm positions at 2050Z and 2 150Z for the August 06 1993 gust
[front case. The spacing between rings is 20 km.
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Figwre 3.3 Radar beam heighus at 20502 and 21302 for the August 06 1993
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Figwe 5.4  2050Z radial wind field for the August 06 1993 gust fromt case.
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Figure 5.6 Ground relative wind field generated from the 2050Z and 21502
observations of the August 06 1993 gust fronl case.
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Figure 3.7 Soorm relative wind fiekl generased from the 20502 and 2 1502
observations of the August 06 1993 gust fromt case.



Figwre 5.8  Vorticity of the wind flekd generated from the 2050Z and 21502
cyclonic vorticity.

Figwe 5.9  Divergence of the wind field gensrated from the 2050Z and 21502
obssrvations on the August 86 1993 gust front. Warm colors indicute
CORVErgonce.
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Figwre 3.10C SDD wind field reconstructions for the August 06 1993 gust from
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Figure 5.11  Schematic of a gust fromt cross section based on an SDID analysis
of the gust front observed by Carvel radar on August 06 1993. Note areas of
horizomal convergence and divergence cawused by the storm rekative roll
circulation.
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Figure 5.19  Storm positions at 01507 and 02507 for the July 30 1993
mesocyclone case. Spacing between rings is 20 km.
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Figwre 5.22 02562 radial wind fleld for the July 30 1993 mesocycio
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Figure 3.23  Ground relative wind field generated from the 01507 and 02507
observations of the July 30 1993 mesocyclone case.
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6.  SDD analysis of the "Mississauga storm"’

A severe storm developed in southern Ontario during the late afternoon of
Mississauga, causing the destruction of a house. The tomado was estimated to have
touched down between 2200Z and 2220Z (Joe 1988). A mesocyclone embedded within
the storm was detected by the King City Doppler radar (WKR) near Toronto The storm

An SDD analysis is done on the "Mississauga storm” The results are compared
with calculations from an automatic mesocyclone detection algorithm which was
developed for the King City radar.

6.1. Synthesized horizontal wind fleld at low levels

Figures 6.1A-B show the reflectivity and radial velocity scans (0 7°) from 22007,
to 2240Z. Radial component observations from 2200Z and 22207 were used for the low
level (0.7° elevation) analysis. The average beam height is about 600 m Differences in
beam heights between the observations are less than 200 m (Figure 6.2A)

The wind field derived from the SDD analysis is shown in Figure 6 2B The storm
relative depiction shows a mesocyclone with a radius of about 2 km within a larger partial
vortex with a radius of about 8 km. The ground relative wind field shows a strong flow in
the southern quadrants of the larger vortex due to the addition .»f the storm relative flow
to the advection of the storm. The storm relative wind field shows some asymmetry which
is probably a result of an evolving wind field, as described in section 4 4.
wind field, has a value of sbout 8x10-3 5!, while the larger vortex has an overall vorticity
value of 2 or 3x10"} s°! (Figure 6.3). The computed mesocyclone vorticity can be
compared with results from an automatic mesocyclone detection algorithm developed at
from 2.2 km (2200Z) to 1.3 km (2210Z). The vortex then expanded to reach an effective

10n the Fujita scale. an F) has wind speeds of 73-112 mph and cavecs moderaie damage (Fugta 1973).
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was 11 6 m/s (2200Z), 7 0 nv/s (2210Z) and 9.3 m/s (2220Z). Assuming a non-divergent
solid body rotation within the mesocyclone, these numbers give vorticity values of

$ 3x10° 571 (2200Z), $ 4x10-3 -1 (2210Z) and 4.0x1073 5! (2220Z) The higher vorticity
value obtained from the SDD technique (8x10°3 s-!) may be a result of the positive speed
bias discussed in section 4 8.

Based on the SDD analysis, the convergence in the area of the mesocyclone is
about 8x10-3 s*! (Figure 6.3). The convergence field over the remaining area is quite
noisy. The Doppler velocity images (Figure 6.1) confirm that the mesocyclone was
converging dunng the 2200-2220Z period since the axis of the velocity couplet was
rotated clockwise with respect to the viewing angle of the radar *. This is particularly true
at 2200Z and 22207, but less so at 2210Z.

Since convergence into the mesocyclone causes a "spin-up" due to conservation of
angular momentum, it is likely that significant changes occurred in the wind field between
2200-2220Z. Using a convergence value of 8x10-} 5!, simple calculations show that the
mesocyclone will reduce its radius by half about every 3 minutes (Appendix E). One could
argue that this strong convergence led to the tornado between 2200-2220Z and that the
mesocyclone observed after 2220Z was in fact a new mesocyclone resulting from the
convergence of the larger vortex. However, hoth the SDD and mesocyclone detection
algorithm results are quite limited for this type of calculation. Consequently, these

interpretations are only speculative.
6.2. Test of the quasi-steady assumption

The steadiness of the wind field was tested by comparing the 2200Z-2220Z
analysis (run A) results with an SDD analysis based on the 2210Z-2230Z (run B)
observations (Figure 6.4A). The mesocyclone visible in the B analysis is qualitatively
similar to that from run A. The large vortex seen in the A analysis is also apparent on the
B run, but appears t0 have quite a few distortions. The wind fields differ most in the
northeast section, where the A run shows a strong easterly flow but the B analysis gives a
moderate southwesterly flow. This difference also accounts for most of the mean flow
speed difference between the two analyses (11.53 nv/s for A, 8.30 avs for B). Based on
these comparisons, it can be concluded that the wind field was fairly steady from 2200Z to
2230Z except in the northeast section of the areas analyzed.

SA simuistion of this cfiect is shown in Piguse 4.48.
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Further tests on the quasi-steady assumption were made by doing SDD analyses
using the 2210Z-2240Z (run C) and 2200Z-2240Z (run D) observations The resulting
wind fields (Figure 6.4B) are qualitatively comparable, but quite different from those of
runs A and B. As outlined in Figure 6 4C, this suggests that using the 2240Z observation
for the SDD analysis results in a perturbation of the synthesized wind field This, in turn,
may :nean that the wind field underwent important evolution between 22307 and 22407,

6.3. Horizontal wind fields at higher levels
The Doppier scans at 1.5 and 3.5° were used to examine lhe storm ﬂnw at highef

3,5° SCan are near 2700 m (Flgure E.SA). Changes in benm heughl are Iess lhm 400 min
the lower scan, but up to 800 m in the highest scan. This implies that vertical wind shear
may cause large errors in the synthesized wind field, particularly for the 3 §° scan

Synthesized wind fields for the mean levels of 1200 m (1.5°) and 2700 m (3 5") are
shown in Figure 6.5B. Although a partial velocity couplet appears on the | §° and 3 8¢
Doppler imagery (not shown), neither the mesocyclone nor the larger vortex synthesized
with the 0.7° scan are apparent in the upper analyses. Strong shear does, however, appear
on both the 1.5° and 3.5° synthesized wind fields in the area of the lower level
mesocyclone. It is most likely, then, that the mesocyclone existed at these levels but was
evolving rapidly and therefore cannot be resolved using the SDD technique

Although the flow at 2700 m is stronger than that at 1200 m, strong similanities
exist between the wind fields. The strong southerly flow over the southeast sections is
probably the warm moist inflow into the storm.

This case illustrates how the evolution of a wind field can hinder an SDD analysis
even under otherwise ideal SDD conditions (i.¢. a fast moving storm, mostly azimuthal
motion, high resolution due to close range). As discussed in Chapters 2 and 4, the effect of
Doppler cbesrvations used in the analysis. This storm makes it clear that it is also very
mmmwm&hmmmmmﬁ inits
lifotime. For example, a 20 minutes analysis may violate the quasi-steady requirement
mh!ﬂmlﬂyﬂflmMMIMMm
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Figure 6.14  The July 24 1987 Nasiasa
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erm 0
corvected log 2 July 34 1997
Figwre 6.1B  The July 24 1987 Mississouga

and velocity observations for 2230Z and 2240Z.
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Figure 6.4C  Schematic of Doppler observations used in SDI) wnl_)w\ uf lh'
Mississauga storm. Resulis from A and B are comparable
the wind field was steady between 2200Z and 22302 Reuln ﬁnw C m.l D
are also comparable but significantly different from those of A and B, 1t 1»
likely that the wind field underwemt imporiant modifications by 22407 simce
use of dasa at that time significamly perturbs the resulting SIN ) analysis.
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7.  Conclusion and suggestions for future work

The SDD technique is a method whereby the horizontal wind field of 8 moving
precipitation complex or storm is synthesized from two sequential Doppler radar
observations. The technique is very similar to doing an actual dual-Doppler analysis except
that, instead of two radars viewing a storm, a storm is viewed twice by the same radar,
from different angles A basic assumption of the technique is that the internal wind
structure of the precipitating complex remains quasi-steady between the two radar
measurements. The accuracy of the wind retrieval improves as the difference in the radar
viewing angles of the storm increases (up to 90°).

This study was related to using the SDD technique with operarional Doppler
velocity scan at only a few low elevation angles. In such cases, the radar data available for
an SDD analysis often consist of a single conical surface, resulting from one low angle
distance to the radar. In contrast, most research based Doppler radars provide a "full®
volume scan (i.e. many elevation angles). The limited scan of operational Doppler radars
restricts use of the SDD technique to analyzing weather features which maintain a fairly
levels in the storm are used in the SDD wind synthesis. The resulting wind reconstruction
is inaccurate if there is significant vertical wind shear in the feature being analyzed. The
operational radar's limited scan also determines the height at which an SDD analysis may
be made. and this heigit varies with the distance to the radar.

The objectives of this research were t0 (A) - develop an SDD analysis package
Jor an eperational Deppler weather radar, which could be used 10 (B) - invessipase the
effect of various erver sources on SDD devived wind fields and to (C) - determine




7.1. Summary of the main results
A (Chapter 3)

The first part of the SDD analysis package is a program which can be used to
simulate SDD analyses. This "SDD simulator” generates radial velocity components for a
specified horizontal wind field and then uses these "Doppler measurements” in an SDD
analysis. The generated radial wind fields can be modified before performing the wind
synthesis. This provides a means of simulating realistic processes which cause errors and
distortions in the reconstructed wind field (i.e. objective B).

The second main program in the analysis package is an SDD analyzer. This
program was designed to read velocity data from the AES Doppler radars. It performs the
SDD analysis and graphically display the synthesized wind field, as well as its vorticity and
convergence. By doing various SDD analyses on actual cases, it was possible (0 determine
the usefulness of the technique (i.e. objective C).

Since the SDD technique requires the matching of two radial wind field
observations, the locations of the precipitating system must be accurately determined for
both observations. When using real weather cases, these locations are not always well
defined. For this reason, the programs are designed such that the storm positions can be

weractively adjusted, with immediate feedback on the resulting analysis. Bolh pmgr:ms
mmnhmdnmmplnfwm(mhl).nl;_; ndlly and can
SDD analyses in only a few minutes (i.c. fast enough for operational use).

B (Chapter 4)

The SDD simulator program was used to investigate the effects of the three major

mﬁmmmsmm spectrum broadening of the radial velocities, storm
sitioning errors and the effect of an evolving wind field.

Doppler measurements for a given radar echo vary significantly due to wind sheer
and turbulence. Radar units measure the radial velocity many times in order to obtain a
“spectral width” and mean velocity value for a given point in the storm. Thmym
the mean radial velocity is related to the spectral width. As expected, simlatic
that large uncertainties in radial velocity lead 10 a deterioration of the reconstructed wind
field. w it was shown that she RAMLS erver in a reconstructed wind field is
spavilenal to the uncertainty in the radisl components due to spoctrom
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The effect of storm positioning was analyzed by doing simulations on various wind
fields It was shown that position inaccuracies can give significant errors in the resulting
wind field. These errors tend to be asymmetric. Therefore, even without knowing the
precise storm positions in an SDD case (i.e. real cases), subjective storm position
adjustment can be used to minimize ervors caused by incorrect position matching (by
trying to remove the asymmetry). It was shown that horizontal position inaccuracies of x
km will obliterate features in the wind field which have characteristic dimensions of less
than x km (see also Klimowksi 1992). Since real cases for SDD often involve features of
only a few km's, accuracy in horizontal positioning is crucial. As such, operationel SDD
anelysis pachages can benefit significantly by incorporating run-time interactive storm
position adjustment. Errors in vertical position matching are also a problem with SDD on
operational radars. Since a complete volume scan is not available, no adjustment is
possible and use of the technique is restricted to cases where the motion of the storm or
feature is mostly azimuthal

The evolution of a wind field was modeled on the simulator to see its effects on the
SDD wind synthesis. For typical mesoscele dynamics, such as an intensifying
mesocyclone, it was found that changes in the wind field over a 10 or 20 minute period
can lead 1o lerge evrors in a SDD synthesis. 1t is therefore important to keep the time
between the radar measurements as short as possible.

The angular separation between the radar measurements used in an SDD analysis
must be as large as possible in order to obtain a useful wind reconstruction. This
requirement is unfortunately limited by the desire to keep the time between radar
observations as short as possible. Simulations and a statistical treatment show that the
RMS erver in a reconstructed wind field is inversely proportional 10 sine of the
difference in storm viewing angles. In particular, cases with a viewing angle difference
less than 20° cannot usually be accurately snalyzed using the SDD technique.

The accuracy of wind synthesis using dual-Doppler techniques or the SDD method
is dependent on the true wind orientation. The best wind magnitude estimates are obtained
when the true wind is aligned along the bisector of the angle between the radars while the
best wind directions are obtained when the true wind is aligned perpendicular to this
bisector (Dovisk 1976). Our simulations confirmed this result, but also suggest thet, for
SDD analyses, the difference wind ficid due to spectral neise is mostly perpendicuior 1o
the average viewing angle from the rader. This is however oaly true when the difference
in storm viewing angles is relatively smell (¢.g. < 40°).

Simulations indicated that reconstructed wind fields tended 10 have average wind
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further using simulations and a statistical treatment The speed bias was found to be
proportional to the relative uncertainty in the radial components and inversely proportional
to the sine of the difference in viewing angles In actual dual-Doppler analyses, where the
uncertainty in radial components can be quite small and the difference in viewing angles is
usually large, the speed bias is often negligible. This is not the case with SDD analyses we
find that wind speeds in SDD analyses can often be overestimated by 10 10 860% The
speed bias was formulated and a method to reduce wind magnitudes based on the relative
uncertainty in radial velocity and the difference in storm viewing angles was proposed,
tested and shown to be of merit.

C (Chapters S and 6)

Several actual cases were analyzed using the SDD technique to determine whether
it is useful when based on limited Doppler scans

A gust front (August 06 1993) near Edmonton was analyzed and results were
found to be qualitatively reasonable when compared 10 other gust fronts Using the

rgence field of the derived wind field in conjunction with the storm relative winds at

two lewll. it was inferred that @ roll circulation was embedded in the August 06 1993
gwst fromt. Its characteristics were similar to detailed lidar observations of a roll embedded
in a gust front (Christian 1993).

An SDD analysis was performed on a severe storm that occurred in central Alberta
cnluly2§ 1993 Remhlmggeﬂlhnwmmﬂmmsfeﬂ lmalhﬂarmﬁm!h

mﬂ@mtbsmmm“mdmﬁeM:ﬂmw:m
inflow to that observed on the July 29 storm, but also indicate a mesocylone structure on
ﬂamhudgﬂthnmwhﬂnummﬁn&ﬂkmm
stions for this tornedo were compared with the SDD analysis. In this case, the
information provided by she SDD analysis wonid have given a tornads forecant
Hiﬂddﬂﬂ“(mﬂy 30 minutes is considered excellent for a tormadc
mmm)
Gmum Th:ﬂm-ﬁmd-hm(ﬂlkm)iﬂlmm
(nﬁﬂzh) mmﬁlﬁmmm pﬂhﬂyhﬂgd‘nm
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analysis must not come from different stages in the storm'’s lifetime. Since the transition
from one stage to another can be very brief, this suggests that even small times between
ﬁrl)gppkrmmmmkiwvﬁkﬁmhmmmm

an fDD udyw faf ﬁd-ﬂm npa-lud use, hu h‘ is llkdbr Ih! tbe &H:knlque uill

7.2. Suggestions for future work

Based on my thesis research, ] recommend the following extensions and future
work on the SDD technique. Some are general, some deal in particular with limited scan
radars.

1. Imerpolation schemes: for reducing variance and smoothing

The method used to interpolate data from polar coordinates (radar) to Cartesian
coordinates is discussed in Chapter 3 and Appendix B. A more sophisticated interpolation
scheme might result in smoothing of the radial wind fields. A commonly used technique is
that of Cressman (1959), where a radius of interpolation is specified. Features smaller than
that radius will generally be lost in the smoothing. Various interpolation schemes exist
(Doviak 1976) and can sometimes lead to a significant reduction in the standard deviation
(or variance) of the mean radial velocity.
lower uncertainty in the radial component wind fields (due to spectrum broadening),
which could lead to a more accurate wind synthesis.

2. Peace's ariginal meshad of Rorizomsal wind sywhesis (see Chapter 1)

mmmmmﬂ-dymum)mﬂwm

i thesizing a horizontal wind fleld from two radial component wind fields.
ﬁmuﬁimpﬂom First, the polynomial fitting of the radial
wﬂlﬁwﬂu'ﬁﬂn ",ﬂﬁnnthjdfﬁl Smﬂ.ﬁﬁ




does hosvever iindt itseii to the retrieval of linear wind fields, making it inappropriate for
the study of comp'icated wind patterns.

3. Determining the steadiness requirement using only 2 observations.

In section 6.2 (the "Mississauga storm"”), it was shown that use of the 2240Z radial
wind field in the SDD analysis significantly perturbed the resulting wind field from what
was obtaired using the 2200Z-2220Z or 2210Z2-2230Z radial wind fields These results
suggest that matching a radial wind field observation with an unappropriate radial wind
field (i.e. not consistent with the first two observations) for a SDD analysis has a strong
perturbing effect on the resulting wind field synthesis. | suggest that if the perturbing
effect is the same for two different radial wind field sets. then these are probably quasi-
similar (i.e. they are two views of a quasi-steady storm). This concept can best be
discussed in terms of the diagram below:

| oty v e
; rary
,@/

”\Doppletms

If an SDD analysis using Doppler fields A and C gives a similar reconstructed wind field
to the wind field based on B and C, then it is kkely that the storm was quasi-steady
between A and B, so that the SDD analysis using A and B is appropriate | also suggest
that this only works when the viewing angles to A and B do not differ very much (as in
most SDD cases). The wind fleld C is in some ways arbitrary but should probebly mot
differ 100 much from thet in A and B (both unknown'!). This is aot an exact method but |
suspect it may have some merit in thet it could qualify the quasi-sieadiness using only two
Doppler observations. In real SDD cases, there are sometimes only two available
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4. Wind field anclysis using only one single Doppler measurement

It is possible to use two radial component measurements from different angles to
reconstruct a complete horizontal wind vector under conditions where the wind field is
uniform in x and y (Pilié 1963) This is similar to the VAD technique but uses only two
data points instead of data from all azimuths. The geometry of the method happens to be
identical to that of the SDD technique, but it requires the radial velocity from one time
only The uniformity requirement can be reduced to 1 dimension if band symmetry is
assumed The method might then be useful in analyzing banded precipitation structures.

A trial run of this approach was performed using the SDD analyzer with slight
modifications The analysis of a gust front over Edmonton on July 30 1993 gave plausible
results

5. NE. D and McGill: apportunities with full volume scans

The ongoing installation of NEXRAD radar units in the United States will give
ample opportunity 1o test and use single-Doppler analysis techniques such as VAD
(Easterbrook, 1975), VVP (Waldteufel, 1979) and SDD. These "state-of-the-ant”
operational radars will provide full ! volume scans of Doppler and conventional data at §
minute intervals Using such a volume scan eliminates most of the SDD ervors associated
with the comparison of radial components from different levels as encountered with
limited scan radars In addition, the volume scans permit SDD analyses of horizontal
winds 10 levels of 12.0 km or more for observations beyond 35 km from the radar. The
McGill radar observatory 2, near Montréal, will also provide enhanced opportunities for
the SDD technique The volume scan measurements consists of 24 elevation angles and
are repeated every § minutes (Singh et al 1993).

Pians asc 10 hane the rader scan from 0.5° 10 19.5° in 14 incoements (Klazura and Iy 1993).
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Appendix A

Radar characteristics (WKR and WHK)

PARAMETER

| CONVENTIONAL

INAL DOPPLER
MODE

Disk diameter (feet) _  20(WKR) 12 (WHK) 7
Peak power (kW) _ 260 -

Microwave mvelenglh (cm)

Microwave frequency (MHz)

Scanning rate (rpm)

078

Elevation angles (degrees) !

0310246 0S5 1Sand3 S

in 25 increments

Pulse duration (s)

Pulse length (m)

Pulse repetition frequency 1190 and 892
(Hz) . . o _ _
Range resolution(m) _30 | 00
Beamwidth (degrees) __ _O6S(WKR)ILI(WHK)
Effective azimuthal beamwidth 1.8 (WKR) 0.85 (WKR)
(degrees)? __2.2(WHK) 14(WHK)
Display resolution (km) | 03 —

ny____

WKR is the King City radar near Toronto. WHK is the Carvel radar near
Edmonton. Most of the information in the table was obtained or inferred from

Crozier (1986).
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Appendix B Data preprocessing
B1. Archive and decode of radar data (WHK and WKR)

The Doppler radar data are archived on optical disk and kept at the radar sites.
Unfolding of the data is done prior to writing the archive. A program to read and decode
the data files was written by Mr. Tom Nichols of AES. It provides an ASCII format
output which can then be read by other programs.

Older data files, such as the ones for the July 24 1987 tornado case, had a different
archive medium (tapes) and format. Unfolding of the data is not done prior to archiving
and the dats must then be unfolded before being used. A program was written to read,
decode and unfold the data files.

Neither of these programs are included on the accompanying disk.

B2. Pelar te Cartesian conversion of radar data

After being decoded, the Doppler velocities must be converted from polar
coordinates (inherent to radar) to Cartesian coordinates.
established. The Doppler velocity data (polar coordinates) are matched to their nearest
corresponding Cartesian location in the gridwork. If the nearest location is more than 3
grid spacings away. the grid cell is left empty. When a Doppler velocity is matched to a
grid location which already contains a value, the one with the closest match is retained
(i.e. the one with the polar coordinate location closest to the center of the Cartesian cell).

As described in Chapter 3, an attempt is made t0 correct unfolding
Doppler velocities by adding (or subtracting) mukiples of 2x12 or 2x16 mvs to a data
point until the difference between it and its neighbors is minimized. If 3 or more (of a
Ouce a wind synthesis is complete (by the SDD technique), data in which either
the x or y component of the ground relative wind is grester than 35 m/s are removed. This




value was found useful in removing erroneous wind vectors caused by incorrectly
dealiased data

B4. Smoothing of the synthesized wind field

Before being displayed, the computed ground relative wind field is smoothed This
is done on wind vectors who have at least 4 immediate neighbors in the Cartesian grid
The following scheme was devised and used

e = (0 o + (0 3) S RbOYING W'«
o o o ¥ neighbors

The smoothing is done independently on both the u and v wind components The storm
relative wind is obtained from the ground relative wind and therefore also contains this
smoothing.




Appendix C Notes on the programs

The ASCII source code for the SDD simulator and the SDD analyzer are
contained on the magnetic disk in the cover of this thesis. The disk is in Microsoft's DOS
format. Various other prog-ams associated with the SDD analyzer are not contained on
the disk. These programs and the SDD analyzer were unified by a program (also not
listed) which called each one as needed. This made for a semi-automatic analysis package
where the only specified inputs were the filenames of the Doppler data, the grid spacing
and resolution desired, the time between the Doppler observations and their locations.

A program was also developed to compare wind fields as output from the analyzer
or simulator and calculate the average wind field speeds and the RMS difference between
two wind fields. It is also included on the disk.

All programs were written in Microsoft's Quick C version 2.5, which runs on an
IBM DOS piatform. The data files used by the programs are described below.

C1l. File formats

the following format (example)
s (dimension of matrix: e.g. NxN where N is §)
30 20 10 00 -10 (spatial representation of radial velocties)
20 10 00 -10 -20 (in Vs, positive-away, negative-towards)
10 00 -10 -20 -30
00 -10 -20 -30 <40
-10 20 30 -40 -50



30
20
1.0
00
-1.0

30
20
1.0
00
-1.0

The files used to represent a wind field (cither a given initial field, or a
reconstructed field) are called “* xyf® or "* xys" files The * xyf files are the full
representation of the wind field. The *.xys files are a spatial subset of the corresponding
*.xyf file, the subset being determined by the offsets specified by “sliding windows"
(Chapter 3). The format for these files (* xyf and * xys) is similar to the ® sdd files

20
1.0
0.0
-1.0
2.0

20
1.0
00
-1.0
20

1.0
0.0
-1.0
20
-3.0

1.0
00
-10
-2.0
3.0

0.0
-1.0
20
3.0
4.0

00
-1.0
-2.0
-30
4.0

-1.0
-20
30
4.0
-50

-1.0
-20
-30
-4.0
-5.0

(dimension of matrix e g NxN where N is §)

{spatial representation of u component of wind, in m’s)

(+'ve for eastward and -'ve for westward)

(spatial representation of v component of wind, in nvs)

(+'ve for northward and -'ve for southward)

All files (*.sdd.* xyf,* xys) are written in ASCII format. The * sdd files are full
resentations of the radial wind field (i.e. not a subset from "sliding windows") Several
nmplesuﬁhe files are included on the disk.
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C2. Input, output and interaction between the simulator and analyzer

The following diagram shows where the * sdd, *.xyf and * xys files are used in the

SDD programs.
INPUT

* sdd
* sdd

* xyf

*.Xys

*.Xys

OUTPUT

\

i
J

SDD
ANALYZER

o

r~

N,

SDD |
SIMULATOR |

S

Y

SDD
COMPARE 3

*xys
(absolute)
*.Xys
{xiorm relative)
*.sdd
*sdd

*.Xys

Two * sdd files are used in the SDD analyzer, to produce * xys files of the absolute and
storm relative wind fields. A *.xyf file is specified for the SDD simulator, which generates
the * sdd files (with noise) and the computes the synthesized * xys wind field. Note that
the * sdd files generated by the simulator can be used as an input to the analyzer (dotted
lines). This is how the evolution of a mesocyclone (Chapter 4) was simulated. The SDD
compare program is used to compare output (* xys) files from either the analyzer, the
simulator, or both (dashed lines).
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Appendix D Derivations of (4.2),(4.5),(4.6).
The derivations contained in this appendix are based on the horizontal wind field
synthesis equations (] 1):
u= r'(cosﬁi)! F;(CDS[I',)
) sing -4,)
)= BSinB) - r(sing,)

sin(g, - 5,)

and the associated error equations (2.2).

_ dryJcos’ B 4:5?,;1@5“i B,

du —_—
sin(f, - B,)

dy < drsin® B, +sin” B,

sin(f, - ﬂ: )

It is useful to derive an expression for the mean square deviations of the horizontal

<d® >+ <dv’>

To do this, we first take the square of (2.2):

_ (9052 B, + cos’ B, Jr’
T sin'(B =B
M (sin’ B, +sin’ B, Jar’
) sin’(B, - B;)

du?
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Taking an average over a Gaussian distribution of noise in du and dv-

< Zdr >
sin’ (B, - 5;
2<dr>
sin (ﬁl ﬁz

By assuming that the error in the radial components is unbiased (i.e. <dr>=0), then:

<di® +dv? >=

<di®>+<dv>=

<drl>=<dr>'+ o becomes

<dr’>=¢’

so that.

<di’ >+ <dv? >=— 20, (D.1)

sin’ (B, - §,)

D2. The reot mean square erver (4.2)

The definition of the RMS difference between a wind field and its reconstruction is
defined as:

RMS e < (g~ 4 >+ < (%~ V)’ > = < di > + < >

This definition, with result (D.1), simply gives:

sin(B, - B,)

It is noted however, that when this relation is used on a wind field, the Gaussian
distribution of noise is obtained from a spatial distribution. Therefore -, and the
standard deviation of the mesn radial velocity may vary slightly. We can approximate the
sbove expression as:

RMS oor =

o,V2

ﬂn(A -5)
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D3. The mean speed bias ratio (4.8 and 4.6)

We define the speed bias ratio as the ratio between the reconstructed and initial
value of a given wind vector.

U (AR
SBR" = = (44
U +v,

u=u,+du

Now we substitue:

v=v, +dv
into (4.4), to get:

SBIE - [ug + 2uydu + di? + v} + 2v,dv + dv’]
) - [uf, + vf,]

If we then take an average over a Gaussian distribution of noise on dw and dv

U, +2uy <du>+<di’ >+v, +2v, <dv>+<dv’ >]

SBR? >= 3
< > Tu(‘, + vj]

If we assume that the errors in radial components are unbiased. then dw and dv are also
unbiased (see (2.2)), 50 <dw> = <dv> = 0, giving:

[u,f-o» <di’ > 4v+ <V’ >]

< SBR? >= Tujwﬂ

Now, using (D.1),we can write:

o,

i |
< SBR >-|+2(m] B -p) ©2

<SBR? >=< SBR>? +0}p

138



s0 that

2
o ]
<SBR>= [142 L , -
[;]u",+vf,J sin’(B,-8,) "

Numerical experiments reported in Chapter 4 indicate that o7, << |, resulting in‘

3
o |
<SBR>=z= [1+2 - -
[Jug +v(2, J smz(ﬂ| -5) ®3

Now, since the Gaussian distribution of noise is obtained from a spatial distribution (wind
field). then f,-B, and the standard deviation of the mean radial velocity may vary slightly.
We can approximate the above expression as.

2

o, |

——rwa——— 48
w0 +v? sin’(B, - B,) “3

SBR= |+2[

where the overbars represent the spatial average over the wind field.
If (4.5) is 10 be used to reduce reconstructed wind speeds in a real case, then it

must be rewritten 50 as (0 remove the right hand dependence on the initial wind speeds.
To do this, we first recall the definition of SBR to write:

2., .2

. <U +V' >

<‘SBR1>'—;~_T-
%, +v,

Combining this with (D.2):

< +v’> o, ’
_'44.": :|+2[7—r*v:) ﬁﬂ’(ﬂ.‘ﬂ,)

2
[ 4

20,
sin’ (5, -A,)

R +viac +vi >~
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Subsituting this into (D 3) gives

2;; L
<’ +vi >sin(f, - p.)-2a,°

<SBR>.=.JI+

Since the average over a Gaussian distribution is obtained from the spatial distribution of
the wind field. we approximate the above expression as

—2
SBR= I+ ——— 20, —
(a/u’-w’) sin’(B, - B.)- 20,

where the overbars signify that the averaging is performed over the wind field

mn

(4 6)
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Appendix E Calculations for an evolving mesocyclone

If we model a mesocylone as a circular 2-D solid object of radius » with an outer rim
velocity of v, then the divergence of that object can be defined as.
Aarea/Atime _2dr _2dnr

area rdt di
If the divergence, D, is constant with time, then the integration of the above equation
gives.

D=

r=re™?
where 7, is the radius at an initial time and ¢ is the time elapsed since that time. The radius
halving time is therefore given by
2in2
D
By using conservation of angular momentum and the definition of vorticity for solid body
rotation of a 2-D object

1=

? =0 (conservation of momentum)

;:% (vorticity for solid body rotation of circular object)

Qo
]
c_l£=-2£¢*=_ dinr . -]
& rdv ;(2 L ) ¢b
Integrating gives
$=Ce™
and a vorticity doubling time given by:
n2
IS—D—



