
Chapter  1: Introduction

Prediction and detection of downbursts in thunderstorms has long been a

challenge for operational meteorologists. Downbursts, and their associated wind shear,

have been found to play a role in a number of aviation accidents (Fujita 1985). In

addition, the associated wind damage at ground level can reach a level comparable to an

F3 tornado on the Fujita scale of tornado intensity (Fujita 1985).

A number of studies (e.g., Srivastava 1987; hereafter S87) have found that

hydrometeor characteristics in the downdraft column can be key to the initiation and

strength of a downburst. In particular, S87 found melting hail is a major contributor to

downward accelerations in wet microbursts. Unfortunately, using conventional radar to

deduce hydrometeor characteristics is, at best, difficult. In particular, to discriminate

between rain, hail, or a mixture of the two over small scales requires knowledge about

particle size distributions that are typically unknown to the radar operator. 

Fortunately, a Polarimetric Radar (PR) can be employed to partially solve this

problem. Deduction of bulk hydrometeor characteristics is possible by examination of

the differences in scattering and propagation characteristics between pairs of radar

pulses with orthogonally- oriented electric fields. The quality of weather research PRs

has improved in recent years, as has our understanding of PR signatures of

meteorological echoes and their relation to hydrometeor type.

Enough progress in each arena has been made that upgrades to the national

NEXRAD Network may now be considered (Zrnic 1996). An operational proof- of-

concept test, known as the Joint Polarization Experiment (JPOLE) is taking place in
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central Oklahoma (Schuur 2001). This will be the first opportunity for operational

meteorologists to use PR information in warning decision making. Therefore, the

opportunity exists to use PR products in the prediction and detection of downbursts.

Can the deduction of hydometeor type with a polarimetric radar be combined with our

knowledge of downbursts to improve severe thunderstorm warnings?
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Chapter  2: Polar imetr ic Radar

2.1 Polarimetric radar vs. conventional radar

Conventional weather radars transmit and receive linear electromagnetic

radiation whose electric field is parallel to the local horizontal. A PR can transmit and

receive linear electromagnetic radiation whose electric field is oriented in either the

local horizontal or the local vertical. 

With a PR, orthogonally- oriented pulses of radiation may be alternated in rapid

succession as the radar scans through a volume of interest. Upon examination of the

differences in the backscattered power and propagation characteristics between the

orthogonal pulses, bulk particle information within the sample volume can be deduced

(Zrnic and Ryzhkov 1999). This information may include particle shape, particle size,

ice density, and particle diversity. Using this information in unison, the bulk

hydrometeor type(s) and presence of non- hydrometeorological scatterers within a radar

volume can be estimated with great certainty (Zrnic et al. 2001).

2.2 Reflectivity factor (Z)

When an illuminated particle' s diameter D is at least one order of magnitude

smaller than the wavelength l of a radar, the Rayleigh approximation can be used for

the backscattering cross- section, i.e., it is said to be a Rayleigh scatterer. The

backscattering cross- section s of a single spherical target in the Rayleigh regime is

given by:

      s  Z  (p5/l 4) |K|2 D6,   (2.1)
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where K is the complex refractive index of the material (Doviak and Zrnic 1993).

Because many Rayleigh targets of varied diameter may be present in a volume, the

backscattering cross section per unit volume, or reflectivity h, at range r is defined as:

      h = (p5/l 4) |K|2 Z ,  (2.2)

where:

 '
       Z = €N(D,r) D6 dD .  (2.3)

 0

N(D) in equation (2.3) refers to the number of particles of diameter D present

within the volume, called the particle size distribution (PSD). The PSD cannot be

measured directly by a radar and is typically not known a priori. 

For an "S- band" (l Z 10 cm) radar, rain drops act as Rayleigh scatterers. Rain

drop diameter typically ranges between a fraction of a millimeter and 5 mm, with few

drops observed to be more than 8 mm in diameter (Pruppacher and Klett 1997). The

PSD of rain varies over time and space, but the distributions measured by Marshall and

Palmer (1948) are typically used in radar applications (Figure 2.1).

Rain drops in free fall at terminal velocity tend to flatten into an oblate

orientation. Wind tunnel simulations by Pruppacher and Beard (1970) found that the

ratio between the minor (a) and major (b) axes of a drop falling at terminal velocity can

be related to its initial diameter D (in mm) by the empirical equation:

    a/b = 1.030 -  0.124D ,  (2.4)

which is in agreement with observations of increasingly oblate fall orientations given 

larger initial drop diameter (Figure 2.2). Conventional radars typically use linear
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horizontal polarization so that the backscattering cross section will become larger for 

increasing drop size, as can be seen through examination of equations (2.1) and (2.4).

Figure 2.1. Rain drop size distributions versus drop diameter for four different rain rates. After
Marshall and Palmer (1948).

Figure 2.2. Typical shapes of rain drops falling at terminal velocity. From Pruppacher and
Beard (1970).

Moderate to large hailstones tend to tumble while in free fall (Knight and

Knight 1970). Statistically, therefore, a large population of hailstones may appear to

have a nearly isotropic fall orientation. This does not imply the individual hailstones are

spherical; Knight (1986) observed that most hailstones are not spherical.

In typical hailstorms, the hailstone PSD can be well- estimated by a decaying

exponential function (Figure 2.3). This implies that the vast majority of hailstones in a
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sample volume will lie within the Rayleigh scattering regime for an S- band radar. Still,

the presence of giant hailstones will result in Mie scattering. A simple function

describing backscattering characteristics of large spheres in the Mie regime cannot be

written easily (Battan 1973), though observational evidence suggests reflectivity is

larger for an ice sphere than a water sphere of the same diameter when D > 0.8l (Atlas

et al. 1960).

Figure 2.3. Hailstone number concentration as a function of hailstone diameter. After Cheng
and English (1983).

For an S- band radar, theoretical calculations suggest backscattering increases as

melting hailstones develop a water coat (Herman and Battan 1961). This is explained

by the larger complex refractive index K for water than for ice in equation (2.1). While

dry hail would have a small K and a large D, water- coated hail would have both a large

K and a large D. Observations have shown that water- coated hailstones may have such
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complex scattering properties that some of the radiation is returned to the radar via

three body scattering with the ground (Lemon 1998). 

As will be discussed in Chapter 3, melting hail particles shed large numbers of

water drops of varied diameter. Therefore, the presence of water- coated hail may also

imply the presence of a mixture of rain and hail in the same radar volume. The above

equations do not provide means for determining the relative proportions of rain and hail

in such a situation.

2.3 Differential reflectivity (ZDR)

For a PR, the characteristics of the backscattered radiation differs between the

horizontally and vertically polarized transmitted pulses. The differential reflectivity

describes the ratio between the reflectivity factor measured by the horizontally- oriented

pulse (ZH) and that measured by the vertically- oriented pulse (ZV): 

     ZDR = 10 log (ZH/ZV) .  (2.5)

ZDR values in meteorological echoes typically range between - 2 and 6 dB (Straka et al.

2000).

ZDR values well above zero dB indicate the bulk presence of oblate

hydrometeors (ZH > ZV). Likewise, the bulk presence of spherical hydrometeors will

result in near zero dB ZDR, and significantly negative ZDR indicates prolate

hydrometeors. As noted in section 2.2, rain drops tend to fall in an oblate orientation, so

the ZDR measured in a volume of rain drops should be significantly above zero dB. On

the other hand, the nearly isotropic bulk orientation of falling hailstones suggests ZDR

measurements in that case would be near zero dB.
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It should be noted that ZDR is a reflectivity- weighted measure. As a result, the

ZDR measured in a volume of mixed hydrometeors will be biased toward the shape of

the more reflective hydrometeors. This can be seen through examination of equations

(2.2) and (2.3); the addition of only a few hydrometeors of large D in a radar volume

will quickly increase Z. Therefore, in a bulk mixture of rain and hail, the ZDR measured

should be nearly that which would be measured if only the hail was present. This

characteristic makes the discrimination between hail and a rain/hail mixture difficult

using a Z, ZDR pair alone.

2.4 Specific differential phase (KDP)

While Z and ZDR depend on the characteristics of backscattered radiation from

illuminated particles, additional useful information can be obtained by examining the

propagation characteristics of radar pulses. Microwave radiation propagates more

slowly through hydrometeors than through air, i.e., the phase of the wave changes more

rapidly over a given distance. The difference f DP in the returned phase constant between

the horizontally (f H) and vertically (f V) polarized pulses, for a scatterer at a given

range, is given by:

f DP = f H -  f V .    (2.6)

As anisotropic constituents are encountered along the radiation propagation

path, the orthogonally- polarized pulses will become increasingly unphased, i.e., f DP

will continue to increase with range. The location and magnitude of relative phase shifts

along the propagation path can be more readily determined by calculating the range
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derivative of f DP, called the specific differential phase KDP, over a given range interval

r1- r2 (where r1 < r2):

KDP = [f DP(r1) -  f DP(r2)] / 2(r2- r1) .  (2.7)

In a field of rain drops, KDP will be well above zero deg km- 1. This is due to the

bulk oblate orientation of falling rain drops. A larger cross section of water content in

the horizontal than in the vertical will cause the horizontally oriented pulse to propagate

more slowly through the field of drops. As discussed in section 2.2, hailstones tend to

tumble while in free fall, with a bulk isotropic orientation. Therefore, we should expect

KDP to be near zero deg km- 1 in a field of falling hailstones. The orthogonally- oriented

pulses will intersect nearly the same hydrometeor content over a given range interval.

This characteristic of KDP allows the presence of a mixture of rain and hail in the

same radar volume to be deduced. While the bulk isotropic nature of the hailstones in

the mixture cause f H and f V to change at approximately the same rate, the presence of

oblate rain drops causes f H to change more rapidly than f V. It should also be noted that

the power of the backscattered signal is not involved in the calculation of KDP, so this

variable is also immune to partial beam blockage and signal attenuation. These

characteristics of KDP have be exploited to develop reliable rainfall accumulation

algorithms (e.g., Zrnic and Ryzhkov 1996) that are immune to hail contamination.

2.5 Co- polar correlation coefficient at zero lag (r HV(0))

The co- polar correlation coefficient (r HV(0)) describes the differences between

the backscattering matrices of the horizontally and vertically polarized echoes at zero
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time lag. A full theoretical development of r HV(0) can be found in Balakrishnan and

Zrnic (1990b). In general, correlation coefficient may be influenced by differences in

eccentricities, differential phase shifts on scattering, canting angles, irregular shapes of

hydrometeors, and a mixture of two types of hydrometeors (Doviak and Zrnic 1993).

Decorrelation has been known to occur in large hail, wet or spongy hail, and

mixtures of rain and hail (Balakrishnan and Zrnic 1990b). In general, an equal mixture

of two different hydrometeor types will yield the lowest values of r HV(0), especially

when the size of one varies predominantly in the horizontal and the other varies in the

vertical (Straka et al. 2000).

The standard error for r HV(0) is approximately G0.01 in hail and rain/hail

mixtures (Balakrishnan and Zrnic 1990b), where correlation coefficient values as low

as 0.95 and 0.90 are typical, respectively (Doviak and Zrnic 1993). In the case of pure

rain, r HV(0) is typically in excess of 0.97 (Doviak and Zrnic 1993), with a standard

error near G0.002 (Illingworth and Caylor 1991).

2.6 Use of polarimetric radar to classify particle type

These PR variables may be used in conjunction with Z to deduce hydrometeor

type, and the presence of non- meteorological (e.g., biological) scatterers. Hydrometeor

classification algorithms (e.g., Zrnic et al. 2001),  which use a "fuzzy logic" approach to

determine hydrometeor type from PR variables, have been written for this purpose.

Table 1 provides an overview of typical values of polarimetric variables for different

hydrometeor types.

10



Hydrometeor type ZH (dBZ) ZDR (dB) r HV(0) KDP (deg km- 1)

Rain 25 to 60 0.5 to 4 > 0.97 0 to 10

Wet hail (< 2 cm) 50 to 60 - 0.5 to 0.5 > 0.95 - 0.5 to 0.5

Wet hail (> 2 cm) 55 to 70 < - 0.5 > 0.96 - 1 to 1

Rain/hail mixture 50 to 70 - 1 to 1 > 0.90 0 to 10
Table 1. Values of polarimetric radar variables for precipitation types (after Doviak and Zrnic
1993).

2.7 Mie scattering

Differential phase shifts upon scattering (d, in deg) are a result of the presence

of Mie scatterers. Mie scattering occurs when the hydrometeors with diameters on the

order of the radar wavelength are illuminated. d contributes to the total measured

differential phase shift f DP  according to the equation:

          r
        f DP = 2   KDP dr + d .  (2.8)
                     0

Therefore, the measured f DP will be greater than zero deg km- 1 in the presence of

isotropic Mie scatterers. Balakrishnan and Zrnic (1990b) also found that d will decrease

the value of r HV(0).

At S- band radar wavelengths, very large hailstones may result in Mie

scattering. The presence of very large hail may be accompanied by very high Z, near-

zero dB or negative ZDR, and low r HV(0) (Zrnic et al. 1993). Attenuation of the radar

signal may also occur due to large hail (Doviak and Zrnic 1993). In such areas,

observed values of f DP and r HV(0) must be used with caution.
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Chapter  3: Downbursts

3.1 Observations of downbursts

A downburst is defined as "an area of strong, often damaging winds produced

by a convective downdraft over an area from less than 1 to 10 km in horizontal

dimensions" (American Meteorological Society 2000). Fujita (1985) divided

downbursts into two categories based on the horizontal dimension of outflow at ground

level; a microburst has horizontal dimensions less than 4 km across, while a macroburst

has horizontal dimensions of at least 4 km. Microburst outflow at ground level may

spread out beyond 4 km over time, at which time it becomes a macroburst. Surface

winds resulting from microbursts may exceed 60 m s- 1, and the associated wind shear

has been responsible for a number of aviation accidents (Fujita 1985). 

The precipitation rate at ground level associated with microbursts varies widely.

Fujita (1985) divided microbursts according to the observed rate of precipitation. A dry

microburst is associated with less than 0.25 mm of rain at the surface (typically

corresponding to a radar reflectivity less than 35 dBZ), while a wet microburst is

associated with at least 0.25 mm of rain (typically, a radar reflectivity of at least 35

dBZ). In general, wet microbursts require a higher rainwater mixing ratio to develop

than dry microbursts, but may occur in environmental temperature lapse rates as stable

as - 7.5 K km- 1 (Wakimoto 2001). In this study, all microbursts exhibited reflectivity

factors well in excess of 35 dBZ, indicating wet microburst processes were dominant.

Wilson et al. (1984) developed a radar definition of a microburst as a divergent

Doppler radial velocity signature with a peak- to- peak velocity difference of at least 10

m s- 1 over no more than 4 km. This definition does not indicate the maximum altitude a
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detection may still be considered a valid ground- level microburst. For this study, a

maximum allowed altitude of 1 km was assigned for a radar detected microburst,

corresponding to a range of about 75 km for a 0.5 degree radar elevation angle at

standard refraction.

Aside from low level velocity divergence, numerous studies have documented

other characteristics of microburst- producing storms as viewed by conventional

Doppler radar. Roberts and Wilson (1989) found that radial convergence aloft, a

descending reflectivity core, and an azimuthal radial velocity couplet indicative of

rotation were all typically observed. Eilts et al. (1996) also found that a high reflectivity

core initially at higher altitudes than surrounding storms was a good indicator of

microburst potential. Experimental algorithms in downburst prediction and detection

(e.g., Smith and Eilts 1997) have been developed, with some early success (Smith et al.

2000).

Only one study has examined the relation of observed PR variables to

downbursts. Wakimoto and Bringi (1988, hereafter WB88) documented how changes in

the ZDR field corresponded to radar- indicated microbursts. A local minimum in the ZDR

field at low levels, typically only 1 to 2 km across, was characteristic of the microbursts

studied in WB88. This "ZDR hole" was interpreted as an indication of hail or melting

hail being brought well below the melting height by descending air. The ZDR hole was

located in the middle of a large, uniform area of high Z, showing the value of this PR

variable in detecting significant changes in hydrometeor characteristics over a small

distance. 

The findings in WB88 do not preclude the possibility that the hydrometeors
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detected in the ZDR hole consist only of hail. As noted in Chapter 2, the ZDR signal in a

mixture of rain and hail will be dominated by the more reflective hailstones, which

have an isotropic cross section in bulk. Simulations by Balakrishnan and Zrnic (1990a)

found the identification of rain within a mixture with hail using Z and ZDR is very

difficult, while the identification is quite simple using Z, ZDR, and KDP in unison. As

discussed below, melting hail is a significant contributor to the downward accelerations

driving downbursts. Therefore, determining whether a ZDR hole consists of only hail or

a rain, hail mixture is important.

3.2 Inviscid vertical momentum equation

Vertical accelerations are governed by the inviscid vertical momentum equation,

which can be written in the form:

        dw/dt = (- 1/r 0) ^p' /^z  -  g(cv/cp)(p' /p0) + g qv' /qv0 -  g(rc + rr + ri) ,  (3.1)

where w = vertical velocity, p = pressure, qv = virtual potential temperature, cv =

specific heat at constant volume, cp = specific heat at constant pressure, rc = mixing

ratio of cloud water, rr = mixing ratio of rain water, and ri = mixing ratio of ice water.

Primes indicate perturbations from the base state (subscript 0), which varies only in

height.

The first term on the right- hand side of equation (3.1) represents the vertical

gradient of perturbation pressure. This term is important in most convective storms,

particularly in the case of strong environmental shear (Klemp and Rotunno 1983). The

presence of a strong perturbation pressure gradient cannot be easily interpreted by
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examination of radar products, so this term will not be considered in this work. 

The second term on the right- hand side of equation (3.1) describes the

perturbation pressure buoyancy. This term can be shown to be small (Schlessinger

1980). In addition, as in the case of the perturbation pressure gradient term, determining

any contribution from this term using radar would not be meaningful and is not

attempted.

The third term on the right- hand side of equation (3.1) is the thermal buoyancy

as described by parcel theory. This term' s contribution is often a balance between

diabatic cooling due to particle phase changes, and adiabatic warming due to

compression (Wakimoto 2001). Although the degree of compressional warming cannot

easily be determined with radar, particle phase changes can be deduced with a PR, as

discussed in Chapter 2. It is these observations in downburst- producing storms that are

the focus of this work.

Diabatic cooling due to phase changes may arise from the evaporation of rain or

cloud water, or from melting or sublimating ice particles. As will be shown, the

downbursts observed in this study largely involved melting hail. The cooling of a 1 kg

parcel of air due to the melting of hail can be estimated by the equation:

            dT = - L f m / cp ,                (3.2)

where L f is the latent heat of fusion (3.34 x 105 J kg- 1), m is the mass of the ice particle

melted, and cp is the specific heat at constant pressure (1004 J K- 1 kg- 1). A 1 cm

diameter solid sphere of ice has a mass of 3.84 x 10- 3 kg. If completely melted at

constant temperature of 0oC and at constant pressure, the temperature drop due to

diabatic cooling will equal 1.3oC according to equation (3.2). This cooling increases the
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potential virtual temperature perturbation term in equation (3.1), aiding downward

acceleration.

The buoyancy term also explains why downdrafts are stronger at low levels in

high relative humidity environments (Droegemeier and Wilhelmson 1985). For a

constant downdraft parcel potential temperature qV, the virtual temperature perturbation

qV' between the environment and the parcel becomes increasingly negative as the

environmental relative humidity is increased (Wakimoto 2001). This can serve to

maintain a previously initiated downdraft at low levels in the face of upward- directed

acceleration due to compressional warming. This is confirmed by model simulations by

Proctor (1989). Despite the simulations, it should be noted that in the real atmosphere, a

downdraft parcel in a humid environment may have significantly different

thermodynamic characteristics than a downdraft parcel in a dry environment, so a direct

comparison of downdraft parcels between the two environments may have limited

meaning.

The last term on the right- hand side of equation (3.1) is known as condensate

loading, and is related to the amount of air pulled down by the weight of falling

precipitation particles. This is a well- known contributor to downward acceleration, and

is frequently cited as a contributor to the initiation of downbursts (e.g., Kingsmill and

Wakimoto 1991). It has been shown (Srivastava 1985; Proctor 1989) that the exact

contribution to downward accelerations by condensate loading depends on drop size,

rain intensity, and downdraft speed. As noted in Chapter 2, after making some

assumptions, drop size and rain intensity can be related to the radar reflectivity factor Z.
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This may allow some estimate of the quantitative contribution to downward

acceleration in a particular downburst. Such an analysis is beyond the scope of this

work, though some qualitative description regarding the role of condensate loading in

the cases studied may be discussed.

The role of entrainment of environmental air into downbursts is poorly

understood. Some observations (e.g., Kingsmill and Wakimoto 1991) suggest the

entrainment of drier environmental air into a downward- moving parcel may aid in

evaporating or sublimating precipitation particles, cooling the parcel and increasing its

negative buoyancy. Some numerical simulations (e.g., Srivastava 1985) suggest mixing

a downdraft parcel with dry environmental air reduces the virtual potential temperature

difference, diluting the downdraft. Wakimoto (2001) suggested entrainment of dry air

may help initiate downdrafts near cloud base, while hindering the maintenance of an

existing downdraft.

3.3 Numerical model simulations of wet microbursts

S87 constructed a numerical model, simulating the relative roles of evaporation,

melting and condensate loading in wet microbursts over a variety of different lapse

rates and environmental relative humidities. These simulations did not consider

contributions from entrainment, nor pressure perturbation effects. 

S87 found that ice particles in free fall melt completely in a shorter distance of

fall over progressively higher environmental relative humidities. This is because water

condenses more readily on the ice particle given higher relative humidity. The latent

heat released by the condensation works to accelerate the melting of the ice.
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S87 also found that a large portion of the latent heat sink associated with

melting is concentrated in a shallow layer near where the ice particle melts completely.

In addition, the simulations in S87 showed hailstones melt over a shorter distance of

fall than evaporating rain drops of equal mass. These two findings help explain the

model' s production of stronger downdrafts in the cases with ice than equal amounts of

rain water. This is especially true for increasingly stable environmental temperature

lapse rates.

Finally, the model simulations in S87 showed that intense downdrafts can be

driven entirely below cloud base. Melting and evaporating particles, along with

condensate loading, were sufficient to initiate wet microbursts in virtually all simulated

environments with temperature lapse rates of - 7.5 K km- 1 or lower.

3.4 Wind tunnel studies of melting hail characteristics

Rasmussen et al. (1984, hereafter, R84) simulated the characteristics of melting

hail in free fall using a wind tunnel. It was found that as melting commences, a "water

torus" forms near the equator of the falling particle (Figure 3.1). As the torus builds,

giving the particle a slightly oblate shape, strong velocity shear in the boundary layer

between the water and the air causes numerous small drops to begin shedding. This

shedding of drops about 1.5 mm in diameter was found to commence when

approximately 20% of the mass of the original ice particle had melted.

As the mass of the particle decreases, and the particle' s shape becomes more

oblate (Figure 3.2), the terminal velocity of the particle begins to decrease. This allows

the water torus to slowly move upstream (downward). The lower fall speed also 
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Figure 3.1. Melting modes of ice spheres in free fall from R84. Sphere is 20 mm in diameter in
mode (1), and 19 to 20 mm in mode (2).

decreases the velocity shear in the boundary layer between the water and the air,

allowing the torus to build to larger diameter. This decreases the drop shed rate, and

increases the size of the shed drops to as much as 4.5 mm. 

Figure 3.2. Melting modes of ice spheres in free fall from R84. Sphere is 16 to 19 mm in
diameter in mode (3), and 9 to 16 mm in mode (4).
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Finally, the particle fall speed decreases, and the ice melts, enough so that the

water torus completely envelops the ice (Figure 3.3). At this stage, the 5 to 9 mm

particle no longer sheds drops, because the ice particle acts as a stable core to what is

essentially a very large rain drop. Further melting of the ice is slower, and brought

about by heat transfer from the environment to the water, which is transferred to the ice

through internal circulations. The overall shape of the particle at this stage was

described by R84 as "pill- shaped".

R84' s finding that shedding does not commence until 20% of the mass of the

hailstone has melted is an important finding. It suggests a water- coated hailstone may

fall a considerable distance before shedding is first observed. It should also be noted

that R84 found experimentally that a smaller fractional mass is shed for a smaller initial

ice sphere diameter.

Figure 3.3. Melting modes of ice spheres in free fall from R84. Sphere is 5 to 9 mm in diameter
in mode (5), and 1 to 5 mm in mode (6).
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Chapter  4: Data and Methodology

4.1 NCAR S- Pol Radar

The "S- Pol" radar is an S- band, portable research polarimetric radar operated

by the National Center for Atmospheric Research (NCAR). The S- Pol radar is capable

of a variety of scan strategies, including sectored plan position indicator (PPI), sectored

range height indicator (RHI), or surveillance (SUR) scans. The specific scan strategies,

pulse repetition frequencies (PRF), and scan rates employed can be tailored to the goals

of the project. 

4.2 STEPS and PRECIP98 Studies

The thunderstorms in this study were scanned by the S- Pol during two separate

field campaigns (Figure 4.1). Though neither study had the specific goal of studying

downbursts, several thunderstorms were under intense observation by S- Pol when

downbursts occurred.

Figure 4.1. Locations of the S- Pol radar during the STEPS and PRECIP98 projects.
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S- Pol was deployed near Idalia, Colorado during the spring and early summer

of 2000 for the Severe Thunderstorm Electrification and Precipitation Studies (STEPS)

project. The STEPS project focused on increasing the understanding of the interactions

between kinematics, precipitation production, and electrification in severe

thunderstorms on the High Plains. S- Pol was used, in part, to determine the

hydrometeor structure of the thunderstorms studied.

During STEPS, S- Pol typically used a PRF of 960 s- 1 with a scan rate of 6 deg

s- 1. Beam spacing was held between 0.8 and 1.0 deg. Range gates were typically 150 m

in length. S- Pol, as one member of a triple Doppler radar network, often participated in

coordinated scans. The coordinated scans focused sectored PPI and RHI scans over a

thunderstorm of interest. Usually, a volume of sectored PPI scans at different elevation

angles was followed by a series of RHI scans separated by 1 degree in azimuth.

Another project, known as PRECIP98, involved the deployment of the S- Pol

radar near Melbourne, Florida during the summer of 1998. The goal of PRECIP98 was

to improve remote sensing techniques of convection throughout the tropics by studying

rainfall production and rain rate in tropical convection. As in STEPS, S- Pol was used

primarily to determine the hydrometeor characteristics of the thunderstorms under

intense observation. During PRECIP98, S- Pol typically employed scan strategies very

similar to those used during STEPS. During PRECIP98, however, favor was given to

volumes of PPI sector scans over RHI scans.

4.3 Identification of microburst times and impact locations

The issues of the National Climate Data Center publication Storm Data covering
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the periods and locations of the STEPS and PRECIP98 projects were examined for

reports of wind damage or thunderstorm wind gusts in excess of 25 ms- 1. When a

report was found, WSR- 88D composites and S- Pol "quick look" images, available on

the internet, were examined to determine the character of the thunderstorm responsible

for the report. Because this study focuses on downbursts from "pulse- type"

thunderstorms, cases of organized mesoscale convective systems were discarded. In

some other cases, the S- Pol radar was not functioning, or the thunderstorm responsible

for the Storm Data report was not the same as the thunderstorm being intensely

observed by the radar. Finally, some thunderstorms were excluded because they were

too far from the S- Pol radar to observe a low- level, divergent velocity signature, and

the location and time of downburst impact could not be easily determined.

Once a candidate thunderstorm was identified, Doppler radial velocity images

were studied. The goal was to determine the time and location a "radar- indicated

microburst" (see Chapter 3) was first detected. In many cases, the report was far

removed in time and space from the first radar- indicated microburst. In these cases, the

radar imagery was examined to assure a microburst' s outflow spread out beyond 4 km

at ground level, and the Storm Data report was in the resulting area of macroburst

winds. This study examines PR trends surrounding the time and location of the radar-

indicated microburst impact, not the time and location of the Storm Data report.

The vertical structure in the Z, ZDR, KDP, r HV(0), and radial velocity fields, and

their temporal trends, were examined in the area and time surrounding the appearance

of the radar- indicated microburst. These data were used to deduce the evolution of

hydrometeor characteristics in and near the downdraft column. Additional attention was
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paid to the presence (or lack) of conventional radar signatures typically found in

microburst- producing storms, and whether a ZDR "hole" was detected.

All of the thunderstorms examined in this study exhibited very large Z values

before, during, and after the time of the radar- indicated microburst, so it is safe to say

that these events can be classified as "wet microbursts". As stated in S87, diabatic

cooling due to melting hail can be a large contributor to downward accelerations in the

case of wet microbursts. Therefore, before or near the time of the radar- indicated

microburst impact, the PR data will likely show bulk hydrometeor characteristics

consistent with melting hail somewhere in the downdraft column. Since R84 showed

melting hailstones shed water drops of varied size and shape, the PR data may also

show signatures consistent with a mixture of rain and hail.

4.4 Study limitations

There are a number of limitations of this study that should be noted. First, "null"

cases are not considered. Null cases incorporate thunderstorms that produce a

microburst but did not produce the expected PR signatures, and also cases where the

expected PR signatures are found in thunderstorms that do not produce a microburst.

This limitation should not be minimized. Clearly the differentiation between

thunderstorms that do produce a microburst and those that do not is a fundamental goal

in the improvement of severe thunderstorm warnings. This concern is tempered,

however, by another limitation: there are not enough downburst- producing storms that

have been observed in this manner to make statistics or thresholds meaningful. 

Second, when using the definition of a radar- indicated microburst, the exact
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time and location of microburst impact can still not be certain. Some microbursts may

be "slanted" or asymmetric (Fujita 1985), so determining the orientation of the

downdraft column, and its relation to the near- surface microburst radar indication may

be subject to some error.

Finally, there are a number of other radar limitations to consider. Most

importantly, S87 found the time scale of a wet microburst from time of initiation to

ground impact is often less than 10 minutes. Most of the S- Pol volume scans in STEPS

and PRECIP98 took about 5 minutes to complete, so the temporal resolution of the

storm' s evolution is necessarily coarse. In addition, WB88 noted that the ZDR holes

associated with downdraft columns were often only about 1 km in diameter. For the S-

Pol radar, the half- power beamwidth reaches 500 m at approximately 31.5 km range,

and reaches 1 km at approximately 63 km range. Therefore, a microburst column at

longer range may be more narrow than the radar beamwidth, leading to poor sampling

of the associated rapid horizontal gradient in hydrometeor characteristics.
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Chapter  5: Results

5.1 Introduction

Balakrishnan and Zrnic (1990a and 1990b, hereafter BZ90) studied PR data of

Oklahoma thunderstorms with different observed mixtures of rain and hail at ground

level. Figure 5.1 depicts typical relative vertical changes in Z, ZDR, KDP, and r HV(0) for

a field of melting hailstones in free fall. Figure 5.1 represents a composite of the cases

in BZ90 assuming hailstones melt completely to rain as they fall, and is strengthened by

a synthesis of PR signatures in rain, hail, and a mixture conducted by Straka et al.

(2000). The cases examined in this paper will frequently refer to this conceptual model.

Figure 5.1. Typical relative changes with height of four PR variables for a uniform field of
hailstones in free fall that melt completely. 
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5.1.1 PR signatures in melting layer 1

BZ90 found that the KDP does not increase significantly for about 1 to 2 km

below the melting level. This observation, along with high Z and low ZDR, suggests

melting layer 1 consists of mostly hail. These observations may be explained by the

finding in S87 that about 20% of the mass of a hailstone melts in free fall in above

freezing air before a water torus forms and drops begin to shed. The exact depth of

melting layer 1 will depend on the melting rate of the falling hailstones, which S87

found was more rapid in high environmental relative humidity air.

5.1.2 PR signatures in melting layer 2

Below melting layer 1, BZ90 found another layer of approximately 1 km depth

marked by a rapid increase in KDP, but small ZDR. In this layer, high Z, high KDP, and

low ZDR suggest a mixture of rain and hail, as discussed in Chapter 2. The KDP increase

indicates an addition of oblate hydrometeors to the radar volume. An increase in Z and

decrease in r HV(0) may also be expected in this layer. The former may be explained by

the presence of water- coated hailstones, which yields a large diameter with a large

refractive index (see Chapter 2). Decorrelation is likely due to the increased diversity in

hydrometeor type and shape as rain and hail become increasingly mixed. Again, the

depth of melting layer 2 will depend on the melting rate of the hail, which is faster

given higher environmental relative humidity.
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5.1.3 PR signatures in melting layer 3

Extending below melting layer 2 to the surface is a third and final layer marked

by a downward increase in ZDR and r HV(0), and slow downward declines in KDP and Z.

This is interpreted as a change to all rain phase. The peak in KDP in layer 2, and slow

decrease in layer 3, may be explained by a finding in R84. They found a rain- coated

hailstone may have major axis diameter, oriented in the horizontal, of up to 10 mm.

This diameter is far larger than the typical breakup diameter of a rain drop (Pruppacher

and Klett 1997) because the embedded hailstone acts as a stable core that holds the

large particle together. As the hailstone completely melts within the water coat, the very

large diameter drops begin to fracture, as typically occurs for large drops in free fall

(Pruppacher and Klett 1997).

5.2 23 June 2000 STEPS case

Figure A1.1 shows a PPI image of Z at 0.5 degree elevation angle, about 8

minutes before the storm centered 8 km east and 33 km south of S- Pol produced a

radar- indicated microburst. As is clear from the corresponding radial velocity image

(Figure A1.2), no significant low- level velocity signatures are evident near this storm,

which is approximately 34 km from S- Pol. The corresponding ZDR field (Figure A1.3)

shows a general area of values between 3 and 4 dB. When considered with Z values

near 55 dBZ, this suggests the bulk hydrometeor type in this region is rain. The KDP

field (Figure A1.4) shows values around 2 deg km- 1, confirming the bulk presence of

hydrometeors with oblate shape.
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Figure A1.5 is an RHI of Z through the center of the storm of interest. Note the

vertical core of high Z values near 34 km range, suggesting condensate loading is

significant at this location. While the velocity cross section (Figure A1.6) shows no

significant surface radial divergence, a deep layer of radial convergence is clearly

evident at 34 km range between 3 and 8 km ARL, as is typically observed in

downburst- producing thunderstorms. Figure A1.7 depicts the vertical structure of ZDR.

In general, the vertical change in bulk hydrometeor type from isotropic ice and hail

scatterers aloft, to oblate shapes near the surface, is clearly evident just above 2 km

ARL. Near 34 km range, however, a "trough" in the ZDR field, where very small or

negative ZDR values extend about 1 km below the surrounding higher ZDR values, is

easily seen. It should be noted this ZDR trough is coincident in location with the column

of high Z in Figure A1.5 and is directly below the region of strong radial convergence

in Figure A1.6. Finally, the corresponding KDP field (Figure A1.8) shows a rapid

downward increase in KDP values centered near 34 km range, 2 km ARL. This large

vertical gradient is coincident with the ZDR trough.

The vertical model of PR characteristics in a melting hail regime presented in

Figure 5.1 can be applied to explain the RHI observations in Figures A1.5, A1.7, and

A1.8. Aloft, near 4 km ARL and 34 km range, large Z, small ZDR, and small KDP values

are bulk indicators of hail. Z first shows a gradual downward increase between 2 and 4

km ARL, though ZDR and KDP remain small. This suggests a water coat is developing on

the hailstone, or that melting layer 1 in Figure 5.1 is being observed. Between 1.5 and 2

km ARL, the observed Z remains large, ZDR slowly increases downward, and KDP

rapidly increases downward. This is a transition to melting layer 2. The water coated
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hail is forming a torus, yielding a transition from a bulk isotropic fall shape to a slightly

oblate preferred orientation. The addition of numerous shed drops, which will fall with

oblate shape, causes KDP to increase rapidly. Finally, below 1.5 km ARL, there is a

slight decrease in Z, ZDR increases rapidly downward, and KDP decreases slightly. This

is an observation of melting layer 3, where the remaining water- coated hailstones melt

completely, yielding typical Z, ZDR, and KDP values found in rain.

As discussed in Chapter 2, the co- polar correlation coefficient (r HV(0)) will be

reduced in regions of increased hydrometeor diversity. Figure A1.9 shows the vertical

structure of r HV(0) corresponding to Figures A1.5 through A1.8. Indeed, at 34 km

range, r HV(0) shows a significant downward decrease between 2 km ARL and the

surface. This confirms the presence of a mixture of hydrometeor types in this region.

Figure A1.10 presents a PPI image of the thunderstorm about 3 minutes later.

Unfortunately, the 0.5 degree PPI scan was missed, so the series of PPI images in

Figures A1.10 through A1.12 were taken at a 1.6 degree elevation angle. At 34 km

range, this corresponds to about 1 km ARL. Large values of Z (about 62 dBZ) in Figure

A1.10 correspond to a local minimum in ZDR (about 0 dB) in Figure A1.11 and a local

maximum in KDP (about 4.5 deg km- 1) in Figure A1.12. Clearly a mixture of rain and

hail is detected at this location. This can be interpreted as a horizontal cross section

through an area in melting layer 2 depicted in Figure 5.1. The increase in KDP over time

suggests more water content is being added to the column, perhaps indicating a larger

volume of hail is melting.

The microburst radar signature was first observed a short time later. Figures
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A1.13 through A1.31 present a series of three RHI cross sections taken a few seconds

apart across the center of the microburst signature (Figure 5.2). Figure A1.14 shows a

classic radar microburst signature, with a peak- to- peak velocity difference of about 15

ms- 1 across 4 km, near the surface between 32.5 and 36.5 km range. This is near the

center of a vertical column of large Z (Figure A1.13), whose maximum has descended

to less than 1 km ARL. Figure A1.15 shows a well- defined column of depressed ZDR

values, less than 1 km across but 2 km deep. This column is coincident with high Z

values in Figure A1.13, and is very similar to the ZDR "holes" documented in WB88.

The presence of hail reaching the surface is clear, however it is unclear using Z and ZDR

alone whether any portion of the hail is melting. The corresponding KDP image

presented in Figure A1.16 shows values peaking near 2 deg km- 1 at the location of the

ZDR minimum. This suggests oblate hydrometeors are indeed present, so at least partial

melting is likely taking place. The downward decrease in r HV(0) near 34 km in Figure

A1.17 confirms an increasing diversity of hydrometeor types.

The second RHI scan, Figures A1.18 through A1.22, was taken at an azimuth 2

degrees from the first RHI scan, or a horizontal distance of about 1.2 km at 34 km

range. Z values in the high reflectivity column are slightly higher in this scan (Figure

A1.18), and a microburst signature is still evident near the surface at 32 to 36 km range

in the velocity RHI (Figure A1.19). The region of depressed ZDR below the melting

level (Figure A1.20) is slightly wider in the horizontal, particularly at about 1.5 to 2 km

ARL, though the minimum value in the near- surface gates is only slightly higher. The

KDP maximum near the surface (Figure A1.21), again coincident with the highest Z and 
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Figure 5.2. Relative azimuths of the three 23 June 2000 RHI scans discussed in the text, and
their corresponding figures in Appendix 1. Background image is the PPI plot of reflectivity
factor (Z) at 21:14:02 UTC and 0.5 degree elevation angle. 34 km range ring noted. Color
display in dBZ
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lowest ZDR, is slightly higher in this RHI, peaking near 3 deg km- 1. The vertical profile

of r HV(0) again shows a general downward decrease in correlation (Figure A1.22),

confirming increasingly diverse hydrometeor types, but not revealing the exact location

of the downdraft column.

The third RHI scan, taken another 2 degrees in azimuth away, or about 1.2 km

in horizontal distance, is shown in Figures A1.23 through A1.27. The maximum Z

values in the core (Figure A1.23) are slightly lower than in the second RHI, and while a

microburst signature is again present in the radial velocity cross section (Figure A1.24),

the peak- to- peak velocity difference is not as great as in the previous two cross

sections. The trough in the ZDR field (Figure A1.25) at about 2 km ARL is noticeably

wider, funneling down to a near- surface minimum near 34 km range. The local

maximum in KDP (Figure A1.26), again coincident with the highest Z and lowest ZDR

values near the surface, is noticeably higher in this RHI, peaking near 4 deg km- 1.

Finally, the r HV(0) cross section (Figure A1.27) again confirms the likelihood of a rain,

hail mixture.

Although the high Z, low ZDR, and decorrelation signatures are present across

the microburst in all three cross sections, the value of the KDP maximum varies. This

observation has at least two possible explanations: First, it is possible that the first RHI

was through the center of the microburst, where mostly hail was getting to the ground

(i.e., melting layer 1 in Figure 5.1), and the other two RHI scans were in a region of

weaker downward acceleration where hail was able to melt more completely before

reaching the surface (i.e., melting layer 2 in Figure 5.1). The other possible
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interpretation involves the way KDP is calculated. Recall from equation (2.7) that KDP is

a range derivative of differential phase shift f DP. Rapid relative changes in phase

between the orthogonal pulses over a short distance will be increasingly "smoothed out"

as the derivative is taken over a longer range interval (Figure 5.3). The provided KDP is

calculated over 16 gates of range. For the 150 m S- Pol gate spacing, the range interval

used is therefore 2.4 km. Because the microbursts observed in WB88 were only about 1

Figure 5.3. Example of the effects of the range interval chosen for KDP given a rapid change in
f DP (black line) over a short distance. See equation (2.7).

km across, it is possible rapid spatial fluctuations in f DP may be overly smoothed out

when the KDP image is produced.

Figure A1.28 shows the corresponding PPI of Z at 0.5 degree elevation angle. A

microburst signature is clearly evident in the radial velocity field (Figure A1.29). In the

ZDR field (Figure A1.30), a small local minimum coincides with the location of the

microburst signature and high Z values, as in WB88. Finally, the KDP field (Figure

A1.31) confirms that the hail (whose presence is deduced from the Z and ZDR fields) is
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at least partially melted, though the local maximum is slightly offset to the northeast of

the center of the microburst.

5.3 11 June 2000 STEPS case

Figure A2.1, a PPI of Z at 0.5 degree elevation, shows a thunderstorm cell

centered 43 km west and 25 km south of S- Pol. Figure A2.2, the corresponding radial

velocity PPI, reveals this storm is embedded in a large area of strong inbound velocities

associated with a macroburst (Fujita 1985). Figure A2.3 shows the storm of interest is

characterized by a large area of ZDR near zero DB, indicating hail is likely to be

reaching the surface. Figure A2.4 shows KDP values average near 2 deg km- 1, indicating

liquid drops are also present.

Figures A2.5 through A2.9 are RHI cross sections through the center of the

thunderstorm' s core about 5 minutes later. The low- level ZDR local minimum (Figure

A2.7) is several km wider in horizontal dimension than in the 23 June 2000 case and is

not as well defined. The minimum is, however, located near the maximum Z core

(Figure A2.5) and below the strongest radial convergence (Figure A2.6). In addition,

the KDP local maximum is much larger (Figure A2.8).

Another PPI scan at 0.5 degree elevation angle is presented in Figures A2.10

through A2.13. Within the larger macroburst signature, a microburst signature

associated with the storm of interest is still not evident in the velocity field (Figure

A2.11). The large area of high Z (Figure A2.10) which had been slightly elevated

(Figure A2.5) has now apparently descended nearly to the surface. The ZDR local

minimum (Figure A2.12), while still large in diameter, is not quite as low as earlier.
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The KDP local maximum (Figure A2.13) is noticeably higher, with values above 6.5

degrees km- 1. 

Five minutes later, the next PPI scan (Figures A2.14 through A2.17) now

reveals a microburst signature in the radial velocity field (Figure A2.15), with inbound

velocities ranging from 13 ms- 1 35 km west and 22 km south of the radar to 24 ms- 1 32

km west and 20 km south of the radar, a horizontal distance of about 3.5 km. The local

ZDR minimum has become better defined and much smaller in diameter, though the

minimum values remain about 0 dB. The KDP local maximum is well defined with

maximum values approaching 7 deg km- 1.

Finally, the corresponding RHI images are shown in Figures A2.18 through

A2.23. The large Z values have indeed descended to near the surface (Figure A2.18)

and a microburst signature is evident in the radial velocity field between 39 and 43 km

range (Figure A2.19). The low level ZDR minimum (Figure A2.20), though still not as

well- defined as the 23 June 2000 case, has become better defined than earlier (compare

with Figure A2.7). The low- level KDP maximum (Figure A2.21) of more than 7 deg

km- 1 coincides almost exactly with the ZDR minimum of - 0.5 dB. A downward decrease

in r HV(0) is again evident (Figure A2.22) but extends throughout the region, making the

location of the downdraft column difficult to find.

The gradual contraction of the ZDR minimum and increase in KDP over the

minutes leading up to the appearance of a microburst signature may be explained by the

contraction of hydrometeor mass into a narrower column. This would add to the

condensate loading, and add to the number of hailstones melting at low levels per unit
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volume (and lead to an increase in KDP over time). This mass contraction may be

evident in comparison of the RHI scans before and after the appearance of the

microburst signature. Figure A2.5 shows a 4 km diameter column of high Z from 2 to 8

km ARL, while Figure A2.18 shows the column of high Z has contracted to about 2 km

in diameter and now extends to 10 km ARL.  

5.4 22 June 2000 STEPS case

Figures A3.1 and A3.2, reflectivity and velocity PPI images at 0.5 degree

elevation angle, depict a thunderstorm developing approximately 41 km west and 58

km south of S- Pol. The storm of interest is along the gust front of a macroburst.

Behind the gust front, several larger, more mature thunderstorms are evident. These

storms are responsible for creating the macroburst and gust front along which the storm

of interest is developing, but their structure and PR signatures will not be discussed. At

this early stage, large values of ZDR (Figure A3.3) and moderate values of KDP (Figure

A3.4) suggest the precipitation reaching the ground near the thunderstorm core of

interest consists of rain.

Five minutes later, in the next PPI scan, Figures A3.5 and A3.6 show the storm

growing in size and intensity. A local minimum in the ZDR field (Figure A3.7) has

appeared, though it is still poorly defined. The maximum value in KDP (Figure A3.8)

has increased noticeably.

The next PPI scan, five minutes later, shows a rapid increase in Z to over 65

dBZ (Figure A3.9) and much larger storm diameter. A strong microburst signature has

become apparent in the radial velocity field (Figure A3.10) with a peak- to- peak
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velocity difference of more than 15 ms- 1 over less than 2 km. The local ZDR minimum

has become much better defined (Figure A3.11) and the KDP local maximum (Figure

A3.12) has increased to about 5.5 deg km- 1.

This case illustrates how these signatures may appear in a series of low level PPI

scans, when vertical information is not available. It is apparent that this event rapidly

evolved over a ten minute period. The first PPI scan indicated that if any melting of

falling hailstones was occurring, they had completely melted before reaching the 0.5

degree elevation angle (i.e., reached melting layer 3 in Figure 5.1). The rapid

appearance of a large high- Z core, rapid development of a ZDR hole, and rapid increase

in the local KDP maximum suggests an evolution to melting layer 2 occurred near the

surface. Either the downdraft column air cooled enough over time that the falling hail

was not able to melt as quickly, or hail at an earlier stage of melting was being dragged

down by the downdraft, or both. 

5.5 13 August 1998 PRECIP98 case

The first three cases presented were observed during the STEPS project in

northeastern Colorado or northwestern Kansas. One case from the PRECIP98 project in

eastern Florida is now presented.

Figure A4.1 is a PPI at 0.5 degree elevation angle, showing a thunderstorm

centered approximately 10 km east and 54 km north of S- Pol. Note the Z values

average between 50 and 55 dBZ, which is lower than any of the STEPS cases. While

some divergence is evident in the radial velocity image (Figure A4.2), there is no

radar- indicated microburst. No local minimum is evident in the ZDR field (Figure
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A4.3), and moderate KDP values (Figure A4.4) of 2 to 3 deg km- 1 are present. While the

average ZDR values of 1 to 2 dB suggest only slightly oblate bulk hydrometeor shape,

this observation combined with moderate Z and KDP values suggest rain is the dominant

hydrometeor type. 

The corresponding RHI images (Figures A4.5 through A4.8) suggest some

liquid content is present well above 8 km at 59 km range. Note ZDR values in excess of

2 dB (Figure A4.7), KDP values near 1 deg km- 1 (Figure A4.8), and radial velocity

convergence (Figure A4.6) coincide at that location. Z values are below 60 dBZ

throughout the storm, however (Figure A4.5).

A few minutes later, the PPI scan (Figures A4.9 through A4.12) reveals little

change in the low level hydrometeor character of the storm. Z values continue well

below 60 dBZ (Figure A4.9), ZDR values remain near 1.5 dB (Figure A4.11) and KDP

values peak above 2 deg km- 1 (Figure A4.12). Therefore, rain still appears to be the

bulk hydrometeor type near the surface. However, a microburst signature is now

evident in the radial velocity field (Figure A4.10). Inbound velocity values near 15 ms- 1

are evident 48 km north and 7 km east of the radar, while outbound velocities near 3

ms- 1 are evident 52 km north and 7 km east of the radar.

The corresponding RHI scan (Figures A4.13 through A4.16) reveal a significant

change in hydrometeor character has occurred aloft. Z values in excess of 62 dBZ are

centered near 5 km ARL at 47 km range (Figure A4.13), directly above the location of

strongest radial divergence (Figure A4.14). The ZDR field (Figure A4.15) reveals a

significant ZDR trough, about 1.5 km in diameter, is coincident with large Z and radial

convergence signatures, centered near 47 km range at 5 km ARL. At the base of the ZDR
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trough, a local maximum in the KDP field (Figure A4.16) of 6 deg km- 1 shows the layer

where large oblate water content is present, implying melting layer 2 in Figure 5.1.

5.6 A comparison between the 23 June 2000 and 13 August 1998 cases

Both the 23 June 2000 and 13 August 1998 microburst- producing

thunderstorms occurred in air relatively undisturbed by previous convection, though

they were observed in very different environments. This allows for meaningful

comparisons between the two cases. The comparisons of radar signatures and storm

environments will be made separately, then the observed differences will be reconciled

with downburst theory. 

5.6.1 Comparison between radar signatures on 23 June 2000 and 13 August 1998

The 23 June 2000 and 13 August 1998 storms produced similar radar signatures,

though at different elevations. In the 23 June 2000 case, the core of high Z began at mid

altitude (Figure A1.5) and descended to the surface coincident with the microburst

signature (Figures A1.13 and A1.14). In the 13 August 1998 case, high reflectivities

aloft were first observed at the same time as the microburst signature (Figures A4.13

and A4.14). 

A ZDR trough aloft developed in both cases. Figures A1.7 and A4.15 are

remarkably similar, though the ZDR trough was considerably more elevated in the 13

August 1998 case (5 km ARL vs. 1.5 km ARL). A local KDP maximum appears at the

base of the ZDR trough in both cases.
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5.6.2 Comparison between storm environments on 23 June 2000 and 13 August 1998

Figures 5.4 and 5.5 depict the nearest available upper air sounding to the 23

June 2000 and 13 August 1998 microbursts, respectively. The 23 June 2000 sounding is

characterized by a deep, well mixed boundary layer. A layer with dry adiabatic lapse

rates extends from the surface to about 5.7 km AGL. The average relative humidity in

the lowest levels is about 20%. The melting level is about 3.35 km AGL, and the level

of free convection (LFC) is about 3.2 km AGL. 

The 13 August 1998 sounding has lower lapse rates and is more humid at low

levels. The boundary layer is only about 1 km deep, with average relative humidity near

the surface above 50%. The LFC is about 2 km AGL, while the melting level is 4.8 km

AGL. This suggests that while the ambient melting level in the 23 June 2000 case is

near the cloud base of the thunderstorm, the ambient melting level in the 13 August

1998 is well above the cloud base.

5.6.3 Comparison between the microbursts of 23 June 2000 and 13 August 1998

Because the melting level is much closer to the ground in the 23 June 2000 case,

the hailstones will have less time to melt before reaching the ground. The melting layer

is near the cloud base, so it is possible that entrainment of dry environmental air may

have aided initiation of the microburst through diabatic cooling due to sublimating and

evaporating hydrometeors (in addition to the obvious aide from condensate loading). In

the 13 August 1998 case, the melting level was well above cloud base, so this effect

was likely much less. In fact, the PR variables suggest the hail had almost completely

melted (i.e., PR variables were typical of melting layer 3 in Figure 5.1) before reaching 
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Figure 5.4. Mobile sounding launched at 2032 UTC on 23 June 2000. This sounding was
launched about 40 minutes before the microburst impacted the surface, and 40 km to the
southwest.
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Figure 5.5. NWS sounding launched at 2300 UTC on 13 August 1998. This sounding was
launched about 100 minutes after the microburst impacted the surface, and 200 km to the west.
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cloud base.

In the 23 June 2000 case, hailstones fell through a deep layer of dry

environmental relative humidity below cloud base, compared to the saturated layer

within the cloud in the 13 August 1998 case. Recall S87 found hail melts more readily

given higher environmental relative humidity. This suggests we should expect hail to

melt more rapidly in the 13 August 1998 case. The PR variables tend to support this

hypothesis. In the Florida case, the hail appears to have completely melted near 4 km

ARL (Figure A4.15), only about 1 km below the melting level. In the 23 June 2000

case, prior to microburst detection, the last hailstones melted below 1 km ARL (more

than 2 km below the ambient melting level). As the column cooled, the melting was

incomplete as the microburst reached the ground, consistent with the development of

the low- level ZDR hole.

The 13 August 1998 downdraft clearly had to survive a 4 km descent to the

surface without being diluted by upward directed accelerations provided by entrainment

of dry environmental air and compressional warming. The high ambient relative

humidity tempered these negative influences by maintaining a relatively large virtual

potential temperature difference between the downdraft parcel and the environment (see

equation (3.1)). This was not an advantage available in the 23 June 2000 environment.

However, recall S87 found the largest contribution to downward acceleration from

diabatic cooling in melting hail was found in a shallow layer near the hail melting

location. Clearly, the hail is melting much nearer the surface in the 23 June 2000 case,

so the negative effects of dry ambient air are somewhat less.

44



Chapter  6: Conclusions

6.1 Hydrometeor characteristics observed

In all four cases studied, a deep layer of radial velocity convergence aloft was

noted prior to the first radar indication of a microburst. In the three STEPS cases, in

northeastern Colorado and northwestern Kansas, an initially elevated core of high

reflectivity factor (Z) descended to the surface in conjunction with the microburst

impact. The PRECIP98 case in Florida did not exhibit large Z values aloft until nearly

the time of the microburst impact.

A differential reflectivity (ZDR) "hole" was present in every case, consistent with

the findings in WB88. However the characteristics of the hole varied from case to case.

In the 23 June 2000 STEPS case, the hole appeared on RHI scans as small and well-

defined near the strongest low- level radial divergence signature, and was wider and

less defined along the fringes. The development of the hole in this case was preceded

by a ZDR "trough" aloft, as viewed in RHI cross section. In the 11 June 2000 STEPS

case the ZDR hole began with large diameter and contracted as the storm' s mass

converged into a column above. In the 22 June 2000 STEPS case, the most severe

microburst signature observed among the four cases, the ZDR hole suddenly appeared

and rapidly expanded in diameter over time. Finally, in the 13 August 1998 PRECIP98

case, the ZDR trough was entirely aloft. The presence of low ZDR values, along with high

Z values, near the microburst column suggests some hail is contained within the

column. However, because ZDR is biased toward more reflective scatterers, it cannot be

known whether any rain is also present.

A local maximum in specific differential phase shift (KDP) was also found in all
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four cases, typically near the base of the ZDR trough or coincident with the ZDR hole at

low levels. Since KDP is immune to the presence of isotropic scatterers, and is not

reflectivity weighted, this suggests that water drops are indeed present with the hail.

The maximum value of KDP appears to be relative to the diameter of the ZDR hole or

trough. There are two possibilities to explain this observation: First, the center of the

hole or trough may be composed mostly of hail, which has isotropic bulk fall

orientation, so the differential phase shift between the orthogonally- oriented radar

pulses is small. The other possibility is that while a ZDR column may contain a large

amount of water content in the horizontal, the narrow nature of this feature results in a

rapid spatial change in differential phase shift that is smoothed out in the range

derivative calculation of KDP. This may have resulted in the KDP maximum being

displaced from the ZDR minimum at low levels in the 23 June 2000 STEPS case. Such

an offset, however, was not evident in the other cases considered.

In all cases, the co- polar correlation coefficient (r HV(0)) decreased downward in

the downdraft column below the melting level. This is not surprising, as many studies

and simulations suggest decorrelation occurs as increasingly diverse hydrometeor types

are encountered. This PR variable can be used to confirm the presence of a rain, hail

mixture when high Z, low ZDR, and high KDP values coincide. The relative changes in

r HV(0) were too small, however, to easily detect the actual location of the microburst

column.

These PR characteristics are consistent with the findings in BZ90. Melting

hailstones in fall first exhibit increasingly large Z, low ZDR, low KDP, and high r HV(0)
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values. These PR variables are consistent with the R84 finding that hailstones form a

water coat but do not form a water torus or shed drops until they have converted 20%

of their mass to water. Below this first layer, a layer of PR characteristics exhibiting a

rapid rise in KDP, drop in r HV(0), very high Z, and gradual rise in ZDR is found. This is

also explained by the R84 melting simulations. A water torus forms and numerous

drops are shed during this stage of melting, yielding a rapid increase in water content in

the horizontal and a rapid jump in KDP. However, large diameter hailstones with bulk

isotropic fall orientation are still present, keeping ZDR small. The rapid increase in

hydrometeor diversity causes r HV(0) to decrease. Finally, a third layer, closest to the

ground, is marked by downward decreases in Z and KDP, and downward increases in

ZDR and r HV(0). In this layer, the hail melts completely and a transition to typical rain

signatures is found in the PR presentation. The addition of downward rushing air in a

column of melting hail will cause these layers to become unstratified, into a funnel

shape centered on the downdraft. Therefore, a PPI radar image through a microburst

column driven by hail in melting layer 2 will exhibit a local minimum in ZDR and local

maximum in KDP.

The ambient environment also impacts the radar signatures and associated

microburst. The much higher melting level in the 13 August 1998 PRECIP98 case than

in the three STEPS cases meant the ZDR trough and KDP maximum occurred entirely

aloft. The 13 August 1998 microburst was still able to survive compressional warming

and entrainment of environmental air during its descent because of the high ambient

relative humidity in cloud and below cloud base, consistent with S87. The boundary
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layer was much drier in the three STEPS cases, and as predicted in S87, the melting

occurred in a deeper layer, as shown by deeper melting PR signature layers. This

allowed the strong downward acceleration due to diabatic cooling to occur nearer the

ground, overwhelming the negative impacts of compressional warming and dry ambient

air.

6.2 Operational implications

It is clear that all available information, including conventional radar signatures,

environmental information, and all PR variables should be used in unison. The

documented signatures may occur near the surface or aloft, so knowledge of the

sustainability of a downdraft initiated aloft must be gathered as revealed by

environmental data. 

In cases where the signatures occur aloft, such as in the 13 August 1998

PRECIP98 case in Florida, some lead time before microburst impact may be possible.

In events such as the three STEPS cases, where the cooling occurs close to the ground,

more conventional radar signatures, such as an initially elevated reflectivity core and

radial convergence aloft, may provide more lead time.

6.3 Future work

More downburst cases must be observed with PR before any meaningful

statistics or thresholds can be offered. This includes a variety of environmental

temperature lapse rates and relative humidities. This also includes "dry" microbursts,

which are often not associated with melting hail, but with evaporating rain drops

48



(Srivastava 1985) or sublimating ice particles. Such dry microbursts will certainly have

different PR signatures.

In addition "null" cases must be considered. These should incorporate both cases

where microbursts occurred but these signatures were not present, and cases where

similar signatures cannot be associated with microbursts. 

Although these results are preliminary and based on a small number of cases, it

is clear that in these cases, melting hail is present within the microburst column. It is

generally accepted that melting hail, along with condensate loading, is a major

contributor to wet microburst development and strength. S87 strengthened this concept

with a numerical model, which showed diabatic cooling from melting hail is a dominant

contributor. The PR observations in these cases suggest the hail melting process in wet

microbursts may now be directly observable.
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Appendix 1: 23 June 2000 S- POL Radar Images

Figure A1.1. PPI plot of reflectivity factor (Z) at 21:04:23 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.2. PPI plot of radial velocity at 21:04:23 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A1.3. PPI plot of differential reflectivity (ZDR) at 21:04:23 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A1.4. PPI plot of specific differential phase (KDP) at 21:04:23 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A1.5. RHI plot of reflectivity (Z) at 21:05:57 UTC and 171 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.6. RHI plot of velocity at 21:05:57 UTC and 171 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.

55



Figure A1.7. RHI plot of differential reflectivity (ZDR) at 21:05:57 UTC and 171 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
dB.
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Figure A1.8. RHI plot of specific differential phase (KDP) at 21:05:57 UTC and 171 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A1.9. RHI plot of co- polar correlation coefficient (r HV(0)) at 21:05:57 UTC and 171
degree azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. 
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Figure A1.10. PPI plot of reflectivity factor (Z) at 21:08:21 UTC and 1.6 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.11. PPI plot of differential reflectivity (ZDR) at 21:08:21 UTC and 1.6 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A1.12. PPI plot of specific differential phase (KDP) at 21:08:21 UTC and 1.6 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A1.13. RHI plot of reflectivity (Z) at 21:12:47 UTC and 168 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.14. RHI plot of velocity at 21:12:47 UTC and 168 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A1.15. RHI plot of differential reflectivity (ZDR) at 21:12:47 UTC and 168 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
dB.
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Figure A1.16. RHI plot of specific differential phase (KDP) at 21:12:47 UTC and 168 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A1.17. RHI plot of co- polar correlation coefficient (r HV(0)) at 21:12:47 UTC and 168
degree azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. 
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Figure A1.18. RHI plot of reflectivity (Z) at 21:12:34 UTC and 166 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.19. RHI plot of velocity at 21:12:34 UTC and 166 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A1.20. RHI plot of differential reflectivity (ZDR) at 21:12:34 UTC and 166 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
dB.
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Figure A1.21. RHI plot of specific differential phase (KDP) at 21:12:34 UTC and 166 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A1.22. RHI plot of co- polar correlation coefficient (r HV(0)) at 21:12:34 UTC and 166
degree azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. 
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Figure A1.23. RHI plot of reflectivity (Z) at 21:12:22 UTC and 164 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.24. RHI plot of velocity at 21:12:22 UTC and 164 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A1.25. RHI plot of differential reflectivity (ZDR) at 21:12:22 UTC and 164 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
dB.
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Figure A1.26. RHI plot of specific differential phase (KDP) at 21:12:22 UTC and 164 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A1.27. RHI plot of co- polar correlation coefficient (r HV(0)) at 21:12:22 UTC and 164
degree azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. 
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Figure A1.28. PPI plot of reflectivity factor (Z) at 21:14:02 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A1.29. PPI plot of radial velocity at 21:14:02 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.

78



Figure A1.30. PPI plot of differential reflectivity (ZDR) at 21:14:02 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A1.31. PPI plot of specific differential phase (KDP) at 21:14:02 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Appendix 2: 11 June 2000 S- POL Radar Images

Figure A2.1. PPI plot of reflectivity factor (Z) at 22:00:16 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A2.2. PPI plot of radial velocity at 22:00:16 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A2.3. PPI plot of differential reflectivity (ZDR) at 22:00:16 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A2.4. PPI plot of specific differential phase (KDP) at 22:00:16 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A2.5. RHI plot of reflectivity (Z) at 22:05:13 UTC and 242 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A2.6. RHI plot of velocity at 22:05:13 UTC and 242 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A2.7. RHI plot of differential reflectivity (ZDR) at 22:05:13 UTC and 242 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
dB.
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Figure A2.8. RHI plot of specific differential phase (KDP) at 22:05:13 UTC and 242 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A2.9. RHI plot of co- polar correlation coefficient (r HV(0)) at 22:05:13 UTC and 242
degree azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. 

89



Figure A2.10. PPI plot of reflectivity factor (Z) at 22:06:15 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A2.11. PPI plot of radial velocity at 22:06:15 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A2.12. PPI plot of differential reflectivity (ZDR) at 22:06:15 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A2.13. PPI plot of specific differential phase (KDP) at 22:06:15 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A2.14. PPI plot of reflectivity factor (Z) at 22:11:09 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A2.15. PPI plot of radial velocity at 22:11:09 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A2.16. PPI plot of differential reflectivity (ZDR) at 22:11:09 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A2.17. PPI plot of specific differential phase (KDP) at 22:11:09 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A2.18. RHI plot of reflectivity (Z) at 22:12:34 UTC and 238 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A2.19. RHI plot of velocity at 22:12:34 UTC and 238 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A2.20. RHI plot of differential reflectivity (ZDR) at 22:12:34 UTC and 238 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
dB.
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Figure A2.21. RHI plot of specific differential phase (KDP) at 22:12:34 UTC and 238 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A2.22. RHI plot of co- polar correlation coefficient (r HV(0)) at 22:12:34 UTC and 238
degree azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. 
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Appendix 3: 22 June 2000 S- POL Radar Images

Figure A3.1. PPI plot of reflectivity factor (Z) at 23:18:57 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A3.2. PPI plot of radial velocity at 23:18:57 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A3.3. PPI plot of differential reflectivity (ZDR) at 23:18:57 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A3.4. PPI plot of specific differential phase (KDP) at 23:18:57 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A3.5. PPI plot of reflectivity factor (Z) at 23:23:43 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A3.6. PPI plot of radial velocity at 23:23:43 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A3.7. PPI plot of differential reflectivity (ZDR) at 23:23:43 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.

109



Figure A3.8. PPI plot of specific differential phase (KDP) at 23:23:43 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A3.9. PPI plot of reflectivity factor (Z) at 23:28:43 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A3.10. PPI plot of radial velocity at 23:28:43 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A3.11. PPI plot of differential reflectivity (ZDR) at 23:28:43 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A3.12. PPI plot of specific differential phase (KDP) at 23:28:43 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Appendix 4: 13 August 1998 S- POL Radar Images

Figure A4.1. PPI plot of reflectivity factor (Z) at 21:18:08 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A4.2. PPI plot of radial velocity at 21:18:08 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A4.3. PPI plot of differential reflectivity (ZDR) at 21:18:08 UTC and 0.5 degree elevation
angle. Distance north of radar (km) marked in 2 km increments along y- axis, and distance east
of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A4.4. PPI plot of specific differential phase (KDP) at 21:18:08 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A4.5. RHI plot of reflectivity (Z) at 21:16:30 UTC and 11 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A4.6. RHI plot of velocity at 21:16:30 UTC and 11 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A4.7. RHI plot of differential reflectivity (ZDR) at 21:16:30 UTC and 11 degree azimuth.
Distance above radar level (km) marked in 2 km increments along y- axis, and distance away
from radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.

121



Figure A4.8. RHI plot of specific differential phase (KDP) at 21:16:30 UTC and 11 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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Figure A4.9. PPI plot of reflectivity factor (Z) at 21:29:55 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A4.10. PPI plot of radial velocity at 21:29:55 UTC and 0.5 degree elevation angle.
Distance north of radar (km) marked in 2 km increments along y- axis, and distance east of
radar (km) is marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A4.11. PPI plot of differential reflectivity (ZDR) at 21:29:55 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A4.12. PPI plot of specific differential phase (KDP) at 21:29:55 UTC and 0.5 degree
elevation angle. Distance north of radar (km) marked in 2 km increments along y- axis, and
distance east of radar (km) is marked at 2 km increments along x- axis. Color scale units in deg
km- 1.
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Figure A4.13. RHI plot of reflectivity (Z) at 21:32:04 UTC and 7 degree azimuth. Distance
above radar level (km) marked in 2 km increments along y- axis, and distance away from radar
(km) is marked at 2 km increments along x- axis. Color scale units in dBZ.
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Figure A4.14. RHI plot of velocity at 21:32:04 UTC and 7 degree azimuth. Distance above
radar level (km) marked in 2 km increments along y- axis, and distance away from radar (km) is
marked at 2 km increments along x- axis. Color scale units in m s- 1.
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Figure A4.15. RHI plot of differential reflectivity (ZDR) at 21:32:04 UTC and 7 degree azimuth.
Distance above radar level (km) marked in 2 km increments along y- axis, and distance away
from radar (km) is marked at 2 km increments along x- axis. Color scale units in dB.
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Figure A4.16. RHI plot of specific differential phase (KDP) at 21:32:04 UTC and 7 degree
azimuth. Distance above radar level (km) marked in 2 km increments along y- axis, and
distance away from radar (km) is marked at 2 km increments along x- axis. Color scale units in
deg km- 1.
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