
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. 



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.

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.

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 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

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

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.



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



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 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 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. 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

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 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 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

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.

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 

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.



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.



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 Z

DR 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.


