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1      INTRODUCTION 
For convective storms developing in a weakly sheared environment, considerable 

evidence has been amassed that relates radar reflectivity structure and lightning activity. 

Marshall and Radhakant (1978) suggest that the electrical activity of thunderstorms is related 

to radar reflectivity observed at the 6-7 km level.  This idea was further tested by Lhermitte 

and Krehbiel (1979). They horizontally integrated the radar reflectivity of a storm at several 

heights and found that lightning began when the storm top reached 8 km (-20° C ).  Also, 

they found that the peak flash rate (about 1 flash/s) occurred when the reflectivity exceeded 

50 dBZ at the -10° C level.  Buechler and Goodman (1991) observed that cloud-to-ground 

strikes began when the reflectivity values of 30-40 dBZ extended above 7 km.  While all the 

above observations were made in Florida, similar altitude or temperature thresholds were 

found in New Mexico (Krehbiel, 1986) and the tropics (Williams, 1991).  Other studies have 

looked at various methods of comparing reflectivity data and lightning activity.  A recent 

study by Harris-Hobbs et al (1992) attempted to correlate lightning activity with storm 

volumes exceeding various thresholds.  They found good correlations between the magnitudes 

of the volumes exceeding 20 dBZ and flash activity.  However, for some of their data, 

regions with higher reflectivity thresholds attain peak volumes before that for the 20 dBZ 

threshold and before the time of maximum lightning activity.  This suggests another 

prediction tool, but it should be noted that most other observations indicate that lightning 

activity is directly proportional to the storm mass.  It should be apparent that many workers 

have found relationships between the structure of reflectivity factors and the onset of lightning 

activity.  However, no clear criteria have been established because most of the conclusions 

have been based on limited case studies.  With routine data collections from WSR-88D 

systems, more definitive criteria should now be possible. 

The overall goal of this effort is to develop a technique that will yield predictions of 

lightning initiation for air mass thunderstorms.  An algorithm has been developed that 

evaluates the reflectivity factor structure of storms and provides automated statistics for 

subsequent analysis.  While the algorithm has been established there have been difficulties in 

securing lightning data.  As a consequence, the algorithm has been applied to two convective 

storm complexes with results compared with the occurrence of hail and tornadoes. 



Assessment of the potential for lightning prediction will proceed after receipt of lightning data 

from the National Lightning Detection Network (NLDN). 

2     EXTRACTABLE STORM STRUCTURES 
With Doppler radar, the three dimensional structure of storms can be observed as a 

function of time.  To get the most information from these data, it would seem reasonable to 

treat them from a four-dimensional perspective.  One approach, the one adopted for this 

development, is to the extract three-dimensional characteristics of the precipitation structures 

of storms and to depict and analyze these as a function of time.  The focus should be on 

those features most associated with lightning initiation as outlined in the previous section. 

However, as will become apparent, these extracted features may also be useful in the 

evaluation of the potential for other severe weather events.  Examples of structures that can 

be extracted from each volume are: 

Overall storm parameters 

Storm mass above specified thresholds using an assumed reflectivity factor - liquid 

water content relationship. 

Storm volume above specified thresholds 

- Storm centroids 

- Storm (echo) top 

- Maximum reflectivity location and magnitude 

Vertical profiles within storms: 

- Precipitation mass per unit depth within layers at specified heights and/or 

thicknesses. 

- Area within a specified reflectivity threshold within layers at specified heights 

and/or thicknesses. 

Centroids of layers 



Collectively, when viewed in time, these parameters will give a reasonably 

comprehensive four-dimensional perspective of convective storms.  From the vertical profiles, 

an evaluation of the amount of precipitation that there is in the storm above a specific 

temperature level is  readily derived.  Also, it is perceived that the volumetric and areal 

relationships are likely to be more reliable predictors than individual estimates of parameters 

such as reflectivity factor as suggested by other workers cited earlier. 

3     ALGORITHM 

3.1    Methodology 
Radar data are collected in spherical coordinates, an unnatural framework for the 

analysis of meteorological phenomena.  As a result, a remapping of data or results is required 

for interpretation purposes.  This remapping can be performed on the original raw data or at 

some point further into the processing.  The procedure adopted here is to retain the data in 

their original framework and to compile analyses in the form of volumetric and layer statistics 

organized in a more logical storm reference system.  In this case, a rectangular Cartesian 

coordinate system has been adopted for the storm reference system. The layer statistics are 

computed for horizontal slabs with bases at height hb above the curved surface of the earth 

and of constant but specifiable depth d.    These depths are either optimized for each volume 

scan or are selected by the analyst.  Statistics are then produced for assessment for temporal 

evolution on a layer or storm basis. 

Typically, data are collected at 1 km intervals in range and 1° in azimuth on planes of 

constant elevation angle.  The elevation angles are increased from about 0.5° to an upper limit 

at intervals that are specified according to the phenomena being observed.  The elevation 

angle intervals are usually irregular and provide the "best" compromise between spatial and 

temporal resolution.  Because the data are collected in spherical space, the resolvable scales in 

rectangular Cartesian space increase with increasing range.  In addition, the radar sampling 

volume (the convolution of the radar pulse volume with the sampling function) also increases 

with range.  As will be seen, these factors are considered in the design and implementation of 

the layer and volume analysis procedures. 



The analysis consists of the following procedures: 

Preprocessing 

- Crop data to vicinity of storm 

- Threshold data 

- Compute derived field 

- Compute pulse volume 

Storm structure computations 

- Placement of data into layers 

- Computation of layer and volume statistics 

Each of these processing steps will now be described. 

3.2   Preprocessing 
As noted above, there are several steps involved in this stage of processing.  The first 

step involves the focusing of the analysis upon the storm of interest.  Currently, this is done 

manually but will be automated in the future.  This process is required to reduce the data 

volume to be processed and to allow the assessment on a storm-by-storm basis. 

Once the data are focused,  a threshold is applied to the reflectivity factor data to 

further remove extraneous echoes.  Typically, a value of 15 dBZ is used, but this value is 

easily changed to accommodate a particular data set or analyst.  Once data below this 

threshold are removed, all subsequent computations are confined to the remaining data values. 

In order to estimate precipitation mass, a method of converting reflectivity factor to 

liquid water content is required.  Mass is computed with an assumed relationship (   z =aMb  ) 

where Ze and M are the radar measured reflectivity factor (in mm6m"3) and liquid water 

content (in g m"3) respectively.  The values of a and b are specifiable by the analyst.  Typical 

values are a = 31500 and b = 1.41, reasonable values for thunderstorms.  While the numerical 

values of the resultant masses are very dependent upon the values of a and b that are adopted, 

the impact on the assessment of the temporal variability is relatively inconsequential.  It 



should be noted that there is substantial variability to a and b on all scales.  They vary 

amongst geographic regions, amongst seasons, amongst storms, amongst stages of storm 

development, and even within a single storm at a given time.  It would therefore appear to be 

relatively futile to adopt a more sophisticated assessment of a and b values to account for this 

variability.  Besides, this technique does not focus on the actual values of the liquid water 

estimates but'is more concerned with the trends.  As a result, it is intended to select one set 

of values (a=31500, b = 1.41) for all processing. 

Computation of pulse volume parameters such as volume, mass, location, horizontal 

area, and vertical thickness are central to the subsequent analyses.  The pulse volume is 

assumed to be a subsection of a cone centered at the radar and its volume ( V ) is defined by 
p 

the formula: 

V =Tt6 o> RzAh 
p 0   0 

where R is range from the radar to the center of the pulse volume, A h is the volume depth in 

meters, 60 and <p0 are the halfpower horizontal and vertical beamwidths, respectively.  Beam 

positions are determined from the spherical coordinates of the beam where the height is 

corrected for earth's curvature with the standard 4/3 earth radius approximation . 

3.3    Structure Computations 
The analysis domain is specified by the analyst in terms of minimum and maximum 

heights.  This allows the analyst to examine the storm within certain height constraints that 

conform to specific temperature regimes that are perceived to be important for the assessment 

of lightning initiation.  The domain is then divided into layers where layer thickness may be 

user specified or determined from an "optimum thickness" calculation for each radar volume 

based on range and data resolution.  When optimization is performed for each volume scan, 

there can be considerable variations in layer thickness as the storm progresses across the radar 

scanning domain.  Therefore, as will be seen shortly, normalization of layer data to unit (1 

km) thicknesses is required for meaningful intra-volume comparisons. 

Data are placed within a layer based on the location of the center of the pulse volume. 

That is, if the volume center is within the layer, the entire volume is considered to also be 



within the slab.  The volumes are then accumulated within each slab and the subsequent 

volume is normalized by the thickness of the slab to yield a layer area. 

For mass computations, the liquid water content (g m"3) values derived from an 

assumed Z - M relationship that has been applied to the reflectivity data are then multiplied 

by the data volume, assigned to a layer, and accumulated within that assigned slab.  Once 

accumulation is complete for all layers, masses are further accumulated to produce a storm 

water mass estimate. The layer masses are then normalized by the thickness of the layer. 

Mass-weighted and volume-weighted centroids are computed for each slab with the 

function 

-  a* '•' J 

slab   J 

where x{  is one of the three rectangular Cartesian coordinates (x,y,z) and F} is the volume or 

mass within the sampling volume.  Summations are performed for all sampling volumes 

centered within the layer for layer centroids and within the volume for volume thresholds. 

4     ANALYSIS 
As a test of the analysis techniques, data from two storms were processed for periods 

of more than 5 hours each.  While no lightning data is yet available for these storms, the 

evolution of the storms will be demonstrated and related to severe weather.  During the next 

year, once lightning data have been obtained, analyses of the radar and lightning data will be 

compared to assess the appropriateness for lightning prediction. 

4.1    May 16, 1995 Dodge City, KS 
This storm developed to the West of the Dodge City, KS, WSR-88D radar and 

subsequently moved toward the east-northeast, producing several tornadoes and significant 

hail.  Radar data were processed from very early in the life of this storm until the storm was 

approaching the edge of the practicable working area, a period of about 325 minutes.  The 



various statistics discussed earlier were computed and the results assessed. 

Figures 1 and 2 are bubble plots indicating the growth and motion of the storm with 

time, where the storm is moving from left to right.  Each bubble represents the volume 

(Figure 1) or mass (Figure 2) of the storm contained within the 15 dBZ isosurf ace for one 

volume scan.  The bubble volume is directly proportional to the volume or mass of the storm. 

The center of the bubble is located at the three-dimensional storm centroid.  Note how the 

storm undergoes rapid growth in volume (Figure 1) during its early life (on the lower left of 

this figure) and again towards the end (on the upper right).  The mass (Figure 2) also has two 

distinct maxima, coinciding with those of the volume data.  There are two other growth 

periods for the mass between those two that are not as distinguishable in the volume plot. 

Note that storm mass is maximized much earlier than the volumer. 

One of the features of the structure assessment module is that the storm can be divided 

into layers for vertical structure assessment.  Figure 3 presents plots of the area and mass 

within layers of the storm as a function of time and height.  Iin this figure the largest areas or 

mass are the lightest in shading.  Time progresses to the right and encompasses 325 minutes. 

In the area profile, we see that the area maxima tend to occur at mid-levels. However, we see 

regions of maxima that extend from upper left toward the lower right (e.g., between 60 and 

90 minutes and between 120 and 150 minutes).  These are indicative of bursts of precipitation 

generated aloft that subsequently descend and continue to grow.  There is a periodicity to 

these bursts of the order of 15 to 30 minutes, typical time scales for convection.  The mass 

portion of this figure suggests that the main maxima are in the lower levels of the storm, with 

secondary maxima at mid- to high-levels.  There is a tendency for the maxima in mass and 

area to be somewhat correlated in time but not necessarily with height.  These configurations 

for the volume and mass are typical of convective storms. 
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Figure 4 presents the variations of the storm volume and of the areas at the levels 

where the area (max area) and mass (max mass) are the greatest.  As would be expected, 

these three parameters track well with each other, particularly with regard to the larger scales. 

There is a sharp increase in all three curves for the first approximately 75 minutes, followed 

by a general decline for the next 75 minutes.  Subsequent to the decline there is another 

increase to a pronounced maximum about 260 minutes, which is followed by a final decay. 

There are smaller perturbations in each of the fields, but these are not as well correlated with 

each other. 

The equivalent storm mass and layer masses (Figure 5) have similarities to the 

volume/area curves of Figure 4, but there are also some rather distinct differences.  All three 

curves plus that for the reflectivity maxima correlate well with each other.  There is a marked 

increase in the first 75 minutes followed by a decay and another peak about 260 minutes, as 

seen in the volume/area data.  There is also a minimum in both the volume and mass data 

about 135 min, followed by a relatively minor peak about 150 min.  A major difference is 

that the dominant peak in the mass curves is at 75 min not at 260 min as seen in the volume 

data. 

The greatest variability with time is seen in the height plots of Figure 6.  Here are 

plotted heights of the echo top, mass-weighted centroid, maximum reflectivity factor, and the 

levels of maximum area and mass.  The centroid height is the most stable of the curves, 

having distinct peaks at 60 and 140 minutes, slightly leading the maxima seen in the volume 

and mass curves of Figures 4 and 5.  The heights of the maximum Z and the level of 

maximum mass are highly correlated, as would be expected since these parameters are 

dependent. 

The loci of the locations of the maximum in reflectivity factor, the echo tops, and the 

storm centroid (Figure 7) tend to track quite consistently, with the centroid track having the 

smoothest appearance.  The echo top is always located to the south of the centroid track. 

This suggests that the primary updraft is located on the south side of the storm.  The location 

of the maximum reflectivity factor shows much greater fluctuation and is probably quite 

unreliable as a storm indicator. 

12 
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Figure 8 contains height profiles of normalized layer mass for a number of volume 

scans.  These profiles correspond to the 118 to 183 min. period of the previous figures, a 

generally "quiet" period.  In these profiles we see the collapse of the water mass aloft to the 

lower levels and then a decline at all levels.  Towards the end of the period, there is the start 

of a buildup about 8 km height, leading up to the subsequent development seen in the other 

plots.  This type of plot needs to be further explored, especially when assessing lightning 

potential. 

Table 1.  Storm Data Relating to Dodge City Storm 
Time (UTC) Relative Time Hail Tornado 

2306 69 1.00 
2310 73 1.50 

2316 - 2335 79-98 F3 
2316 79 1.00 
2320 83 4.50 
2323 86 2.75 

2340 - 2345 103 - 108 F0 
2350 113 F0 
0000 123 1.50 
0009 132 0.88 
0015 138 1.25 
0024 147 1.75 
0026 149 1.00 
0036 159 0.75 
0038 161 1.75 

0045 - 0048 168 - 171 F0 
0046 169 1.75 

0049 - 0054 172 - 177 F0 
0050 173 F0 

0112-0124 195 - 207 F0 
0139 - 0144 222 - 228 F2 
0146 - 0230 229 - 265 F3 
0157 - 0205 240 - 248 F0 

In Table 1 are the times (in UTC and in the coordinates used in Figures 3 - 7) of the 

tornadoes and hail occurrences associated with this storm.  The numbers in the hail column 

indicate hail diameter in inches and the scale in the tornado column refers to the Fujita 

intensity scale for tornadoes.  Note that the most significant hail and tornado activity occur in 

the period from about 75 to 110 minutes.  This is the time frame when the volume of the 

storm was at a relative maximum (Figure 4) and the mass was decreasing (Figure 5).  Echo 

17 



top was descending as were the heights of the centroid and all mass related parameters 

(Figure 6).  It would appear that the rapid growth in precipitation characteristics may be an 

indicator of impending severe weather.  Once severe weather has been initiated the 

relationships between subsequent occurrence within that storm and these indicators are much 

less conclusive. 

4.2   May 12, 1995 Goodland, KS 
In many respects this storm is quite similar to the Dodge City storm described above. 

It is a long lived (over 5 hours) eastward moving storm that produces several small tornadoes 

and a significant amount of hail of diameters greater than 1.75 inches.  This storm had a 

long-lived weak echo region which Smalley et cd (1996) tracked for over 90 minutes.  As 

seen in Figs 9 and 10, the Goodland storm starts slowly and then gradually increases both in 

mass and volume, with the greatest values at the end of the observing period.  In both of 

these plots there appear to be pulsations in intensity as was seen in the Dodge City case. 

Figure 11, the plot of area and mass versus height and time is also quite similar to 

Figure 3, that for the Dodge City case.  The largest area at any time tends to be elevated, 

with the height increasing markedly after 240 minutes.  Precipitation mass tends to be 

concentrated more in the lower levels of the storm but with the height increasing after 240 

minutes.  The height rises during the last approximately third of the time period are artifacts 

of the distance of the storm from the radar. At long ranges, the radar no longer sees the 

lower portions of the storm. 

Figure 12 shows the volume and layer area statistics as in Figure 4.  For the first 200 

minutes, there is excellent correlation between the curves.  Beyond that range, the area of the 

maximum mass layer tends to fluctuate much more than the volume and the area of the 

maximum area layer.  This again is probably an artifact due to the distance of the storm from 

the radar.  During the earlier time period, there are fluctuations in these curves at 30 minute 

intervals, again similar to the Dodge City case. 

18 
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The mass and maximum reflectivity factor curves (Fig 13) show a similar trend to the 

area curves but appear to be slightly better behaved. The periodicity in these curves is closer 

to 15 minutes, about one-half that for the area data. 

The height curves in Figure 14 (similar to those in Figure 6) have marked fluctuations 

in each, but there is little correlation amongst the curves.  They all, however, show a marked 

upward tendency with time after 150 minutes.  This is again a function of the storm position 

with respect to the radar. 

Table 2. Storm Data Relating to Goodland, KS Storm. 

Time (UTC) Relative Time (min) Hail Tornado 

1940 60 2.5 
1955 75 1.75 

2000 80 0.75 

2000 80 1.75 

2010 90 1.50 

2012 92 F0 
2015 - 2100 95 - 140 F2 

2030 110 1.75 

2050 130 1.75 

2055 135 2.50 

2100 - 2135 140 - 175 F2 
2112 152 1.75 

2130 170 1.00 

2145 - 2147 185 - 187 F2 
2150-2151 190 - 191 Fl 

2150 190 1.00 

2158 198 1.75 

2200 200 2.75 

2204 204 1.00 

2218 218 1.75 

2235 235 1.00 

2241 241 2.00 

26 



The positions plotted in Figure 15 are similar to those in Figure 7.  The most stable 

track is that for the storm centroid while that for the maximum reflectivity factor is the most 

erratic.  The echo top is also always located south of the centroid. 

Table 2 contains the hail and tornado information that is available for this storm.  The 

first (and largest) hail occurs 60 minutes after the start of observations, the time of the first 

peak in the volume data (Figure 12) and the mass data (Figure 13).  Storm top and centroid 

(Figure 14) are continuing to rise while the other height parameters show no clear pattern. 

The next hail occurrence is near the time of the second peak in each of the mass and volume 

plots.  The tornadoes that are initiated at 92 and 95 minutes appear to occur when there has 

been a sharp decrease in both the mass and volume sets of plots. However, the rest of the 

tornado activity does not appear to bear any correlation with the reflectivity structure 

assessment as presented in Figures 9 to 14.  There does appear to be a loose correlation 

between the occurrence of large hail and peaks in the mass curves.  This relationship deserves 

closer attention in the future. 

5      SUMMARY 

An analysis scheme has been developed that will provide assessments of the 

precipitation structure within storms.    This algorithm will serve as the basis for a lightning 

precursor algorithm.  For this report, this algorithm has been applied to two storms that 

produced severe weather in the form of large hail and several weak to moderate tornadoes. 

Results appear to be promising in terms of giving indications of the occurrence of large hail 

and of the occurrence of the first tornado.  It should also be noted that Smalley et al, 1996 

have also used this algorithm to evaluate the structure of weak echo regions.  During the last 

year of this contract, this algorithm will be applied to data for which there are lightning data 

and an evaluation of the various output parameters that are available from this package will 

be assessed as lightning precursors.  It should be noted that, in this presentation, not all 

available output parameters have been presented since the relevance of those that have been 

omitted to a more general severe storm analysis has yet to be determined. 
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