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Introduction
Recent ABFM
 program and LAP teleconferences have focused on selecting the best variable on which to design a radar-based anvil LLCC.  The first primary candidate is an 11x11 km horizontal box average of dBZ over the entire anvil in the vertical, with radar values below a threshold being ignored.  Thresholds of zero and -10 dBZ have been discussed.  The second primary candidate is a volume sum or integral over a similar box with a similar threshold.  Two methods of computing the integral/sum have been discussed, one used by NCAR and the other used by MSFC.  This paper presents the results of an exploration of the properties of three radar variables: the average, the thickness and the NCAR volume integral.  All are based on an 11x11 km box with a radar cutoff threshold of -10 dBZ.  Both WSR-74C and NEXRAD data were examined.
Data Source and Rationale for Selection of Variables

I used three criteria for selecting what to analyze: 

· The data had to be available now in a convenient format with all necessary filtering and quality control done

· The number of variables had to be limited to keep the workload manageable

· The variables had to acceptable to me as realistic candidates for inclusion in an eventual LLCC

Sharon Lewis at NCAR had a complete QCd and filtered data set for both the 74C and NEXRAD that NCAR had used for scatter plots we had already examined in teleconferences.  This data set was also being used by NCAR and MSFC to compare the two methods of doing volume sums/integrals.  It was in a column-delimited ASCII format easily importable into MSExcel®.  Sharon provided me with two files: 
NEX_orig_fan_clmin_000000_em_m_avg11x11.txt and
WSR_orig_fan_clmin_000000_em_m_avg11x11.txt.   These files contained anvil data from multiple days and passes that provided several thousand sets of measurements.  The averages and integrals were computed using both -10 dBZ and 0 dBZ as cutoffs.
I wanted to compare the average with the volume integral to see if either of them performed significantly better than the other.  I also looked at cloud thickness since it is used in one of the current LLCC.  I believe that the MSFC sum and NCAR volume integral should not differ significantly since both purport to add up all of the reflectivity in the volume.  There may be some difference as to how they handle scan gaps, but that is beyond the scope of this limited effort.

I limited my examination to the data using -10 dBZ cutoff because my previous work
 on the cutoff issue suggested that the higher value would seriously bias the averages when their correct value fell below 5 dBZ.  The scatter plots on the web indicated that the region from 0 to 5 dBZ was of prime interest, and I did not want to examine biased quantities.

Methodologies
The following analyses were performed in MSExcel® for each of the three variables for each of the two radars for an assumed E-field limit of 3 kV/m:
· Scatter plots of the variable vs. E-field with associated quadrant counts and skill scores
· Receiver Operating Characteristic (ROC) analysis based on the scatter plots as proposed in previous work
· Plots of the minimum of the variable as a function of E-field
In addition, contour plots of maximum E-field as a function of the variables taken in pairs and intercomparisons of the radar variables against each other were produced.
Results – Scatter Plots

Scatter plots were produced for two reasons. First, to compare with existing analyses to be sure that the data have been correctly imported: Second, to facilitate the ROC analysis.
The advantage of the MSExcel® setup is that I can move the E-field threshold cursor or the radar variable threshold cursor by changing a value in one cell, and the entire plot and all associated quadrant counts and skill scores are instantly recomputed.  This capability was essential to the generation of the ROC analysis.  

The scatter plots look just like the ones on the ABFM website. The only surprise from this analysis is that the cloud thickness works as well as the other two variables.  Given the long history of discussions about trying to remove cloud thickness from the existing rules, this was not expected. Examples are shown in Figures
 1, 2 and 3.  The radar threshold for the average is set at 5 dBZ to match the ones on the website.  The other two radar thresholds are arbitrary.  The E-Field threshold is set at 3 kV/m since that has been the basis for all of the scatter plot analysis on the web to date.
The number of points in each quadrant for each of these figures is presented in Table 1.  H denotes “hits” and counts the points in the upper right quadrant.  M denotes “misses” and counts the lower right quadrant.  N denotes “non-events” correctly forecasted and counts the lower left quadrant.  F denotes “false alarms” and counts the upper left quadrant.  These values obviously depend both on the E-field threshold and on the radar variable threshold, both of which are yet to be selected by the LAP, and are not very important to the purpose of this paper.  I have included them since similar numbers appear on the ABFM website and people are used to seeing them.  The reason I computed them was to enable the generation of the ROC curves discussed next.
	Figure
	F
	H
	N
	M

	1 (74C)
	877
	387
	1318
	35

	1 (88D)
	1308
	270
	405
	1

	2 (74C)
	1694
	422
	510
	0

	2 (88D)
	847
	266
	866
	5

	3 (74C)
	892
	414
	1303
	8

	3 (88D)
	928
	270
	785
	1


Table 1.  Binary forecast table (see paragraph above for definitions of F, H, N and M).
Results – ROC

The Relative Operating Characteristic
 plots the Probability of Detection (POD) as a function of the False Alarm Rate (FAR) based on the scatter plots as described in detail in the previous work.  Using the nomenclature from the previous section, FAR = F/(F+N) and POD = H/(H+M).  If we were to set the threshold for the average at -20 dBZ, we would detect all threats, but we would also have 100% false alarms, thus POD and FAR would both be 1.  If we set the threshold at 100 dBZ, we would never have a false alarm, but would also never detect a threat and both POD and FAR would be zero.  The magic happens as we reduce the threshold from 100 dBZ toward -20 dBZ.  Initially we reach a point where we begin to pick up some threats (POD >0) but don’t generate any false alarms (FAR = 0).  As we reduce the threshold, both POD and FAR increase, but for a while POD increases much faster than FAR.  Later, they both increase at the same rate until the POD approaches 1 while the FAR remains well below 1.  Finally, as the threshold is decreased further, the POD asymptotically approaches 1 as the FAR increases also to 1.  The complete set of curves (three variables, two radars) is presented in Figure 4.
The ROC curves can inform the selection of which of several variables is a better predictor.  The perfect predictor would produce an “inverted-L” shaped curve with the corner in the upper left at FAR=0, POD =1.  This shape would be generated because as the threshold is lowered to the optimum value, the POD would remain 1 all the way until the FAR decreased to zero.  Below that point, the FAR would jump to 1 and the POD would drop all the way to zero.  The “best” predictor in a set in the real world is the one whose ROC hugs the upper left hand corner of the diagram the closest.

In our case, we are much more concerned by failures to detect than false alarms, so we need to select the threshold such that the POD remains 1 and accept the resulting FAR.  To examine this portion of the ROC with better resolution, I have expanded the scale in Figure 5.   Two things are apparent from this zoomed in view.  First, all of the WSR-74C curves reach POD=1 at lower FAR than any of the WSR-88D curves.  Second, for either radar, the volume integral seems to reach POD=1 before the other variables.  This suggests that the volume integral, if otherwise acceptable, may be preferable to the other two variables and that the WSR-74C is the preferable radar to use on the Eastern Range. I do not have an explanation for the difference between the two radars.
Results – Contour plots

John Willett suggested plotting the field strength as a function of both the volume average and the layer thickness.  This is easily accomplished using the pivot chart capability of MSExcel® and that also facilitates selecting any two of the three radar variables for this analysis.  Effective pivot chart analysis requires that the independent variables have only a small number of different values, since the values are treated as categories rather than numbers.  For this analysis, I rounded off the average and thickness values to the nearest integer and the volume integral to the nearest even decade.  

The plot for the maximum value of the E-field as a function of average reflectivity and layer thickness is shown in Figure 6.  Figure 7 replaces the thickness with the volume integral.  Figure 8 shows the maximum E-field as a function of the thickness and volume integral.

The results show that there appears to be a threshold in both thickness and average below which the E-field does not exceed 3 kV/m (the first contour higher than the blue background). Although there appears to be a possible outlier at the 9 dBZ average point in the NEXRAD data, even this outlier does not invalidate the general observation: it merely lowers the threshold for thickness (but not for average or volume integral).  Figure 8 shows a much more sloped presentation, probably because the volume integral and thickness are highly correlated as discussed later in this paper.
Results – Radar Variable Minima vs. E-field
This analysis is a new way of looking at the data.  It was also conducted using pivot charts.  It plots the minimum of the target radar variable against the E-field.  The idea is to see if for a given E-field there is some radar minimum below which that field will not occur, and to see if that minimum behaves in some systematic way.  Since E-field is the independent variable here, I rounded it to the nearest integer to limit the number of pivot chart categories.  
The results for the three variables are shown in Figures 9, 10 and 11.  The key thing here is that the presence of a threshold in all three radar variables is confirmed from another viewpoint.  Moreover, once the threshold E-field is exceeded, the minimum of the radar variable is almost independent of the field: it does not increase substantially with increasing field. This is consistent with the poor correlation between the radar variables and the E-field in general.   In the case of each of the three variables, the threshold E-field is between 1 and 3 kV/m.  I believe it is a pure coincidence that this value is near the value we have been discussing as an upper limit to the permissible field, but it could be a very convenient coincidence. 

I suspect that the physics behind the existence of a threshold coupled with no correlation above the threshold has to do with the charge carrying capacity of the cloud.  When the quantity is limited by the capacity of the system, the quantity and the capacity correlate strongly.  When the quantity is not limited by the capacity, they are uncorrelated.  I suspect that below a certain cloud size and density, the electric field is limited by the charge carrying capacity of the cloud.  Thicker, denser clouds have large enough capacities that the fields are limited by the charge production mechanisms rather than the carrying capacity.  If the capacity is a strong function of the cloud physics in a manner that correlates with radar reflectivity, that explains both the sharp cutoff and the low correlation for values above the cutoff.
Results -- Radar Variable Intercomparisons

The three radar variables are highly correlated as shown in Figures 12 and 14 for the NEXRAD and Figures 13 and 15 for the WSR-74C.  The linear correlation coefficients, r2, for Figures 12 and 13 are shown in Table 2.  For the relation between the average and the volume integral, some improvement may be obtained by fitting to a quadratic form.
	Radar
	Average - Thickness
	Average – Volume Integral
	Thickness – Volume Integral

	NEXRAD
	0.37
	0.77
	0.76

	WSR-74C
	0.60
	0.85
	0.77


Table 2.  Linear correlation coefficients, r2, for Figures 12 and 13.
For the NEXRAD, the quadratic fit is y = 0.23x2 + 1.58x + 0.36 with r2 = 0.81 where y is the volume integral (dBZ-Km) and x is the average (dBZ).  For the WSR-74C the corresponding result is y = 0.315x2 + 3.49x – 0.98 with r2 = 0.98.
Figures 14 and 15 show that the correlation remains obvious even when one looks only at the maxima or minima of the average as a function of thickness and volume integral on either radar.
Conclusion
The data tell me two things.  First, the three potential radar rule variables are highly correlated.  Second, there is a real qualitative difference in the atmosphere when these radar variables measure below certain thresholds.
Regarding the correlation among the radar variables, it has several consequences.  First, it does not add much value to write a rule based on contour plots against two variables because the information on one axis is largely redundant with that on the other.  A case can be made that by using a dual threshold like “average < X and thickness < Y” additional protection from outliers may be obtained.  Second, which variable we select may not matter nearly as much as some of us (including me) have been suggesting. Although there are measurable differences in the performance of these variables, especially in the ROC analysis, each seems to have a reliable cutoff threshold sharp enough on which to base a rule.

Regarding the atmosphere, something happens to kill high fields in clouds where the average reflectivity, cloud thickness and volume integral are all small in a sense that should be easily quantifiable from these data.  We don’t see thick clouds with low average reflectivities or integrals.  We don’t see thin clouds with high average reflectivities or integrals.  We don’t see thin clouds or those with small reflectivities or integrals with high fields.  Why?  I believe the reason is physical, not statistical.  This may provide the physical basis for a rule and reduce the need for an extensive statistical analysis and large statistical margins for the thresholds.
There are at least two possibilities and they are complementary rather than mutually exclusive.  The first is that as a dense, charged anvil begins to evaporate and dissipate due to mixing and entrainment at the margins it simply becomes smaller until the entrainment layer thickness of the cloud becomes comparable to the cloud thickness.  When that happens, the dynamics of the cloud suddenly change and the small ice crystals are rapidly eliminated.  This increases the cloud conductivity and helps charge to rapidly dissipate.

The second possibility was suggested to me by Dr. Krider in a private conversation, and I like it too.  He suggested that the cloud begins to decay electrically at a rapid rate when the depth of the screening layers approaches the thickness of the cloud.  Since the screening layers and entrainment layers are probably not radically different in thickness, both mechanisms may well operate simultaneously to reduce the charge carrying capacity of the cloud.  If this can be modeled, it may provide a sound theoretical and observational for a rule.
Figures
The figures for this paper appear on the following pages.
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Figure 1. Scatter Plot of the 11x11 km column average reflectivity (dBZ) versus E-field (kV/m).  The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).  The cursors are set at Avg = 5 dBZ, E = 3 kV/m.
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Figure 2. Scatter Plot of the 11x11 km layer thickness (km) versus E-field (kV/m).  The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).  The cursors are set at T = 3 km, E = 3 kV/m.
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Figure 3. Scatter Plot of the 11x11 km volume reflectivity integral (dBZ-km) versus E-field (kV/m).  The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).  The cursors are set at VI = 20 dBZ-km, E = 3 kV/m.
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Figure 4. Relative Operating Characteristic (ROC) curves for both radars for all three radar variables.
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Figure 5.  Relative Operating Characteristic (ROC) curves for both radars for all three radar variables.  The scale has been expanded to show only the top 5% of the curve.
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Figure 6.  Maximum E-field (kV/m) contoured as a function of average reflectivity (dBZ) and layer thickness (km). The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).
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Figure 7.  Maximum E-field (kV/m) contoured as a function of average reflectivity (dBZ) and volume integral (dBZ-km). The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).
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Figure 8.  Maximum E-field (kV/m) contoured as a function of layer thickness (km) and volume integral (dBZ-km). The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).
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Figure 9.  Minimum average (dBZ) as a function of E-field (kV/m). The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).
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Figure 10.  Minimum thickness (km) as a function of E-field (kV/m). The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).
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Figure 11.  Minimum volume integral (dBZ-km) as a function of E-field (kV/m). The upper panel is for the WSR-74C (PAFB). The lower panel is for the WSR-88D (NEXRAD).
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Figure 12.  Scatter plots of the three radar variables against each other for the WSR-88D (NEXRAD) radar.
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Figure 13.  Scatter plots of the three radar variables against each other for the WSR-74C (PAFB) radar.
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Figure 14.  Contour plot of average reflectivity (dBZ) as a function of layer thickness (km) and volume integral (dBZ-km) for the WSR-88D.  The top panel shows the maximum of the average.  The bottom panel shows the minimum.
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Figure 15.  Contour plot of average reflectivity (dBZ) as a function of layer thickness (km) and volume integral (dBZ-km) for the WSR-74C. The top panel shows the maximum of the average.  The bottom panel shows the minimum.

� This is written for the ABFM program science team and the LAP, so acronyms familiar to these groups will not be spelled out.


� Unless otherwise noted, all previous work discussed in this paper has been posted to the ABFM website.


� Figures are presented at the end of the paper.


� Also known as the Receiver Operating Characteristic from its origin in electrical engineering.
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