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1.
GENERAL COMMENTS


Since the Perfect Prog (Prognosis) Forecast (PPF) system to predict probabilistic Cloud-to-Ground (CG) lightning was first implemented at the Storm Prediction Center (SPC) in 2003, the timeliness of the forecasts has greatly improved and the forecasts have been expanded from the original two days, out to as long as four days.  Prior to 2003, the original forecasts were limited to the zero to three hour time-frame (Bothwell 2002a).  The 00 UTC NAM (formerly Eta) model which provides forecasts out to 84 hours and supplies the input data to the PPF system covers Days 1, 2, 3.  Subsequent 06, 12, and 18 UTC NAM runs go into Day 4.  These forecasts are valid for three hour intervals at 40 km resolution across the U.S. and adjacent coastal waters.  The PPF equations can run on any gridded data.  Using either an hourly gridded analysis or gridded model forecast as input, this system produces the probability of any predetermined lightning flash density and can predict both the initiation and decay of lightning events since it requires no previous knowledge of ongoing lightning (PPF is not simply an extrapolation of existing lightning).  


Previous to 2005, the 48 to 51 hour forecast was available about three hours after the NAM 48 hour gridded data was received.  When the processing of the grids at the SPC was changed to a much faster machine/processor, the forecasts were available about five to six times faster.  The 84 to 87 hour lightning forecast is now available about one hour after receipt of the NAM 84 hour gridded data.  Predictions of probability of more significant lightning events (such as 100 or more lightning flashes per 40 km grid box, Bothwell 2005) are being evaluated.  

The original lightning climatologies which were developed both to provide valuable  information to the SPC forecasters in addition to serving as input to the PPF lightning forecasts, have also been upgraded from the original four year period (1995 to 1998) to include eight years (1995 to 2002).  1995 was used as the starting point due to the major network upgrade that occurred in 1994.  Better detection efficiency and location accuracy (post 1994) were two of the major reasons the original Perfect Prog Study (Bothwell 2002a) was able to evaluate the technique for prediction of one or more flashes versus two or more flashes, such as were used by Reap (1994) and SCAN;  Kitzmiller et al. (1999).  One-fifth of the 40 km grid boxes in the PPF study had one flash or more.

The PPF equations were developed from archived model data from 2001 and 2002 and are now applied to input data from 1) the SPC hourly three-dimensional gridded data set (Bothwell et al. 2002b), 2) the Rapid Update Cycle RUC model data (Benjamin et al. 2004), and 3) the NAM model data to produce a series of three-hourly lightning forecasts covering the time period from 00 to 87 hours. Thus, at the SPC, every hour a new zero to three hour lightning forecast is available about seven minutes past the top of the hour.  Also, every hour, lightning forecasts out to 9 to 12 hours using RUC input data are available about 50 minutes after receipt of the RUC gridded data.  Finally, every six hours new three hour forecasts using the NAM gridded data are available out to 84 to 87 hours.

This provides lightning forecasts in a continually updated manner that has not been possible before with any lightning prediction scheme.  The longest range forecast from 84 to 87 hours is continually updated by each successive run of the NAM, then by the RUC which runs hourly out to 9 to 12 hours, and finally by running the equations using the SPC hourly three-dimensional analysis.  As would be expected, in most cases, as a lightning event gets closer in time, the SPC PPF system continually updates itself and usually produces a more accurate forecast.  That is to say, the PPF system “converges” towards a more correct solution (i.e., a better forecast).


The resulting sets of three hour forecasts can allow for both inter- and intra- model comparisons of lightning forecasts.  These forecasts are also combined to produce 6 hour, 12 hour and 24 hour forecasts.  A very preliminary study was done on the 6 hour forecasts in 2004 and results were very encouraging.  


There are now 18 regional equations across the U.S. as shown in Fig. 1 for each three hour period (00 to 03 UTC, 03 to 06 UTC, etc…).  Also, each of these equations is valid for a particular three month time period (e.g., June, July August, followed by September, October, November, and so on….)
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Figure 1.  Location of each of the 18 regions using separate equations.  Each of the large grid squares (outlined by thin black lines) shown above contains 25 of the 40 km grid boxes.

In addition, efforts are underway to improve the forecasts of dry thunderstorms (precipitation 0.10 inch or less) that are responsible for the majority of the wildfires each year in the western United States.  The PPF forecast guidance will also be evaluated by U.S. Forest Service and other NWS Weather Service personnel during the summer of 2006.  The PPF guidance is used by forecasters in the issuance of SPC Fire weather outlooks and convective outlooks.  The following examples will now show the information available in the climatologies and the accuracy of the PPF lightning forecasts.

2.
LIGHTNING CLIMATOLOGY


Figures 2 through 8 illustrate some of the different types of computed climatological quantities as well as comparisons between some of those selected fields at different times.  The goal was to produce climatologies that would show both the spatial and temporal changes in the respective climatological fields.  As mentioned previously, the eight year time period 1995 to 2002 (post NLDN upgrade) was used and lightning flashes were assigned to the appropriate 40 km grid box.  For each three hour period of the day (00 to 03 UTC, 03 to 06 UTC…and so on) climatologies representing a pentad (or 5 day period), were derived.  For example, a pentad climatology that has the date of July 22 actually is representative of any of the five days from July 20th through July 24th.  


Climatologies that were computed include the probability of 1, 3, 10, 30, 100, and 300 or more flashes per grid box per three hour period.  This “pseudo-log scale”, (1, 3, 10, 30…) for evaluating flashes per grid box has proven to easily highlight low flash events as well as the very significant (high flash) events.  Although not shown, it has been found over the summer of 2003 in the western United States that each category (1-2, 3-9, 10-29, 30-99, and 100 to 299 flashes) has approximately equal number of events.  Events at 300 flashes and above per grid box per three hour interval do not happen as often.  These higher flash densities can easily be represented by contours of 1000 and 3000, continuing the pseudo-log scale.  These are the truly significant lightning events yet they make up only a small percentage of total events. Single flash or low flash events are often the ones that result in death or injury from a lightning hit.  Large flash events are those of major threat to property, transportation and electrical power grids.  Thus, these climatologies take a look at both low and high flash categories.

In addition to the probabilities, the climatology of the total number of CG flashes per grid box was also computed.  Finally, to determine how much of each three hour interval might expect to experience lightning, the three hour interval was broken into 12 fifteen minute intervals where lightning either did or did not occur in each of the 15 minute windows.  While other time sub-intervals could have been used, this is similar to the time period that was used in observations at surface stations where a thunderstorm was to have considered to have ended when 15 minutes elapsed with no audible thunder.  Using this system, it was possible to compute both the percentage of the three hour interval when lightning might be expected, as well as transforming the information back to minutes per three hour period (actually in multiples of the 15 minute sub-intervals).


Figures 2 and 3 show the probability of one or more flashes at one time period during the overnight hours from 09 to 12 UTC (Fig. 2) and from 21 to 00 UTC for the July 22 pentad (Fig. 3).  Even in the climatology, it is easy to see how the land breezes in Florida dominate at night and sea breeze circulations dominate during the day.  A relative maximum of 15 to 20 percent over Kansas actually shows a nocturnal maximum, compared to the minimum in activity in the central plains during the late afternoon. Also in Fig. 3, the large increase in the thunderstorm activity due to the southwest monsoon is evident during the day.
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Figure 2.  Probability of 1 or more CG flash for 5 day period centered on July 22 for the time period 09 to 12 UTC.  Scale (far left) is in 5 percent increments from 0 to 5 up to 25 to 30 percent.
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Figure 3.  Same as Fig. 2 except 12 hours later (21 to 00 UTC).  Scale (far left) is in 5 percent increments from 0 to 5 up to 70 to 75 percent.

Figure 4 shows that the average number of CG flashes per grid box.  Despite the high activity in the southwest U.S. (Fig. 3), Florida and parts of the southeast U.S. have a higher number of CG flashes.
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Figure 4.  Average number of CG flashes for the five day period centered on July 22 for the time 21 to 00 UTC.  Scale (far left) is in 5 CG flash increments from 0 to 5 up to 55 to 60 flashes.
     Figure 5 is for the same time period as that in Fig. 3, but now the probabilities are for 300 or more CG flashes.  From a climatological standpoint higher flash events are in the southeast, except there still is a relatively significant signal across northern Mexico (where detection efficiency rapidly decreases), Arizona and parts of New Mexico, associated with the Southwest Monsoon.  It is a different case just three hours later from 00 to 03 UTC (Fig. 6) for 300 or more flashes.  The maximum activity is now over the desert southwest while the area in the southeast has decreased significantly. 
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Figure 5.  Same as Fig. 3, but for the probability of 300 or more CG flashes from 21 to 00 UTC (centered on July 22).  Scale (far left) is in single percent from 0 to 4 percent.
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Figure 6.  Same as Figure 5, but three hours later from 00 to 03 UTC.  Scale (far left) is in single percent from 0 to 3 percent.

Finally, Figs. 7 and 8 are examples of how one can evaluate the percent of time (or number of minutes) that lightning can be expected over a given three hour interval.  The area in northern Mexico (where detection efficiencies become much lower than 80 percent), still shows that for this particular time period, lightning could be expected for almost the entire three hour period (95 to 100 percent of the time (Fig. 7) or 165 to 180 minutes (Fig. 8).  This is even higher than the southeast United States, which does experience a higher number of flashes (Fig. 4) on average.
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Figure 7.  Percent of the three hour interval that one or more CG flashes occurred.  Scale (far left) is in 5 percent bins from 0 to 5 percent up to 95 to 100 percent.
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Figure 8.  Same as Fig. 7, but in terms of minutes per three hour interval that one or more CG flashes occurred.  Scale (far left) is in 15 minute intervals from 0 to 5 minutes up to 160 to 180 minutes.  
3.
PROBABILISTIC PREDICTION OF FLASH DENSITIES

3.1
Probabilities for one or more CG flash

Using the SPC hourly 3-dimensional analysis, probability forecasts are available in the short term (from 0 to 3 hours) by about 7 minutes past each hour.  Figure 9 shows the convection over the southwest U.S. at 00 UTC on July 8, 2005 along with the forecast probability of one or CG flashes valid from 21 to 00 UTC and the contours of lightning during the time the forecast was valid.


[image: image9.png]



Figure 9.  Visible satellite for 00 UTC July 8, 2005 with both three hour lightning forecast for one or more CG flashes and lightning contours over the 3 hour interval.    Probability contours are 1 and 2 % light blue, 5, 10, 15, and 25% orange to tan and 40% cyan. White contour is 1 or more CG flashes, red is 3 or more, green is 10 or more, blue is 30 or more, yellow is 100 or more.

PPFs using input from different models can be compared.  Figures 10 and 11 show a sample 9 to 12 hour forecast from the 12 UTC August 15, 2004 NAM and RUC model runs, respectively.  The forecasts are both valid from 21 to 00 UTC.  Figure 12 shows the contoured number of flashes valid for the same time period.  

In this particular case, the NAM data (Fig. 10) produced a much higher forecast probability over the eastern U.S. (40 to above 70 percent) whereas the RUC (Fig. 11) had only a 10 percent chance or less.  This was a case where the PPF method using the RUC produced a far superior forecast over the east.  The PPF method did not produce a very high probability (less than 40% ) using either RUC or NAM over the Nebraska/South Dakota area where significant lightning occurred.
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Figure 10.  The 9 to 12 hour PPF using the gridded data from the 12 UTC August 15, 2004 NAM model run.
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Figure 11.   The 9 to 12 hour PPF using the gridded data from the 12 UTC August 15, 2004 RUC model run.
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Figure 12.  Total CG flashes for 21 to 00 UTC on August 15, 2004 (same as valid forecast time interval for NAM and RUC (Figs. 10 and 11)).  White contour is 1 or more, red is 3 or more, green is 10 or more, blue is 30 or more, yellow is 100 or more, cyan is 300 or more, and magenta is 1000 or more.  
Areas of high lightning flash density can be associated with areas of heavy rain and even severe weather.  Kempf and Krider (2003), as well as others in the past, have found a strong connection between daily rain volumes and corresponding counts of CG lightning.  Figure 13 shows the 9 to 12 hour forecast from the 06 UTC RUC and Fig. 14 shows the total number of lightning flashes that occurred and the accumulated base reflectivity from the SPC national radar mosaic over the same three hour period.  The lightning that occurred was generally within the 5 to 10 percent contour except for some of the lightning over northern and eastern Missouri. In this specific case, as in many others (not shown), the most intense reflectivity areas were nearly coincident with the highest lightning flashes densities over the three hour period.  
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Figure 13.  The 9 to 12 hr probability forecast of 1 or more CG flashes using RUC gridded input data data valid from 15 to 18 UTC on December 9, 2003.  Contours are 5, 10, 15, 25, 40 (cyan), 70 percent (red).  
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Figure 14.  Total CG flashes and accumulated base reflectivity for 15 to 18 UTC same as valid forecast time interval for RUC 9 to 12 hour forecast (Fig. 13).  White contour is 1 or more, red is 3 or more, green is 10 or more, blue is 30 or more, yellow is 100 or more flashes. 

3.2
Probabilities for 100 or more CG flashes


The ability to distinguish between storms that may produce only a few flashes, versus those that produce hundreds or thousands of flashes, is important.  No one has been able to predict the number of CG flashes with any degree of accuracy.  Reap (1986) had found the predictability of high lightning densities was very low.  Storms producing a large number of CG flashes are often associated with severe weather and/or heavy rainfall.  Thus, predicting areas of high probability for large numbers of flashes is very important. 
When evaluating forecast probabilities for higher end events such as 100 or more flashes it is important to compare the forecast values to climatology.  In this case of a 9 to 12 hour forecast, using the RUC data, the PPF method was able to highlight the two areas of significant lightning up to 9 to 12 hours in advance.  Figure 15 shows that the expected probability from climatology would generally be less than one percent for this time period and this time of year (18-21 UTC for the October  20 pentad).  However, the forecast probabilities (Fig. 16) range from over 5 percent in Texas and Oklahoma to over 25 percent on the Iowa/Minnesota border.  In other cases, the PPF method produced forecast high density probabilities of 60 to 80 percent that have verified during periods of extreme lightning events.  
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Figure 15.   Probability of 100 or more CG flashes from 15 to 18 UTC for the pentad centered on October 20.  Red solid fills are 1 to 2 percent.
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Figure 16.  9 to 12 hour probability forecast valid 15 to 18 UTC on October 22, 2004 for 100 or more CG flashes (solid lines, 1,2,5,10,15,20 and 25 percent) produced from the 06 UTC RUC run.  CG Lightning that occurred during time forecast was valid (dashed lines) in contours of 100, 300, and 1000 flashes.
4.
NEW PRODUCTS


Currently, the three hour forecasts are being combined to produce 6, 12 and 24 hour experimental forecasts which will be used as guidance for SPC convective outlooks, enhanced thunderstorm forecasts, and the dry thunderstorm forecasts for the SPC Fire Weather Forecasts.  An example is shown in Fig. 17.  The lightning that occurred over the 24 hour period is plotted as a grid of green numbers.  The lines represent contours of probability for the same 24 hour period.  The yellow contour is 5 percent, tan is 10 percent, cyan is 40 percent and red is 70 percent.  Four separate forecasts, one from each of the four previous NAM runs (each 6 hours apart), are superimposed on this figure.  Although there is a slight shift to the northeast with time as shown by the solid lines (most recent forecast) and thin-dashed or dotted (older forecasts), the prediction areas extended too far to the south and did not extend far enough to the north.  However, the central part of the forecast area had great consistency from model run to model run (each run separated by 6 hours) and the 06 UTC run (thick-short dashed) captured the southern end of the convection very well.
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Figure 17.   24 hour forecasts of one or more flashes and the number of lightning flashes in each 40 km grid box during the time the forecasts were valid.  Lightning from 12 UTC Feb. 16 to 12 UTC Feb. 17, 2005 (green plotted numbers) and each of the NAM forecasts for the 24 hour period in gold (5%), beige (10%), cyan (40%), red (70%) derived from selecting maximum point probability in any of the three hour periods.  Solid line-most recent NAM 24 hour forecast (12 UTC run),  thick-short dashed line, previous 06 UTC run, thin-long dashed lines, previous 00 UTC run, dotted lines, previous day’s 18 UTC run. 
 5.
SUMMARY

The PPF system is currently producing lightning flash probability forecasts at three hourly time intervals and 40 km resolution and is using both RUC and NAM input data plus the SPC hourly analysis.  Efforts are underway to produce and evaluate 6, 12 and 24 hour experimental forecasts using this system while expanding the development data base from two to six years (or longer) of data.  

In addition, the lightning climatologies are being expanded to cover other times intervals (from hourly climatologies to daily climatologies) and expanded to higher resolution (20 and even 5 km) grids using eleven years of quality controlled lightning data (post NLDN upgrade years from 1995 through 2005).

Finally, preliminary work has been started relating extreme CG lightning events to heavy rain and other severe convective weather.  This type of forecast system is also being evaluated as guidance in forecasting dry thunderstorms (those with 0.10 inch or less) that start wildfires in the Western U.S.
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