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Introduction:  The goal of the ABFM program is to improve the Lightning Launch Commit Criteria (LLCC) used by America’s space program.  All launches, public or private, civilian or military (with the exception of ballistic missiles) from U.S. ranges use the same LLCC to avoid the threat of destruction by natural or triggered lightning.  The current LLCC, while safe, are quite restrictive with a high false alarm rate.  Here, a “false alarm” means that the rule prohibits flight under what are actually safe conditions.  This results from margins built into the rules to compensate for our lack of complete understanding of the behavior of electric charges and fields aloft.

The ABFM program is analyzing a large data base collected by a dedicated aircraft equipped with electric field mills and an a suite of cloud physics instrumentation, along with data from two ground-based weather radars and a ground-based field mill network.  The analysis is expected to lead to improvements in the LLCC that will reduce the false alarms while maintaining or even improving upon their current level of safety.  The use of special radar-derived quantities is among the most likely candidate methods for rule improvement.

This paper looks at four issues related to the effects of ground-based radar beam geometry on the measurement of the position and intensity of radar echoes.  The issues are:

· Displacement due to partial beam filling

·  Effects of gaps between adjacent beams

· Effects of non-uniform beam pattern

· Effects of non-standard propagation

In addition to providing the ABFM data, the Air Force WSR-74C 5 cm conventional weather radar at Patrick AFB and the WSR-88D (NEXRAD) 10 cm Doppler weather radar at the National Weather Service Office in Melbourne, Florida are used for operational evaluation of the LLCC for launches and landings at the Eastern Range (ER).  The results presented here are also applicable to the operational use of both radars.

Displacement Due to Partial Beam Filling:  The radar reports the height and range to a target based on the beam elevation and an assumption of nominal microwave propagation characteristics.  The effect of propagation is discussed in a separate section.  The reported height and range assume the target is located at the center of the cell defined by the beam width and the pulse length.  In fact, the top edge of a cloud may not reach as high as the center of the beam, or it may reach above the center.  Thus, cloud height and lateral cloud edge position estimates may be in error by as much as half the beamwidth in either direction.  Similarly, the radial position of a cloud edge may be in error by as much as half the pulse length.

If we assume that the position of boundaries within the beam is distributed uniformly, the measurement is unbiased, with an RMS error of 0.289*BW where BW is the beam or pulse width (Hahn and Shapiro, 1967, page 128).

Effects of Gaps Between Adjacent Beams:  Both radars use scan strategies that have gaps between adjacent beams, at least at higher altitudes.  Figure 1 shows the current operational scan strategy for the WSR-74C (Short, 2000).  Figure 2 shows the scan strategy for WSR-88D Volume Coverage Pattern (VCP) 11 (Wheeler, 1997). VCP 11 would nearly always be implemented under conditions where the LLCC (or ABFM data collection) would be active.  These gaps may affect the accuracy of the radar estimation of the intensity or the horizontal or vertical location of a cloud feature.  The exact nature of the effect will depend on the software used to present the data to the analyst but that level of detail is beyond the scope of this paper.


[image: image1.wmf]0

5000

10000

15000

20000

25000

30000

35000

0

5000

10000

15000

20000

25000

30000

35000

Radar Beam Coverage: WSR-74C (modified scan #2)

26

22.4

19.1

16.1

13.4

10.9

8.6

6.6

4 .8

 3.2

1.8

0.4

Elevation Angles

0                     10                    20                    30                    40                    50                    60

Horizontal Range (nm)

SLC 17A

SLC 39B


Figure 1.  Current operational scan strategy for the PAFB WSR-74C (Short, 2000).

The vertical beamwidth and distance between the beams in a Range-Height Indicator (RHI) display such as Figures 1 and 2 depends on the range from the radar as well as on the altitude.  This is also true of the horizontal beamwidth and distance between beams in a constant altitude plan position indicator presentation (CAPPI) where each beam appears as a circular annulus.  Since this paper is concerned with applications of these specific radars in the vicinity of the ER launch complexes at Cape Canaveral Air Force Station (CCAFS) and Kennedy Space Center (KSC), the quantitative analysis will be limited to the range from the radar of these complexes.  This results in a range of 16 nmi from the WSR-74C and 26 nmi from the WSR-88D.
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Figure 2. WSR-88D VCP 11 (Wheeler, 1997).

Figure 3 shows that in general, the vertical gaps between the beams on both radars are of the same order as the vertical beamwidths.  Below 5 Km altitude, the WSR-88D has no gaps and the WSR-74C gaps are significantly smaller than the beamwidth.  Between 8 and 10 Km altitude, the gaps in both radars is nearly the same size as the beamwidth.  Above 10 Km, the gaps grow rapidly to about twice the beamwidth.  The horizontal coverage in CAPPI mode (not shown) follows an identical pattern.

The analysis of the induced error in position of cloud boundaries is the same as that for partial beam filling with one important exception.  If a uniform distribution is assumed, there is a bias of – 0.5*GW as well as an additional RMS error of 0.289*GW where GW is the gap width.  This bias results from the fact that cloud boundaries appearing in the gap above a particular beam appear to be in that beam but those in the gap below are reported as belonging to the lower beam.  Thus the reported position of a boundary will always be lower (or closer to the radar) than the actual position.  For lateral displacements, the bias will always be toward the center of the feature – features will be made to appear smaller.
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Figure 3.  PAFB WSR-74C and MLB WSR-88D vertical beam and gap thickness near the center of the group of launch complexes at Cape Canaveral AFS/Kennedy Space Center.

The possibility of a significant effect of a gap on measured peak intensity is due to the chance that a large reflectivity gradient, coupled with a large gradient of the gradient, could allow a feature to remain undetected in the gap.  A large gradient is not enough, since in the absence of a large second derivative, the average of the beams on opposite sides of the gap will provide a good estimate of the value in the gap.  Since the size of the gaps is comparable to the size of the beams, the analysis of the effects of partial beam filling done by Merceret and Ward (2002) suggests that realistic feature sizes in the atmosphere are probably large enough to neglect this effect.

Effects of Non-Uniform Beam Pattern:  This entire analysis has assumed that the normalized beam intensity is unity within the beam boundaries defined by the 3dB points, and zero outside of those boundaries.  In fact, for a parabolic reflector like those on the WSR-74C and WSR-88D the pattern is maximum along the axis, 3 dB down at the beam boundary, and about 20 dB down at twice the angular distance of the 3 DB point.  The volume occupied by the portion of the beam from the beam boundary to the 20 dB point is three times that within the beam boundaries, but the effective gain is on the order of – 10 dB.  The net result is that signals coming from this volume are about 5 dB below the signal in the beam boundaries, which would introduce an error of order 1dB in the measurement.  This error is of the opposite sign to the error induced by neglecting the roll off from the axis to the 3dB point and almost the same in magnitude.  The net result is that the uniform beam approximation introduces no significant error.  Moreover, the standard radar equation accounts for this in computing dBZ values (Brooks Martner, private communication).

Effects of Non-Standard Propagation:  The position of a target painted by a radar is determined from the angle at which the radar beam is transmitted and received and the round trip time for the radar pulse to transit the distance between the radar and the target.  Although the speed of propagation of microwaves in air is extremely close to the speed of light in a vacuum, small variations in that speed result in significant refractive effects. Radar beams are bent.

The position reported by a radar system is based on a climatological mean vertical profile of the microwave index of refraction (the ratio of the speed of light to the speed of propagation).  The actual profile depends on pressure, temperature and vapor pressure (Bean and Dutton, 1966).  Deviations of the profile from the assumed shape can introduce differences between the actual height of the beam and the height computed by the radar.  In addition, it can change the shape and size of the beam. Doviak and Zrinic (1993, section 2.2) report beam broadening up to 50% in extreme cases.  This effect may be especially significant in the vicinity of active convection (Sauvageot , 1992,  p. 41.).

On several occasions, the 45th Weather Squadron has noted important disagreement between cloud top heights derived from radar and those reported by a day of launch weather aircraft.  At their request, the Applied Meteorology Unit (AMU) analyzed several such cases (Wheeler, 1997).  The results suggest that this issue is more of a concern for cloud top height estimation than errors due to scan gaps. During the 30 December 1995, Delta II/XTE mission countdown, WSR-88D cloud tops measured 6 Km yet the pilot could find no tops in the vicinity higher than 4 Km. An analysis of the index of refraction, n, profile showed significant departures from the nominal profile sufficient to account for the disagreement.  Nine months later during the countdown for Delta/GPS=II-27 systematic differences of 1 – 3 Km were observed, again with large excursions from the nominal n profile.

In order to further assess the validity of these results and evaluate possible beam shape effects, the author obtained a microwave ray tracing program called EREPS (Patterson et al. 1994). Upon entering the profiles for the two delta cases, model results consistent with the observed height errors were obtained.  Significant beam shape changes were not observed, however.  These model runs assumed no horizontal variation in the refractivity profile.  That may be an unrealistic assumption near Cape Canaveral because of gradients associated with the local coastal circulations.  It may also be invalid in widespread convection.

There is no way to bound the height error from this cause since conditions that can lead to complete ducting (beam returns to earth and height error is 100%) are sometimes observed in the atmosphere (Patterson et al. 1994, Sauvageot, 1992, p. 39).  Both super-refraction (beam below nominal height) and sub-refraction (beam above nominal height) may occur (ibid.).  The only way to effectively evaluate the likely refractivity error in a particular case is to model it with the observed sounding data as input.

Summary and Caveat:  Four potential sources of position or intensity error in the radar analysis of weather radar returns were examined.  None of them pose a threat of intensity errors exceeding 1 dB except for partial beam filling, which is discussed in detail by Merceret and Ward (2000).  Two of them, beam gaps and refractive effects, have the potential to introduce position errors greater than 1 Km. The refractive error may often be the larger of the two and the most difficult to analyze in a particular case.  It may be necessary to allow for these errors in the design of lightning launch constraints since eliminating the refractive errors is probably technically impractical and eliminating the scan gaps may be operationally impractical.

In addition to the issues considered (or referenced) in this paper, there are further sources of error that can adversely affect the accuracy of cloud intensity or location (including height) measurements.  These include returns from sidelobes in the radar antenna beam pattern, range folding ("2d trip echoes"), radar sensitivity, and attenuation.  These have either been addressed elsewhere (e.g. Merceret and Ward, 2002, regarding attenuation) or have not been addressed yet for the ABFM program.
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WSR-88D(VCP11)

		Rearth =		3438		nmi		ae=		4584		nmi

		Distance		26		nmi		Beamwidth		0.95		deg

		Title		Elevation (Deg)		Elev (rad)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)

		Beam14 Top		19.975		0.3486295181		58027

		Beam14 Center		19.5		0.3403392041		56542		2962

		Beam14 Bottom		19.025		0.3320488902		55065

								52229		2914		5671

		Beam13 Top		17.175		0.299760299		49394

		Beam13 Center		16.7		0.2914699851		47957		2867

		Beam13 Bottom		16.225		0.2831796711		46527

								43922		2829		5209

		Beam12 Top		14.475		0.2526364092		41318

		Beam12 Center		14		0.2443460953		39919		2792

		Beam12 Bottom		13.525		0.2360557813		38526

								36996		2769		3060

		Beam11 Top		12.475		0.2177298242		35466

		Beam11 Center		12		0.2094395102		34091		2746

		Beam11 Bottom		11.525		0.2011491963		32720

								31213		2727		3013

		Beam10 Top		10.475		0.1828232391		29707

		Beam10 Center		10		0.1745329252		28351		2708

		Beam10 Bottom		9.525		0.1662426113		26999

								26502		2698		994

		Beam9 Top		9.175		0.1601339589		26005

		Beam9 Center		8.7		0.1518436449		24660		2687

		Beam9 Bottom		8.225		0.143553331		23318

								22965		2679		705

		Beam8 Top		7.975		0.1391900078		22613

		Beam8 Center		7.5		0.1308996939		21276		2671

		Beam8 Bottom		7.025		0.12260938		19942

								19452		2663		981

		Beam7 Top		6.675		0.1165007276		18961

		Beam7 Center		6.2		0.1082104136		17632		2655

		Beam7 Bottom		5.725		0.0999200997		16306

								16306		2651		0

		Beam6Top		5.725		0.0999200997		16306

		Beam6 Center		5.25		0.0916297857		14982		2646

		Beam6 Bottom		4.775		0.0833394718		13660

								13660		2642		0

		Beam5 Top		4.775		0.0833394718		13660

		Beam5 Center		4.3		0.0750491578		12340		2638

		Beam5 Bottom		3.825		0.0667588439		11022

								11022		2635		0

		Beam4 Top		3.825		0.0667588439		11022

		Beam4 Center		3.35		0.0584685299		9705		2632

		Beam4 Bottom		2.875		0.050178216		8390

								8390		2629		0

		Beam3 Top		2.875		0.050178216		8390

		Beam3 Center		2.4		0.041887902		7076		2627

		Beam3 Bottom		1.925		0.0335975881		5763

								5763		2625		0

		Beam2 Top		1.925		0.0335975881		5763

		Beam2 Center		1.45		0.0253072742		4450		2624

		Beam2 Bottom		0.975		0.0170169602		3139

								3139		2623		0

		Beam1 Top		0.975		0.0170169602		3139

		Beam1 Center		0.5		0.0087266463		1828		2622

		Beam1 Bottom		0.025		0.0004363323		517



&C&F

&L&D&C&A&R&T



WSR-88D(VCP11) AP

		Rearth =		3438		nmi		ae=		4584		nmi		dN/dh =		-40		per Km

		Distance		26		nmi		Beamwidth		0.95		deg		AP ae =		4613		nmi

														Anomalous Propagation						Difference

		Title		Elevation (Deg)		Elev (rad)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)

		Beam14 Top		19.975		0.3486295181		58027						58023						-4

		Beam14 Center		19.5		0.3403392041		56542		2962				56538		2962				-4		-0

		Beam14 Bottom		19.025		0.3320488902		55065						55062						-3

								52229		2914		5671		52226		2914		5671		-3		-0		-0

		Beam13 Top		17.175		0.299760299		49394						49390						-3

		Beam13 Center		16.7		0.2914699851		47957		2867				47953		2867				-3		-0

		Beam13 Bottom		16.225		0.2831796711		46527						46524						-3

								43922		2829		5209		43919		2829		5209		-3		-0		-0

		Beam12 Top		14.475		0.2526364092		41318						41315						-3

		Beam12 Center		14		0.2443460953		39919		2792				39916		2792				-3		-0

		Beam12 Bottom		13.525		0.2360557813		38526						38523						-3

								36996		2769		3060		36993		2769		3060		-3		-0		-0

		Beam11 Top		12.475		0.2177298242		35466						35463						-3

		Beam11 Center		12		0.2094395102		34091		2746				34088		2746				-3		-0

		Beam11 Bottom		11.525		0.2011491963		32720						32717						-3

								31213		2727		3013		31210		2727		3013		-3		-0		-0

		Beam10 Top		10.475		0.1828232391		29707						29704						-3

		Beam10 Center		10		0.1745329252		28351		2708				28348		2708				-3		-0

		Beam10 Bottom		9.525		0.1662426113		26999						26996						-3

								26502		2698		994		26499		2698		994		-3		-0		-0

		Beam9 Top		9.175		0.1601339589		26005						26002						-3

		Beam9 Center		8.7		0.1518436449		24660		2687				24657		2687				-3		-0

		Beam9 Bottom		8.225		0.143553331		23318						23315						-3

								22965		2679		705		22962		2679		705		-3		-0		-0

		Beam8 Top		7.975		0.1391900078		22613						22610						-3

		Beam8 Center		7.5		0.1308996939		21276		2671				21273		2671				-3		-0

		Beam8 Bottom		7.025		0.12260938		19942						19939						-3

								19452		2663		981		19449		2663		981		-3		-0		-0

		Beam7 Top		6.675		0.1165007276		18961						18958						-3

		Beam7 Center		6.2		0.1082104136		17632		2655				17629		2655				-3		-0

		Beam7 Bottom		5.725		0.0999200997		16306						16303						-3

								16306		2651		0		16303		2651		0		-3		-0		0

		Beam6Top		5.725		0.0999200997		16306						16303						-3

		Beam6 Center		5.25		0.0916297857		14982		2646				14979		2646				-3		-0

		Beam6 Bottom		4.775		0.0833394718		13660						13657						-3

								13660		2642		0		13657		2642		0		-3		-0		0

		Beam5 Top		4.775		0.0833394718		13660						13657						-3

		Beam5 Center		4.3		0.0750491578		12340		2638				12337		2638				-3		-0

		Beam5 Bottom		3.825		0.0667588439		11022						11019						-3

								11022		2635		0		11019		2635		0		-3		-0		0

		Beam4 Top		3.825		0.0667588439		11022						11019						-3

		Beam4 Center		3.35		0.0584685299		9705		2632				9702		2632				-3		-0

		Beam4 Bottom		2.875		0.050178216		8390						8387						-3

								8390		2629		0		8387		2629		0		-3		-0		0

		Beam3 Top		2.875		0.050178216		8390						8387						-3

		Beam3 Center		2.4		0.041887902		7076		2627				7073		2627				-3		-0

		Beam3 Bottom		1.925		0.0335975881		5763						5760						-3

								5763		2625		0		5760		2625		0		-3		-0		0

		Beam2 Top		1.925		0.0335975881		5763						5760						-3

		Beam2 Center		1.45		0.0253072742		4450		2624				4448		2624				-3		-0

		Beam2 Bottom		0.975		0.0170169602		3139						3136						-3

								3139		2623		0		3136		2623		0		-3		-0		0

		Beam1 Top		0.975		0.0170169602		3139						3136						-3

		Beam1 Center		0.5		0.0087266463		1828		2622				1825		2622				-3		-0

		Beam1 Bottom		0.025		0.0004363323		517						514						-3



&C&F

&L&D&C&A&R&T



WSR-74C

		Rearth =		3438		nmi		ae=		4584		nmi

		Distance		16		nmi		Beamwidth		1.1		deg

		Title		Elevation (Deg)		Elev (rad)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)

		Beam12 Top		26.55		0.4633849164		48863

		Beam12 Center		26		0.4537856055		47698		2320

		Beam12 Bottom		25.45		0.4441862946		46543

								43984		2256		5119

		Beam11 Top		22.95		0.4005530633		41424

		Beam11 Center		22.4		0.3909537524		40324		2191

		Beam11 Bottom		21.85		0.3813544416		39233

								37091		2144		4284

		Beam10 Top		19.65		0.342957198		34949

		Beam10 Center		19.1		0.3333578871		33897		2097

		Beam10 Bottom		18.55		0.3237585762		32852

								31073		2062		3559

		Beam9 Top		16.65		0.2905973205		29293

		Beam9 Center		16.1		0.2809980096		28277		2027

		Beam9 Bottom		15.55		0.2713986987		27266

								25811		2002		2910

		Beam8 Top		13.95		0.2434734307		24355

		Beam8 Center		13.4		0.2338741198		23365		1977

		Beam8 Bottom		12.85		0.2242748089		22378

								21133		1958		2491

		Beam7 Top		11.45		0.1998401994		19887

		Beam7 Center		10.9		0.1902408885		18916		1940

		Beam7 Bottom		10.35		0.1806415776		17948

								16898		1926		2100

		Beam6Top		9.15		0.1596976266		15848

		Beam6 Center		8.6		0.1500983157		14890		1912

		Beam6 Bottom		8.05		0.1404990048		13935

								13157		1903		1557

		Beam5 Top		7.15		0.1247910415		12378

		Beam5 Center		6.6		0.1151917306		11430		1894

		Beam5 Bottom		6.05		0.1055924197		10484

								9883		1888		1201

		Beam4 Top		5.35		0.093375115		9283

		Beam4 Center		4.8		0.0837758041		8341		1882

		Beam4 Bottom		4.25		0.0741764932		7401

								6974		1878		854

		Beam3 Top		3.75		0.0654498469		6547

		Beam3 Center		3.2		0.0558505361		5610		1874

		Beam3 Bottom		2.65		0.0462512252		4673

								4418		1872		510

		Beam2 Top		2.35		0.0410152374		4163

		Beam2 Center		1.8		0.0314159265		3227		1870

		Beam2 Bottom		1.25		0.0218166156		2293

								2038		1869		510

		Beam1 Top		0.95		0.0165806279		1783

		Beam1 Center		0.4		0.006981317		849		1868

		Beam1 Bottom		-0.15		-0.0026179939		-85



&C&F

&L&D&C&A&R&T



WSR-74C  AP

		Rearth =		3438		nmi		Nominal ae=		4584		nmi		dN/dh =		-40		per Km

		Distance		16		nmi		Beamwidth		1.1		deg		AP ae =		4613		nmi

								Nominal						Anomalous Propagation						Difference

		Title		Elevation (Deg)		Elev (rad)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)		Beam Height (ft)		Beam Thickness (ft)		Beam Gap (ft)

		Beam12 Top		26.55		0.4633849164		48863						48862						-2

		Beam12 Center		26		0.4537856055		47698		2320				47696		2320				-2		-0

		Beam12 Bottom		25.45		0.4441862946		46543						46542						-2

								43984		2256		5119		43982		2256		5119		-1		-0		-0

		Beam11 Top		22.95		0.4005530633		41424						41422						-1

		Beam11 Center		22.4		0.3909537524		40324		2191				40322		2191				-1		-0

		Beam11 Bottom		21.85		0.3813544416		39233						39231						-1

								37091		2144		4284		37089		2144		4283		-1		-0		-0

		Beam10 Top		19.65		0.342957198		34949						34948						-1

		Beam10 Center		19.1		0.3333578871		33897		2097				33896		2097				-1		-0

		Beam10 Bottom		18.55		0.3237585762		32852						32851						-1

								31073		2062		3559		31072		2062		3559		-1		-0		-0

		Beam9 Top		16.65		0.2905973205		29293						29292						-1

		Beam9 Center		16.1		0.2809980096		28277		2027				28276		2027				-1		-0

		Beam9 Bottom		15.55		0.2713986987		27266						27265						-1

								25811		2002		2910		25809		2002		2910		-1		-0		-0

		Beam8 Top		13.95		0.2434734307		24355						24354						-1

		Beam8 Center		13.4		0.2338741198		23365		1977				23363		1977				-1		-0

		Beam8 Bottom		12.85		0.2242748089		22378						22377						-1

								21133		1958		2491		21132		1958		2491		-1		-0		-0

		Beam7 Top		11.45		0.1998401994		19887						19886						-1

		Beam7 Center		10.9		0.1902408885		18916		1940				18915		1940				-1		-0

		Beam7 Bottom		10.35		0.1806415776		17948						17947						-1

								16898		1926		2100		16897		1926		2100		-1		-0		-0

		Beam6Top		9.15		0.1596976266		15848						15846						-1

		Beam6 Center		8.6		0.1500983157		14890		1912				14889		1912				-1		-0

		Beam6 Bottom		8.05		0.1404990048		13935						13934						-1

								13157		1903		1557		13156		1903		1557		-1		-0		-0

		Beam5 Top		7.15		0.1247910415		12378						12377						-1

		Beam5 Center		6.6		0.1151917306		11430		1894				11429		1894				-1		-0

		Beam5 Bottom		6.05		0.1055924197		10484						10483						-1

								9883		1888		1201		9882		1888		1201		-1		-0		-0

		Beam4 Top		5.35		0.093375115		9283						9282						-1

		Beam4 Center		4.8		0.0837758041		8341		1882				8340		1882				-1		-0

		Beam4 Bottom		4.25		0.0741764932		7401						7400						-1

								6974		1878		854		6973		1878		854		-1		-0		-0

		Beam3 Top		3.75		0.0654498469		6547						6546						-1

		Beam3 Center		3.2		0.0558505361		5610		1874				5609		1874				-1		-0

		Beam3 Bottom		2.65		0.0462512252		4673						4672						-1

								4418		1872		510		4417		1872		510		-1		-0		-0

		Beam2 Top		2.35		0.0410152374		4163						4162						-1

		Beam2 Center		1.8		0.0314159265		3227		1870				3226		1870				-1		-0

		Beam2 Bottom		1.25		0.0218166156		2293						2292						-1

								2038		1869		510		2037		1869		510		-1		-0		-0

		Beam1 Top		0.95		0.0165806279		1783						1782						-1

		Beam1 Center		0.4		0.006981317		849		1868				848		1868				-1		-0

		Beam1 Bottom		-0.15		-0.0026179939		-85						-86						-1



&C&F

&L&D&C&A&R&T



Soundings

		15-Jun-00

		Height (ft)		Height (m)		T(C) @ 10Z		T(C) @ 15Z		T(C) @ 22Z

		2000		610		23.7		24.4		24.8

		3000		915		23.0		22.0		23.7

		4000		1220		20.4		20.5		21.6

		5000		1524		18.0		17.6		19.1

		6000		1829		16.5		15.3		16.8

		7000		2134		15.1		13.8		14.0

		8000		2439		12.5		12.5		11.9

		9000		2744		10.4		9.8		9.8

		10000		3049		8.3		7.9		8.3

		11000		3354		6.7		5.5		6.0

		12000		3659		5.3		3.5		3.4

		13000		3963		3.3		2.3		0.7

		14000		4268		1.4		0.6		-0.7

		15000		4573		-0.1		-0.9		-2.7

		16000		4878		-2.6		-3.1		-4.0

		17000		5183		-5.6		-6.1		-5.5

		18000		5488		-8.5		-8.6		-7.5

		19000		5793		-9.7		-9.0		-9.2

		20000		6098		-10.9		-10.4		-11.0

		21000		6402		-11.9		-12.2		-13.0

		22000		6707		-13.2		-12.6		-14.8

		23000		7012		-14.4		-13.9		-16.5

		24000		7317		-16.5		-16.6		-18.1

		25000		7622		-18.9		-18.4		-20.0

		26000		7927		-21.0		-20.5		-22.3

		27000		8232		-22.9		-22.5		-23.9

		28000		8537		-24.4		-24.7		-25.9

		29000		8841		-26.7		-27.2		-27.9

		30000		9146		-29.1		-29.5		-29.4

		31000		9451		-31.2		-31.7		-31.7

		32000		9756		-33.6		-33.7		-33.8

		33000		10061		-36.1		-36.2		-35.6

		34000		10366		-38.2		-38.4		-38.1

		35000		10671		-40.0		-40.4		-40.1

		36000		10976		-42.6		-42.4		-42.9

		37000		11280		-45.0		-44.9		-45.6

		38000		11585		-47.7		-47.0		-48.2

		39000		11890		-50.0		-49.4		-51.0

		40000		12195		-52.4		-51.6		-53.7

		41000		12500		-54.8		-53.4		-56.2

		42000		12805		-57.3		-55.1		-58.7

		43000		13110		-58.4		-57.1		-61.2

		44000		13415		-59.1		-59.0		-62.2

		45000		13720		-61.0		-61.0		-63.4

		46000		14024		-63.6		-62.5		-64.3

		47000		14329		-66.1		-64.9		-65.7

		48000		14634		-68.5		-66.7		-67.3

		49000		14939		-69.9		-67.4		-68.8

		50000		15244		-70.5		-69.2		-70.1

		51000		15549		-71.7		-69.6		-71.8

		52000		15854		-72.3		-70.7		-71.9

		53000		16159		-71.7		-70.7		-71.9



&C&F

&L&D&C&A&R&T



WSR-88D(VCP11)Cappi

		Rearth =		3438		nmi		ae=		4584		nmi

		Height		40000		ft		Beamwidth		0.95		deg

		Height		12195		m

		Title		Elevation (Deg)		Elev (rad)		Range (nmi)		Width(nmi)		Gap (nmi)		Range (Km)		Width (Km)		Gap (Km)

		Beam14 Top		19.975		0.3486295181		18.0						33.3

		Beam14 Center		19.5		0.3403392041		18.4		1.0				34.2		1.8

		Beam14 Bottom		19.025		0.3320488902		18.9						35.1

								20		1.1		2.2		37.1		2.1		4.0

		Beam13 Top		17.175		0.299760299		21.1						39.1

		Beam13 Center		16.7		0.2914699851		21.7		1.3				40.2		2.4

		Beam13 Bottom		16.225		0.2831796711		22.4						41.5

								24		1.5		2.8		44.0		2.9		5.2

		Beam12 Top		14.475		0.2526364092		25.2						46.6

		Beam12 Center		14		0.2443460953		26.1		1.8				48.2		3.3

		Beam12 Bottom		13.525		0.2360557813		27.0						50.0

								28		2.1		2.3		52.1		3.9		4.2

		Beam11 Top		12.475		0.2177298242		29.3						54.2

		Beam11 Center		12		0.2094395102		30.4		2.4				56.4		4.5

		Beam11 Bottom		11.525		0.2011491963		31.7						58.7

								33		2.9		3.1		61.6		5.4		5.8

		Beam10 Top		10.475		0.1828232391		34.8						64.5

		Beam10 Center		10		0.1745329252		36.4		3.4				67.5		6.3

		Beam10 Bottom		9.525		0.1662426113		38.2						70.8

								39		3.9		1.4		72.1		7.2		2.6

		Beam9 Top		9.175		0.1601339589		39.6						73.4

		Beam9 Center		8.7		0.1518436449		41.7		4.4				77.2		8.1

		Beam9 Bottom		8.225		0.143553331		44.0						81.5

								45		5.0		1.3		82.7		9.3		2.4

		Beam8 Top		7.975		0.1391900078		45.3						83.9

		Beam8 Center		7.5		0.1308996939		48.0		5.7				88.9		10.6

		Beam8 Bottom		7.025		0.12260938		51.0						94.5

								52		6.8		2.5		96.7		12.7		4.6

		Beam7 Top		6.675		0.1165007276		53.5						99.0

		Beam7 Center		6.2		0.1082104136		57.2		8.0				105.9		14.7

		Beam7 Bottom		5.725		0.0999200997		61.4						113.8

								61		9.2		0.0		113.8		17.1		0.0

		Beam6Top		5.725		0.0999200997		61.4						113.8

		Beam6 Center		5.25		0.0916297857		66.3		10.5				122.8		19.4

		Beam6 Bottom		4.775		0.0833394718		71.9						133.2

								72		12.4		0.0		133.2		22.9		0.0

		Beam5 Top		4.775		0.0833394718		71.9						133.2

		Beam5 Center		4.3		0.0750491578		78.4		14.3				145.3		26.4

		Beam5 Bottom		3.825		0.0667588439		86.2						159.6

								86		17.2		0.0		159.6		31.8		0.0

		Beam4 Top		3.825		0.0667588439		86.2						159.6

		Beam4 Center		3.35		0.0584685299		95.3		20.1				176.5		37.3

		Beam4 Bottom		2.875		0.050178216		106.3						196.8

								106		24.8		0.0		196.8		45.9		0.0

		Beam3 Top		2.875		0.050178216		106.3						196.8

		Beam3 Center		2.4		0.041887902		119.6		29.4				221.4		54.5

		Beam3 Bottom		1.925		0.0335975881		135.7						251.3

								136		36.6		0.0		251.3		67.8		0.0

		Beam2 Top		1.925		0.0335975881		135.7						251.3

		Beam2 Center		1.45		0.0253072742		155.4		43.8				287.9		81.1

		Beam2 Bottom		0.975		0.0170169602		179.5						332.5

								180		53.9		0.0		332.5		99.8		0.0

		Beam1 Top		0.975		0.0170169602		179.5						332.5

		Beam1 Center		0.5		0.0087266463		208.7		63.9				386.5		118.4

		Beam1 Bottom		0.025		0.0004363323		243.5						450.9



&C&F
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WSR-74CCappi 

		Rearth =		3438		nmi		ae=		4584		nmi

		Height		40000		ft		Beamwidth		1.1		deg

		Height		12195		m

		Title		Elevation (Deg)		Elev (rad)		Range (nmi)		Width(nmi)		Gap (nmi)		Range (Km)		Width (Km)		Gap (Km)

		Beam12 Top		26.55		0.4633849164		13.1						24.3

		Beam12 Center		26		0.4537856055		13.4		0.7				24.9		1.2

		Beam12 Bottom		25.45		0.4441862946		13.8						25.5

								15		0.8		1.7		27.1		1.4		3.1

		Beam11 Top		22.95		0.4005530633		15.5						28.6

		Beam11 Center		22.4		0.3909537524		15.9		0.9				29.4		1.6

		Beam11 Bottom		21.85		0.3813544416		16.3						30.2

								17		1.0		2.0		32.0		1.9		3.7

		Beam10 Top		19.65		0.342957198		18.3						33.9

		Beam10 Center		19.1		0.3333578871		18.9		1.2				34.9		2.1

		Beam10 Bottom		18.55		0.3237585762		19.5						36.0

								21		1.4		2.3		38.2		2.6		4.3

		Beam9 Top		16.65		0.2905973205		21.8						40.4

		Beam9 Center		16.1		0.2809980096		22.6		1.6				41.8		3.0

		Beam9 Bottom		15.55		0.2713986987		23.4						43.3

								25		1.9		2.8		45.9		3.6		5.1

		Beam8 Top		13.95		0.2434734307		26.1						48.4

		Beam8 Center		13.4		0.2338741198		27.2		2.3				50.4		4.2

		Beam8 Bottom		12.85		0.2242748089		28.4						52.6

								30		2.8		3.5		55.8		5.2		6.4

		Beam7 Top		11.45		0.1998401994		31.9						59.1

		Beam7 Center		10.9		0.1902408885		33.5		3.3				62.0		6.2

		Beam7 Bottom		10.35		0.1806415776		35.2						65.2

								37		4.3		4.5		69.4		7.9		8.3

		Beam6Top		9.15		0.1596976266		39.7						73.6

		Beam6 Center		8.6		0.1500983157		42.2		5.2				78.1		9.6

		Beam6 Bottom		8.05		0.1404990048		44.9						83.1

								48		6.7		5.3		88.0		12.5		9.8

		Beam5 Top		7.15		0.1247910415		50.2						92.9

		Beam5 Center		6.6		0.1151917306		54.0		8.3				100.1		15.3

		Beam5 Bottom		6.05		0.1055924197		58.5						108.3

								62		11.1		6.7		114.5		20.6		12.5

		Beam4 Top		5.35		0.093375115		65.2						120.8

		Beam4 Center		4.8		0.0837758041		71.6		14.0				132.6		25.9

		Beam4 Bottom		4.25		0.0741764932		79.2						146.7

								83		19.4		8.3		154.4		35.9		15.4

		Beam3 Top		3.75		0.0654498469		87.5						162.0

		Beam3 Center		3.2		0.0558505361		98.6		24.8				182.5		45.9

		Beam3 Bottom		2.65		0.0462512252		112.3						207.9

								117		34.3		8.9		216.1		63.6		16.4

		Beam2 Top		2.35		0.0410152374		121.1						224.3

		Beam2 Center		1.8		0.0314159265		140.5		43.9				260.3		81.3

		Beam2 Bottom		1.25		0.0218166156		165.0						305.6

								173		60.4		15.9		320.3		111.8		29.5

		Beam1 Top		0.95		0.0165806279		180.9						335.1

		Beam1 Center		0.4		0.006981317		215.5		76.8				399.1		142.3

		Beam1 Bottom		-0.15		-0.0026179939		257.7						477.3



&C&F
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WSR-88D(VCP11)Volume

		Rearth =		3438		nmi		ae=		4584		nmi

		Top Height		40000		ft		Beamwidth		0.95		deg

		Bottom Height		12195		ft		Volume Parameter				1.95E+14		cu ft

		Title		Elevation (Deg)		Elev (rad)		Zenith Angle (rad)		Beam Volume (cu ft)		Gap Volume (cu ft)

		Beam14 Top		19.975		0.3486295181		1.2221668087

		Beam14 Center		19.5		0.3403392041		1.2304571227		1.64E+14

		Beam14 Bottom		19.025		0.3320488902		1.2387474366

												4.02E+14

		Beam13 Top		17.175		0.299760299		1.2710360278

		Beam13 Center		16.7		0.2914699851		1.2793263417		2.62E+14

		Beam13 Bottom		16.225		0.2831796711		1.2876166557

												6.24E+14

		Beam12 Top		14.475		0.2526364092		1.3181599176

		Beam12 Center		14		0.2443460953		1.3264502315		4.45E+14

		Beam12 Bottom		13.525		0.2360557813		1.3347405455

												6.15E+14

		Beam11 Top		12.475		0.2177298242		1.3530665026

		Beam11 Center		12		0.2094395102		1.3613568166		7.07E+14

		Beam11 Bottom		11.525		0.2011491963		1.3696471305

												1.02E+15

		Beam10 Top		10.475		0.1828232391		1.3879730876

		Beam10 Center		10		0.1745329252		1.3962634016		1.22E+15

		Beam10 Bottom		9.525		0.1662426113		1.4045537155

												5.50E+14

		Beam9 Top		9.175		0.1601339589		1.4106623679

		Beam9 Center		8.7		0.1518436449		1.4189526819		1.86E+15

		Beam9 Bottom		8.225		0.143553331		1.4272429958

												6.04E+14

		Beam8 Top		7.975		0.1391900078		1.4316063189

		Beam8 Center		7.5		0.1308996939		1.4398966329		2.91E+15

		Beam8 Bottom		7.025		0.12260938		1.4481869468

												1.40E+15

		Beam7 Top		6.675		0.1165007276		1.4542955992

		Beam7 Center		6.2		0.1082104136		1.4625859132		5.17E+15

		Beam7 Bottom		5.725		0.0999200997		1.4708762271

												0.00E+00

		Beam6Top		5.725		0.0999200997		1.4708762271

		Beam6 Center		5.25		0.0916297857		1.4791665411		8.56E+15

		Beam6 Bottom		4.775		0.0833394718		1.487456855

												0.00E+00

		Beam5 Top		4.775		0.0833394718		1.487456855

		Beam5 Center		4.3		0.0750491578		1.495747169		1.57E+16

		Beam5 Bottom		3.825		0.0667588439		1.5040374829

												0.00E+00

		Beam4 Top		3.825		0.0667588439		1.5040374829

		Beam4 Center		3.35		0.0584685299		1.5123277969		3.38E+16

		Beam4 Bottom		2.875		0.050178216		1.5206181108

												0.00E+00

		Beam3 Top		2.875		0.050178216		1.5206181108

		Beam3 Center		2.4		0.041887902		1.5289084247		9.55E+16

		Beam3 Bottom		1.925		0.0335975881		1.5371987387

												0.00E+00

		Beam2 Top		1.925		0.0335975881		1.5371987387

		Beam2 Center		1.45		0.0253072742		1.5454890526		5.02E+17

		Beam2 Bottom		0.975		0.0170169602		1.5537793666

												0.00E+00

		Beam1 Top		0.975		0.0170169602		1.5537793666

		Beam1 Center		0.5		0.0087266463		1.5620696805		1.03E+21

		Beam1 Bottom		0.025		0.0004363323		1.5703599945

		Note:		These calculations not corrected for refraction
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WSR-74CVolume

		Rearth =		3438		nmi		ae=		4584		nmi

		Top Height		40000		ft		Beamwidth		1.1		deg

		Bottom Height		12195		ft		Volume Parameter				1.95E+14		cu ft

		Title		Elevation (Deg)		Elev (rad)		Zenith Angle (rad)		Beam Volume (cu ft)		Gap Volume (cu ft)

		Beam12 Top		26.55		0.4633849164		1.1074114104

		Beam12 Center		26		0.4537856055		1.1170107213		8.01E+13

		Beam12 Bottom		25.45		0.4441862946		1.1266100322

												2.27E+14

		Beam11 Top		22.95		0.4005530633		1.1702432635

		Beam11 Center		22.4		0.3909537524		1.1798425743		1.25E+14

		Beam11 Bottom		21.85		0.3813544416		1.1894418852

												3.17E+14

		Beam10 Top		19.65		0.342957198		1.2278391288

		Beam10 Center		19.1		0.3333578871		1.2374384397		2.03E+14

		Beam10 Bottom		18.55		0.3237585762		1.2470377505

												4.49E+14

		Beam9 Top		16.65		0.2905973205		1.2801990063

		Beam9 Center		16.1		0.2809980096		1.2897983172		3.39E+14

		Beam9 Bottom		15.55		0.2713986987		1.2993976281

												6.43E+14

		Beam8 Top		13.95		0.2434734307		1.3273228961

		Beam8 Center		13.4		0.2338741198		1.336922207		5.88E+14

		Beam8 Bottom		12.85		0.2242748089		1.3465215179

												1.01E+15

		Beam7 Top		11.45		0.1998401994		1.3709561274

		Beam7 Center		10.9		0.1902408885		1.3805554383		1.09E+15

		Beam7 Bottom		10.35		0.1806415776		1.3901547492

												1.67E+15

		Beam6Top		9.15		0.1596976266		1.4110987002

		Beam6 Center		8.6		0.1500983157		1.4206980111		2.24E+15

		Beam6 Bottom		8.05		0.1404990048		1.430297322

												2.65E+15

		Beam5 Top		7.15		0.1247910415		1.4460052853

		Beam5 Center		6.6		0.1151917306		1.4556045962		4.98E+15

		Beam5 Bottom		6.05		0.1055924197		1.465203907

												4.89E+15

		Beam4 Top		5.35		0.093375115		1.4774212118

		Beam4 Center		4.8		0.0837758041		1.4870205227		1.31E+16

		Beam4 Bottom		4.25		0.0741764932		1.4966198336

												1.01E+16

		Beam3 Top		3.75		0.0654498469		1.5053464798

		Beam3 Center		3.2		0.0558505361		1.5149457907		4.57E+16

		Beam3 Bottom		2.65		0.0462512252		1.5245451016

												2.48E+16

		Beam2 Top		2.35		0.0410152374		1.5297810894

		Beam2 Center		1.8		0.0314159265		1.5393804003		2.94E+17

		Beam2 Bottom		1.25		0.0218166156		1.5489797111

												3.00E+17

		Beam1 Top		0.95		0.0165806279		1.5542156989

		Beam1 Center		0.4		0.006981317		1.5638150098		2.78E+19

		Beam1 Bottom		-0.15		-0.0026179939		1.5734143207

		Note:		These calculations not corrected for refraction
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