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Precipitation and Lightping Measurements

by Polarization Diversity Radar

1. INTRODUCTION

AFGL is developing a variety of techniques for characterizing the

microphysical parameters of hydrometeors on the basis of remote

measurements. A key element of this program is the acquisition of

polarimetric data with the 1 1-cm (2.7-GHz) Doppler radar at Sudbury,

Mass. This radar was modified to enable the measurement of the

polarization differential reflectivity (ZDR) and is undergoing further

modification to enable the measurement of other polarimetric parameters.

The measurements presented in this report represent our first use of the

high-power microwave switch built by Raytheon Co., which enables pulse-

to-pulse switching of the transmitted signal between horizontal and vertical

polarizations. This transmission mode permits the derivation of the

differential reflectivity between horizontal and vertical polarizations with a

theoretical standard error of estiniate about 0.1-0.2 (lB.

(Received for publication I Septemnher 1988)



The radar is described in Section 2. Section 3 presents some observations

of severe storms with emphasis on backscaiter characteristics of hail and

lightniring., These observations are of general interest because of the variety

of meteorological phenomena they depict. The observations of lightning

provided the first measurements of the differential reflectivity of lightning.

2. THE RADAR SYSTEM

The 11-cm (2.7-GHz) Doppler radar operated by AFGL at Sudbury,

Mass., has been described in a series of reports. 1,2 The original antenna was

modified to a Cassegrain design for optimum dual polarization operations. 3

A data processor was designed and constructed in this laboratory for real-

time computation of absolute reflectivity, polarization differential

reflectivity, Doppler mean velocity, and Doppler spectrum variance.4 A

microwave switch, which is a network of three switchable circulators

incorporating ferrite phase shifters, was installed in the late winter and

spring of 1987 to enable the switching of transmitted polarization from

pulse to pulse. Specifications of the switch were included in a previous

report. 5 This switch replaced the microwave diplexer that was described in

a previous report.6  The diplexer permitted the nearly simultaneous

transmissi0n of two frequencies (2.71 and 2.76 GlIz) with orthogonal

polarizations. That configuration of the radar yielded simultaneous

uncorrelated samples of reflectivity from the two orthogonal polarizations,

from which we derived rather noisy estimates of differential reflectivity.

The successive samples of reflectivity obtained with horizontal and vertical

polarizations by means of the new microwave switch are highly correlated

and permit the computation of the polarization differential reflectivity with

standard error of estimate about 0.1 to 0.2 dB.

(Due to the large number of references cited above, they are ,iot listed here. See

References, page 19)
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3. MEASUREMENTS

3.1. Hailstorm Observations

A severe thunderstorm that passed southwest of Boston, Nlass. on
Saturday, 13 June 1987, was among the first precipitation events observed
after installation of the high power microwave switch. This storm is of
particular interest because of a report of ,-inch diameter hail coincident
with some of the radar observations. The radar observations discussed
below illustrate several features that are typical of deep convective storms.
These features include (1) large positive values of differential reflectivity
above the height of the 0' C isotherm in the updraft, indicative of large
water drops; (2) differential reflecti.ity near 0 dB coincident, with high
absolute reflectivity below the 0' C isotherm, indicative of hail; (3) locally
increased values of differential reflectivity near the height of the 0' C
isotherm, indicative of melting aggregated crystals; and (4) slightly negative
values of differential reflectivity on the far side of a core of heavy
precipitation, indicative of differential attenuation in tl'e heavy
precipitation.

The storm of interest, was one of several embedded in a line of convection
that passed the radar site about 1830 EST. At the radar site, the passage
was marked by a rainfall of 3 mm, including a brief shower at a rate of 25
mm hir- 1, and a temperature drop from 250 C to 20' C between 1830 and

1900 EST. (The maximum temperature of the da,, 30 ' C, , ,"
about 1600 EST.) The sequence of radar scans in azimuth and elevati'n is

listed in Table 1. The general situation is illustrated in Figure 1, which
depicts an azimuthal scan at 1.5' elevation angle (1950 EST). During the
observations listed in Table I the center of the storm passed over Dover,
Dedham, and Milton, Mass., 23-3.1 km distant from the radar, moving
eastward at 36 km hr- 1. lail of *1-inch diameter, which is unusually large
for New England, was observed in Dedham between 1951 and 1956 EST by
Mr. John Conover, a retired meteorologist formerly employed at AFGL.
The site of this observation is at a range of 33.7 km on an azimuth of 126'
from the radar.

Niaximum reflectivity in excess of 50 d, Z was measured at all elovation

3



Table 1. Radar Observations of Severe Storms, 13 June 1987.

Time Elevation Angle Azimuth Angle

(EST) (deg) (deg)

1937-1942 0.5, 1.5, 3, 5, 7, 9 0-360

1943-1948 0.5, 1.5, 3, 5. 7, 9 0-360
1949-1951 0.5, 1.5, 3 0-360
1957-2009 0-15 121, 122, 123, 12.4

2010-2012 0.5 0-360

Figure 1. Reflectivity of Convective Storms, 11 June 1987. Azimuthal scan
at an elevation angle of 3' was made at 1951 EST. Cell of particular

interest was near 30 km range at an azimuth of 126'.

4



angles uip to 9', Neither the uiaxinhin Wrefetivit nor thit area of

reflertiit in excess of 50 dlIIZ chantged Yi tifi tan? v diiritt the If) rniii'tos

of observat ion. However the (fittrrial itfiect ivit v e.xtibited zignificant

chlartges which appear to b~e ass5oiated w~ithI thle deve(lopmen~it of hail iii the

storm. These chantges are illtintd i I'IgIre 2. 3, arid t. which depict thle

successive azimuthal scans t I0 .. eevatin angle. The scan at 198 (gure

2) reveals ito dhiffererti al reflect ivit v less thrt 2.1 (11 wit hini the area of

reflect ivit v greater than 50 (fil. While this value of differential rz-flect iVITv

is less thart what one would expect in intense rain, it nteverthleless inidicates a

predoinrance of imelting or imclted ltvdroireteors. Thel( scait at 19,141 (Figure

:3) shows a significant area of' (iflerent iii reflectivit less t hart I dIII

coinicidernt withf the area of' hiightest reflect ivil v. The Iiniiiii vailue is 0.6

(11. 'Itel( scan at 1950) ( igrre I , shows, a larger area of smiall values of

diflereijiial reflect ivity, withI values as sniMiall as -0.2 (113. coiiicideit withI

reflect ivity iii excess of' 50 dHZ. The ranges at which tie inirna of

different jal refleclt ivity are observed correspontl to alttudes of 560. 660, and

50Iin in thr successive scans. Line decrease of (iffeneritial reflectlvii v from

start t0 sc(all is Coitsistent wit Ii hle downward riioveriri of large hail.

.\Niitha scans at 3' altf 51 vit ion angles. which are getterally Uelo

ihe in t icii level (a bout :3 kin a liiu de) at ran rges of 30 k ii or less, shtow

finuiinmin values of diffrent ial reflecti v lot ei 0.1 and -1.0 d13 with

110 oliviotis trend antiortg sniccessive cin,;Tes sviget liat rrtdoriilv

orientedl ice part icles. i.e., hail or graripel. were contintionsly present at

aIt itufdes of 1 -2 kin AziiiIIth11a1 qCanIIs at 0.5- elevat itn angle are ntore

dfifficulht to itterpret, blecauise of backseat ter frnii topographic feat iii aitd

transrtiqsion towers. Values of ditlereritial reflectivit vniear H.0 (11 in the

0 .5- scans at 1913 artd 1!)19. (diretly below lie rinttt observe-d at I.5 at

194 1 anid 19Sf) (Figus :3 andl it vigno~ that nev particles were reaching the

,tirface at thlese t imies.

.\1IIl i' a? 7iritli t ifa I '11(m aht~v region o f large _' posit ive \A lte t4o

d i I -rtIItI i ; I) rcfle -ct I i v ti t tile far sitl of tile stornit. whe crcII 1t li abolIt

reflectivity is abouit 20-2) tlH/. WHi featutre is evidenit iii Figures 2. :3, artd

1 at ratnns o)f ML. 32, andl 36 kin. rts~ttct ively. Similar teat nieqav been

olSqrvl tlswltcr( inii tsscjation "Ait I lie mint lipdtraft, of ,miivjct iv-

sto:rii.)



I igire 2 . ;bsoitite and Iilfereritial I~cflvctivitY M I.:) IU~lovatiofll 1938

i Ts'r. ' h , ijes lrlote (lifferent il rellect ivitv and( thick liiies ilerote

absolute rellect ivit v ol' 20, .10, and 5(0 dk/.



F -u re 3. Absolute and D~ifferent ial Reflectivity at 1 .5' Elevation. 1944

EST. Notation is identical to that of' Figure 2. Area of differential

reflectivity less than +1.5 (1113, coincidlent with maximum ab~solulte

reflectivity, was not, evident in earlier scan.



Figulre 4. Abhsol ut e anid Di ferent ial I Heflec tiv ity i t E ~lievat ion. 1 950)

E SI. Notation is idenitical to thiiat, of Figure 2. MIiniun im n di fleren tia

reflectivity coincident with maximum absolute reflect ivit v has decreased to

less than +0.5 (113.



One of the series of elevation scans through the storin is shown in I' i gire

5, in which key features are indicated for convenience. 'T he scan was made

at 19.57 EST on an azimuth of 121'. This vertical cross-section of the storii

indicates two distinct cores of intense precipitation. W hi in hoth, values of

logarithmic differential reflectivity near zero extend well below the height of

the 0' C isotherm. \Vithin the cell centered at 29 km range, diflerential

reflectivity above +4 d13, typical of heavy rain, indicates that melting was

essentially complete about 1.5 km above the suirface. With iii I he cell

centered at 33 km range, the differential reflectivity incleases only to about

+2 dB at the bottom of the scan, indicating the likely occurrence of hail at

the surface. On this aziinuth, this feature is centered about 3 km northeast

of the point at which hail was reported. It is likely that the center of this

cell passed about 2 km north of Mr Conover's house during the time of the

observed hailfall, just before the time of the radar observation.

The vertical cross-section also indicates the presence of large water drops

at alt itudes of 2-4 km near 3k km range, as noted above in relation to the

azimuthal scans. This feature has been reported elsewhere in association

with updrafts in convective storms. In the present case, the large drops are

probably not supercooled. The surface temperatures of 25-3(f C in

advance of the convective line implies that the height of the 0' C isotherm

in the updraft is about -4-4.5 km.

On the far side of the storm, where one imight expect to find differential

reflectivity near zero dB, characteristic of small water drops or small ice

particles, there is a region of slightlv negative differential reflectivity

extending from near the surface to about 6 kill altitude. This suggests a

difference of attenuation of the horizontally and vertically polarized signals

within the intervening regions of large, orieiited water drops. Although

radar wavelengths of 10 cm or longer are generally considered "non-

attenuating," they do experience a sllnall but Ieasurable atteniation in

heavy precipitation. Rain of 10(0 im1t hr I with a Marshall-Palmer

exponeritial drop size distri ition, for exa en ple, yields a two-way specific

attenuation of about 0.0cIR km I aIrl a two-way dif t reillial specific

attenatiation of 0.024 dB1 km 1 between horizontally and vertically polarized

signals of II ciii wavelength. The observed differential :atteillatiou of about

I d, in the present case woild require a propagation patih of about 15 kinl

through rain of 100 mill hr . Recause, tlee pt I leig nlvth lhrolel heavy or

9
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greater precipitation is only81about i1)- 12 ki in the pre-ert situation, it i5

likely that tlwi'e is a larger proportion1 of Larg(' li-il olate' raindrllops

Whin the cells of htighest precipitat ion IhAi wold! ocu~r in a Marshall-

Palmer dlistribuition. T!his is posible if r'esidual ice( cores aire stabilizing the

large drops against breakuiip.

This remarkable observation of ai con '.1(1 i(e stormr ilustrates sev"eral

featuiires of t he prec ipit at ion i c'rop h sics t hat ii ave been oosc -ved

elsewhere. These include large water drops in the region of the main

updraft, small ice particles that, aggregate and] melt near the 0' C isotherin.

larger ice partcles t hat inewi to hva (8 vv rain a bout I kin below the 0' C
isotherm, and very large ice particles that si irv iNxe to the suirface.

Observations elsewhere have( also shown the effects of differential

at tenuat ion oii neastirelielits of' differential reflect ivit v. blit not ill

Coll]binat ion with all the ot her featutres of, this case.

3.2. Lightning Observations

There are numerous publhvlsle re'ports of the detection of lightning by

radar, dating back to thle 19501s In thle p)ast few- years. efforts have been

made to invest igate thle Spatial 811d teimporal striuctuire and the physical

att ributes of lightning by mieans ofr ra(lMrs. Th'lese incude comnparative

obserx'at ons of hback sca U er frmn lit iiiig at wa velenigth.lis of 5.A and I11 cmi1

andl observationis of thle spat ial (list ribution of' lightnling in a conv'ective

storm with a 70.5 cm radar. 8 At a "wavelg h of I I cm the backscatter

from raindrops is su ficieit ly stiron g thIat ha cscater from lightning

channels cannot be letectedl within the ('Ores Of COTnvctive storms. At

lon ger wavelngths, the decresi iig Ray leigh Ii ac(k scatter from ra in drops.

prop~ortionial to thle inv'erse folirthI power of waveleigt I. permits (lettion of

lightning chlanniels t hiiouiglioi a wtormi. lb' usual mde of obselvat ion is to

point the aittelia toward an elect riciv act iv(' all Ano several iiililtes The

beam of' an I I-cm iradar miuist be elvtdto illuiniate a r'egionu whuere lie

reflect ivity 'factor dueW to hv di'oietcors is less thani about :30 dk/. After

several minutes, typic'ally, the beaiii1 lutis.t be( adjuisited to compensate foi'

Inlovenlilt of the (1el1.



The observations discussed here were inade on 30 urie I 9k7. when severa I

convective storms were within range of the radar. A storin exhibiting
maximum reflectivity of about 50 dBZ at a range of abot 90 kin was

selected for detection of backscatter fromi 1i44hning. I)iring two periods of
7 and 2 inin we observed 20 and 6 lightiiliig events, I('pectiivelv, whi ich are
summarized in Table 2. The radar operated at a pulse repetition rate of
971 Hz, transmitting alternate pulses with horizontal aid vertical

polarization. The absolute and differential reflectivities were computed

from averages of 0.5 sec duration, comprising 256 pulses of each
polarization, sampled each 0.25 sec. Typical lightning echoes are shown in

Figures 6, 7, and 8. The lightning events were characterized by an

enhancement of the equivalent reflectivity factor to 30-40 dBZ, usually
within one sample interval, but occasionally spanning 3 or 4 intervals.

Some long-lasting events exhibited a tendency to propagate in range. The

rangewise extent of these lightning echoes varied from 150 in (the range
resolution of the radar) to 6.8 km. The maximum reflectivity factor due to
hydrometeors was about 34 dBZ during the first series of measurements and
about 42 dBZ during the second, which was at a lower altitude. The

relatively infrequent occurrence of lightning during the second

observational period may have been due either to less than optimum
pointing of the beam or to decreasing elect rical activity in the storm.

These data show some of the complicated characteristics of lightning

channels. For example, the extreme value of differential reflectivity does
not generally coincide with the maximum reflectivity of a given event.

Prior to these observations, it had been speculated that the differential
reflectivity of lightning channels could have a magnitude up to 10 or 12 dB.

either negative or positive, if the channels were predominantly of vertical or

horizontal orientation. We obserx ed differential reflectivity entirely within

the range -2 dB. However, the distribution of values is not random.
Particular events usually exhibited either predonintantly positive or

predominantly negative values, and some (vents had distinct sulbregions of
positive and negative differential reflecti it v . It shouid be e in ph asized that

these results are not conclusiv- with regard to the orientation of lightning
channels. Observations of backscatter from lightnting recorded with higher

time resolution at Massachusetts Institute of Techiology show ;1aI each

lightning event having a duiration of a few tentIs of a secolldi ac(t uallv

12



Table 2. Radar Observations of Lightning, 30 June 1987. Time is given in minutes and

seconds after 1700 EST. Maximum AZ refers to the greatest increase of reflectivity at any

range cell, relative to the reflectivity due to precipitation. Successive time samples

represent intervals of approximately 0.25 sec. Events 7a and 17a denote lightning echoes

coincident in time but separated in range from Events 7 and 17.

Event Time Max.Z Max.AZ Range Samples ZDR at Range

No. (m:s) (dBZ) (dB) cells (0.25 s) max. Z of ZDR

First series (222' azimuth, 6.0' elevation, 9.5-11.0 km altitude)

1 08:37 35 1 3 2 -0.2, +0.2 -0.9, +0.5

2 08:46 37 9 3 4 0.3 -0.7, +1.1

3 08:50 37 4 45 3 -1.2 -1.2, +2.0

4 08:53 34 3 9 1 -1.3, !-1.9 -1.3, +1.9

5 09:00 36 19 26 4 1.2 -1.3, +2.0

6 09:18 36 12 7 2 0.4, 1.8 -0.5, +1.8

7 09:35 40 7 10 4 -0.2 -1.0, +1.5

7a 09:35 37 7 3 1 -1.4 -1.4, -0.3

8 09:44 34 7 6 2 0.4 -0.5, +1.3

9 09:54 35 2 1 1 -1.6

10 10:03 41 14 16 4 (I.1 -0.8, +1.8

11 10:16 32 6 10 2 1.6, 1.7 -1.3, +1.9

12 10:38 36 4 15 2 -0.6 -1.6, +0.5

13 11:03 35 6 8 3 -0.8 -0.9, +0.8
14 11:21 32 1 2 2 -1.3, -0.7 -2.2, -0.7

15 11:33 38 6 12 2 -0.3 -1.3, +0.4

16 11:49 35 6 5 2 -1.5 -1.6, +0.3

17 12:08 41 15 6 3 1.9 -0.8, +1.9

17a 12:08 31 2 5 3 -1.1 -1.1, 0

18 13:27 37 10 7 3 1.6, 2.3 -0.1, +2.3

19 14:00 28 2 8 2 -1.0 -1.2, +0.5
20 14:16 29 3 5 2 -1.9 -2.1, -0.4

Second series (211' azimuth, 3.8' elevation, 5.3-6.6 km altitude)

1 20:37 41 4 4 4 1.8 -0.6, +1.8

2 20:53 36 4 8 3 0.3, 0.4 -0.6, +0.6

3 20:58 41 6 5 3 0.8 -1.1, +0.8

4 21:00 44 3 5 3 -0.3 -1.0, +0.1

5 21:18 33 10 20 4 0.2, 0.3, 1.0 -2.3, +2.6

6 21:33 37 3 5 1 1.3 -0.4, +1.3

13
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comprises several events, each of which has a duration of a few tens of

milliseconds. These short-time events may occur sequentially within

different range intervals or simultaneously within noncontiguous range

intervals. Hence, the observation of differential reflectivity at higher

temporal resolution is an important goal for future research. A new data
acquisition system to be installed later this year will enable us to acquire

data for this more detailed analysis.

4. SUMMARY

The polarization differential reflectivity has been measured with standard

error of estimate about 0.2 dB with the I 1-cm Doppler radar operated by

AFGL at Sudbury, Mass. The alternating polarization of successive

transmitted pulses, required for these measurements, is accomplished by

means of a network of switchable circulators that constitutes a high-power

microwave switch. Radar observations have revealed a variety of

meteorological and electromagnetic phenomena associated with severe

convective storms. Of particular significance are the first observations of

the differential reflectivity of lightning. The observations reported here

emphasize the need for measurements at higher time resolution to discover

characteristics of individual lightning discharges.
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