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Preface

The aircraft instrumentation and operational mode employed in these tests

were developed as elements of the Roug h Rider project , in a joint effort of

National Weather Service severe storms researèh activities; the Adverse Weather

Branch; Aeronautical Systems Division. AFSC ; and AFGL. Speciall7ed additional

support to the lightning measurement phase of the program was provided by A FWL ,

Sandia Laboratories , and the Federal Aviation Administration. Dr . Robert M.

Cunning ham and Lt Col. J. F. Church of AFGL provided considerable assistance

t o the f light measurement and aircraft coordination aspects of the program.
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Experimental Studies of Thunderstorm Electrification

I. INTRODUCTION

The research on thunderstorm cloud physics conducted in Proj ect 8620 was
directed toward an understanding of the number of complex interactions that occur
in the development of electrical charge centers and lightning activity in showers
and thunderstorms.

The original thunderstorm project conducted by Professors Byers and Braham ’
uti 1i~ ed extensive mesoscale surface meteorological networks, radar observations,
and up to five aircraft penetrating storm s in Ohio and central Florida. The results
of this study led to major advances In the understanding of thunderstorm draft,
precipitat ion , and thermal structure. However , flights were limited to altitudes
of 26 . 000 ft . or below , and severe difficulties were encountered in obtaining reli-
able electrical measurements from the aircraft during storm penetrations.

The present study was Initially developed to improve the techniques for elec-
t r ical  measurements  in storms and to extend the measurements to higher altitudes
in and around storms. These techniques represent an extension of the work of the
A rmy-Navy Precipitation Static Project under Ross O.inn et a12 ; the Cornell

(Received for publication 17 June 1976)
I. Byers , H.R .  and Braham , R . R .  (1949) The Thunderstorm. U. S. Govt. Print-

ing Office . Washington , D.C.
2. Gunn , R. • et al (1946) Army-Navy precipitation static project , Proc. Inst.

Radio Eng . ~~ :156 and ~~ :234 .
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Ae ronautical Laboratory work of S. Chapman; 3 and the Naval Research Labo ratory
wo rk of J. F. Clark and associates.

A ve ry active flight program was conducted during the t i m e  period 1961 to
1966 util i7 ing three well  instrumented aircraft : A U-2 . a C-130 , and a F-100F.
Volu minous data , m ostly in the form of oscillographic paper records and film ,
we re acquired from coordinated flig hts In Oklahoma and central Florida .

Short reports on aspects of the data have been presented by Fit sge rald5 9  and
Fi t ?gera ld and Cunningham . 10 Va rious diversions of the anal ysis personnel to work
on other applied Air Force problem s, and the inherent complexity of t he phenomena

have resulted in slow progress . However , the recent acquisition and use of appro-
priate data reduction equipm ent has led to considerable advances in interpretation
of the strongl y time and position dependent field data and of the interrelations with
other features of the storms.

This report surnmari?es the instrumentation developed and Indicates the
electrostatic characteristics of the aircraft used in the program . It is shown that
reliable aircraft electrical measurements can be made during thunderstorm pene-
trations. Som e examples are given of the interpretation of the electrical data in
relation to storm draft , turbulence , and precipit ation features. Refinement s of
these concepts may lead to practical airborne lightning avoidance instruments and
to improved techniques of IFR fli ghts in thunderstorm areas .

3. Chapman , 5. ( 1955) Discharge of Corona Current from Points on Aircraft  or
on the Ground. Report CAL66. Cornell Aeronautical Laboratory, Inc.
Buffalo, N. Y.

4. Clark , J. F. (1957 ) Ai rborne measurements of atmospheric potential gradient .
J. Geophys. Res. ~~:617 .

5. Fits’gerald , D. R. ( 1965) Measurement techniques in clouds , in Problems of
Atmospheric and Space Electricity, ed. S. C. Coroniti , Elsevier Publishing
Co ., Amsterdam.

6. Fi t7gerald , D .R.  (1967 ) Probable aircraft triggering of lightning discharges
in certain thunderstorm s, Mo. Wea. Rev. • 95:835 .

7 . F1t~ gerald , D .R.  (1968) USAF flight lightning research, in Proc. Conf. on
Lightning and Static Electricity, 3 to 5 Dec 1968. AFA L TR-68-0290 ,
DCC - AD 693135.

8. Fit7ge rald , D.R .  (1970 ) Aircraft and rocket triggered natural lightning dis-
charges , In Proc. Lightning and Static Electricity Conf ., Soc. of Auto
Engrs. N.Y.

9. Fit~ gerald, D. R. ( 1974) Electrical structure of large overwater shower clouds ,
in Electrical Processes in Atmospheres, ed. by H. Dole7alek and R. Reiter ,
Dietirich-Steinkopff , Darmatadt , Cermany (in press).

10. FItzgerald , D. H. and Cunningham , R. M. (1965) Multiple aircraft studies of
the electrical properties of thunderstorms, in Proc. Intl. Conf. on Cloud
Physics, Tokyo and Sapporo , Japan.
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2. H.E(:TROST\TIC FIELD MEASUREMENT TECHNIQUE S
FOR HIGH P ER F ORMA NC E AIRCRAF 1’

2. 1 Senior Oiaj actprj st Ic.

Th e development of reg ions of cloud electric charge can be monitored by suit-
able elect rostatic field sensors. These sensors may be use l in pairs to measure
a vol tage difference between two points , separated by a distance d , which can be
Interp reted as VId  E . the average electric field; or an induction technique may
be used di rect ly to measure the field at a point.

Mea surement of voltage is usually done with a high impedance or radioactive
probe. The direct field measurement can be done by chopping the field lines with
a relatively low impedance field ‘mill to generate an AC signal of amplit ude pro-
portional to the incident fiel d strength. Potential measurements can be made to
weaker field levels because of the residual mechanical noise signal associated with
field mi l l s ;  however, the decreased sensitivity of field mills to weather effects and
probable better performance in hig h field conditions suggest that field mills will
provide better resultq if power and weight limitations are not critical. Therefore .
field mills were selected for use in these aircraft experim ents . A typical mill , as
used on the F-100F , is shown in Figure 1. Field mills have been used for electro-
static measurements since the 1920’ s. A review of their operation was provided
by Wadde1l~~ and Mapleson and Whitlock. 12 The basic technique for a flat plate-
type mill is to alternately shield and expose an insulated conductor (stator) to the
ambient field through use of a movable, grounded , conducting cover plate (rotor) .
The charge induced on the stator is coupled throug h a parallel RC network into an
AC amplifier. A cyclical flow of charge through the network to the stator and back
to system ground occurs as the stator Is u nshielded and shielded by the rotor . This
produces the basic signal. Most field mill s also provide a reference signal gene ra-
tor to produce a fixed AC signal which is In or out of phase with the Incident field
signal. These signals are combined in a balanced detector circuit to obtain a DC
output with amplitude proportional to the incident field strengt h , and pos it i ve  or

negative polarity in correspondence with the sign of the incident field .

11. Waddel , H .C . ( 1948) An electric field meter for use on airplanes , Re v. Sd.
lnstr .,

12. Mapleson , W. W. and Whit lock , W. S. (1955) A pparatus for the accurate and
continuous measurement of the earth’s electric field , J. Atmos. Terr. Phys.
7:61.
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F igure 1. F-IOOF/U-2 Field Mill

If field m ills of this type are connected in a circuit whose input resistance
5> >  l IwC , where C is the average input capacitance, then the theoretical ac Sin-

nal voltage available is given by

V peak (~0A0
/2C) E

A 0 is defined as the maximum stator area exposed to the incident f ield E. C is
nor mally selected as between 500 and 1000 pf. Stator areas for feasible aircraft
sensors are in the range 10 to 100 cm 2. The actual si gnal frequency is determined
by the product of the rotor driving motor speed in rps and number of rotor/stator
metall ic segments used in the mil l  construction. Fie ld fr i nging effec t s normal ly
reduce the m i ll output to values less than given by the above equation .

An alternate to the flat pl~ te field mill  is a cylindrical one in which the isolated
conducting segment s on the surface of a cylinder are rotated about an axis per-
pendic ular to the direction of the incident field to be measured .  Refinement s  to this

13 14type device have been discussed by Kasemir  and several of this type have
been instal led and operated on relat ivel y slow aircraf t .  These un i t s  have a

13. Ka semir , H .W . ( 19 51) Die Feldkomponentenmuhle Tellus 3:240.
14 . Kasemir , H. W. ( 1964) The Cy lindri cal  Field Mi l l .  US Army Electronics

Command , TR ECOM -2526 , Fort Monmouth , N . .1 • (DA Task No.
1VO- 1450 1-B-5 3A- 11) .
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disadvantage of protruding a significant di 5R t~ nce above the a i r c r a f t  skin , thus
‘idding drag. It also appears likely that they could suffer sign~u1 1egra d~tion in

precipitation and icing conditions. They have a s ignif icant  advantage of automati-
cally ca ncelling out effects of the field due to local a ir cr ~ ft charge since the signal
pickup electrodes are operated in a differential mode and are rotating symmetric-
al l y wi th respect to the charged a i rcraf t  skin.

The sensors used in this project were all of the flat pla te configurat ion . Sym-
metr ical  mountings on the various aircraf t  were used to s impl i fy  the compensation
for a i r c r a f t charging effects.

2 2  Siting Conilderition.

The geometric shape of an aircraf t  causes the local electric charge density to
vary considerably with position on the aircraft. This charge density is composed

of a component. r~~, due to the net charge on the a i rcraf t  and to another o~~. due to
the charges induced on the airframe by any external electric fields in the v ic in i t .

Id eall y the sensors should be placed so that discrimination against unwanted
field components is maximized. Field mapping techniques using models of the air-
craft in question can be used as an aid in selecting optimum positions.

If two of the sensors can be mounted at locations of symmetry with respect to
an external field component, which are locations also of equal aircraft net charge
densi ty ,  the external and aircraft field values can be separated by simple addition
and subtraction of the two sensor ’ s output values.

For flight measurements in a variety of IFR conditions it is desirable to use
flush mounted sensor housings with the sensitive elements slightly recessed. In-
sta llation s should keep the sensor face para llel to the local airflow so that there
will be no particle impingement or icing of the sensor. The input impedance levels
should also be relativel y low to minimize  leakage effects across the stator insula-
tion.

2.3 AppLication, to Project Aircraft

2. 3. 1 C-l30 SYSTEM

The basic C-l30 aircraft field meter system has been developed to provide
measurement of the x , y, and z electric field components associated with cloud
charge distributions and to provide a measurement of the charge on the aircraft .

The system utilizes four elect ‘ic field meters of the induction type.  These
meters face outward from the aircraft  in the location FM shown on Figure 2. They
are contained within metall ic housings that have a n,o~or -driven cover plate so that
the meters can be enclosed for protection from weather and other hazards until
airborne. The cover plate may also l,e actuated in fl igh+ to provide a zero field

ii
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Figure 2. C- l3OA Field Sensor Locations

conditio n on each meter Individuall y for fl igh t test checks of the system perform -
ance. A block diag ram of the whole equipment is shown in Figure 3. In the original
system . ac signals of am pli tu de proport ional to t he field intensity at each meter
were t r ansmi t t ed  through a cathode follower over a coaxial cable to the computer
and recorder unj t s located in the rear fuselage area . A refe rence-si gnal genera tor
in each head provided a signal used for determination of the polar ity of the incident
field and for a n in f l i gh t  check of system gain stability.

Am pl i f ica t ion  of the ac signal and reference voltage as followed by pha se
detection , resulting in a dc signal f rom each cha nne l wi th positive or negative
polarity, depe nding on the sign of the Incident field.

-u the latest version . completed in 1974 , the ac and reference signals are
combin ed in t he se nsor head electr onic package , a nd onl y the dc signal is sent int o
the computer.

The meas ured e lec t r ic  f ie ld  components are defined in a downward -pointing
r igh t -hand  coordinate system selected for ease of anal ysis of charged-clou d struc-
tu re.

12
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In thi s system a positive field direction is taken as the direction a po sit ive
charge will move in the field. The axes are centered on the aircraft with plus
E di rected longitudinall y along the fuselage toward the tai l ;  pl u s E~ is along the
wing span from the right wing toward the left wing ; and plus 5z i s directed down-
ward. Plus Eq denotes a positive surface charge on the aircraft .

The dc outpu t voltages from the right tip, lef t tip, forward fuselage , and rear
fuselage are related to the field components by the following equations:

V = s (AE — E ) , ( 1)rt rt y qw

V = S ( -AE - E ) , (2)It it y qw

V~1 = ~~ (C 1E~ - B I E Z - Eq ff
) (3)

V ri = Srf (
~ C2Ex - B 2E~ 

- Eqrf
)

where S represents the sensitivity of the channel in volts per volt/cm applied field
and V is the dc voltage from the detector.

The dc signals are then fed into an analog computer. This unit performs addi-
tion and subtraction operations to y ield outputs proportional to the aircraft  charge
and to the components of the external field vector with respect to the coordinate
system defined by the instantaneous a i rcraf t  axes. These outputs , to the first
order effects, are as follows:

V = 2 ~~~E , (5)
q q qw

13
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V ~ (E - I-: ) (H  - H ) E - (C  + L 1 E 1 
•x \ I 

~~~ 
q ff 2 1 z 1 2 x

V = —25 Al- . , 
( 7 )

V V V

V = S I (C - ~ I I :  4 (H  H I i:  l ,
Z 7 2 I 7- 1 2 z i

+ -
~ l i i - ;  F: I —2 F5 E . (8)

qff qrf q qw

w h e r e  1’ in Eq. (8) is an i n - f l i gh t  I c n t r o l l ; ) l e  a d j u s t m e n t  t~ null out the effects of

a i r c r a f t  cha rge  on the  m ea s u r e m e n t  of V 7 .

Neg lecting di f ference  t e r m s  in t h e  a i r c r a f t  c o e f f i c i e n t s , Eq. (6) becomes

V = -S (C + C 1 E .x x 1 2 x

When the value of F ii i  Eq. (8) is  ad jus t ed  in f l ig ht so that  is independent of

changes i n the a i r c r a f t  charge. Eq. (8) maw be wr i t t en

V = S (B B ) E . (10)
z z 1 2 z

The voltages indicated in Eqs. (5), (7), ( 9 ) , and (10) are u sed to operate

meters for visual indication of field effects and also are routed to recorder chan-

n els throug h appropria te scaling resistors . A ground ca 1i1 r~ t i a o  of the whole svs-

tern is achieved by apply ing known f ields  to ca l ibra t ion p l a te s  : t t ;uch ed  to the  input

sensors a nd relating these to recorder trace  defle , ’tions.

‘~ gyro-cont rolled coordinate t rans format ion  system has been instal led to con-

vert the E and F channel outputs from the a i r c r a f t  axes to ro l l - st ab i l i zed  axes so
y 7

that the E and E
~ 

components are  hor izontal  and ver t ica l  r esp e~ t i v e ly ,  whether or

not the a i rc raf t  is in level flight .
A fi nal computation state involves re etangul a  r-to- polar coord in a te  converters

so tha t  the direction and magnitude of the field vector in the three coordinate planes

can he seen i n flight and used to alter course as required to inves t iga te  the indi-

cated charge centers or to avoid p robable areas of l ightning or s tat ic-discharge

activity.

2. 3 . 2  F - I O OF  SYSTEM

The electronics for the Input stages of this system were fabr ica ted  using sub-

m i n i a t u r e  vacuum tubes and ruggedized construction since the  intent was to make
thunders torm penetrati ons and oht sia data on the character is t ics  of l igh tn i n g  st r ikes

to the a i r c r a f t . The fuselage structure made it impract icable  to locate two sen-
sor s on the lower fuselage. The three sensors used were positioned as shown in

14



Fi gure 4 . The : r t u i a l  - o r u f i g u i r a t i o n s  used are shown in F igu re s  5 and 6 , si n ce a

s i mil ar a r r : u n g u ’u n e n t  could be applied to other a i rcraf t . The electronics package
show n in Figure  7 was mounted in a left gun bay.

Figure 4. F- 100F Field
Sensor Locations

iiiliii ii-
Figu re 5. F- I OOF Wing Tip Field M i l l
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Wi th three sensors as positioned . i t is not possible to measure  the field com-

ponent E~ 
along the flight direction. However . E~ . E 5, Eq can be determined in

the same manner as described for the (‘-130 i nstallation.

2. 3 . 3 U -2 SYSTEM

The ini t ia l  U-2 system used from 196 1 to 1963 included a modified two channel

a mplif ier  s imilar  to that described by Cla rk.4 and a top and bottom fuselage

mounted field mill in the equi pment bay areas to the rear of the cockpit. A field

strength indicating meter and 10 position range switch was installed for pilot use.

The system was revised in early 1 964 and configured in the same general manner

as the 1 - 1 0 0  system except that more gain was used in the ac amplifiers since

fields to be measured above storms were weaker than those expected in the s torm.

It w a s  impracticabl e to use wingtip sensors , so the two side-facing units were

mounted symmetricall y on the sides of the engine inlet fa i r ing s. as shown in Fig-

ure 8. The lower fuselage sensor was mounted near th e nose of the a i rc ra f t . The

fuselage shape in this area can be readil y approximated by an ellipsoid , so it was

possible to make good calculations of the external field augmentation factors .~t th is

location.

Figure 8. U-2 Field Sensor Locations

2. 3. 4 RF4C SYSTEMS

The U-2 and F -I OOF systems were recently re furbishe d and in st a l l ed  on H F-4C

a ircraft to prov ide high altitude elec t r ic al measurements in su pport of the A pollo-

Soyiaz Test Program. The horizontal sensors were installed facing outwards on both

sides of the fuselage, ahead of the engine inlets . The vertical sensor was on the

lower fuselage center line in the same vicinity. The electronics were near b y in a

forward equipment bay. Data readouts were provi ded to meters i nst alled in the

rea r cockpit.
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2.4 Field Augmentation (onaideration~

The introduction of a conducting bod y, such as an a i r c r a f t , in to a region of
space con ta in ing  an electric field will d i s tor t  t h e  field l ines.  The field wi l l  he
concentrated in a non-uniform m anner , with the largest f ie ld  intensi t ies  o c c u r r in g
on the regions of smallest radius of curvature , such as pi tot boom tips and wing
tips. Thus , i n order to measure the ambient ~true ’ field from the a i rc ra f t , i t  is
necessary to compensate for this field augmentation effect. I’he irre gular  shapes
of aircraf t and the fact that the measured fi.~!ds at a par t icular  site wi l l  depend
both on the large-scale distortion and on local details of the housing and sensor
geometry make it unwise to rely on theoretical electrostatic calcula t ions  for the
f ina l  evaluation of the augmentation factors.

In this  program theoretical calculations using c y l i n d r i c a l  and e l l ipsoidal  models
to approximate portions of the airframes were made. The large scale , clear a i r ,
field pa tterns of thunderstorms were used to cross calibrate relative augmenta-
tion factors through a series of formation flig hts. Laboratory measurement s were
also made of localized sensor housing augmentations. A best f i t  combination of the
above techniques was then used to assign numerical values for each ai rcraft . The
factors determined are shown in Table 1.

Table 1. Sensor Housing Augmentattons

Ai rc ra ft  A B C

C-l3OA 21 2 . 2  5 .5
F-ZOOF 8.8 1.1 - -

RF-4C  1.5 1 .4  --
U -2  0. 6 1. 7 6 . 8

In the above , A is the factor for the field component along the wing spa n . B is the
factor for the lower fuselage augmentation of the vertical f ie ld  component , and C
is the factor for the lower fuselage augmentat ion of the component along the fuse-
la ge. This factor changes greatl y wi th position of the sensor on the fuselage. An
i l lus t ra t ion of one check of the 1- - lOOF val ues is given in F igure 9. The flight was
conducted below a thunders torm cloud base over the  ocean , off Cape Canaveral .
Flo rida . The t rue fie ld was believed to be largely ve rt i ca l .  H ig h angle banks were
used to m a i n t a i n  the desired flight  pattern, thus  result ing in both E~ a nd E

~ da ta
values , When the roll s t ab i l i za t ion  equat ions seen in the f igure  were applied , the
t rue  field was confirmed to he ver t ica l .  Flight data e lec t r ic  f ie ld s  given in th i s
repo rt have been corrected in accordance  wi th  the fac tors  l isted.
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F-  IOOF SAMPLE CALCULATION : FIELD COMPONENTS
AND FORM FACTOR CHECI(

ROL L TRANSFORMATI ON EQUATIONS NO PITCH

COS $ — E~, SIN 13

E~~
. E ’~ SIN 13 + E~ COS /3 1’ igu re  9. F- l OOF Low

A l t i t u d e  A u g m e n t a t i o n
Factor (‘heck

2 DATA

PASS 2 5 SEC BEFORE LIGHTNING ; IN 59 OEG LEFT TURN

AE ’ -2440 V/ CM A~~8.8 E; -278 V /CM

BE~~’ - 155 V / C M  B’I. t E~~ ’ — 1 6 8  V / C M

APPLYING EQUATIONS: E~~.- ?4 3  + i44~~ 0

E~~. — 2 3 8  -86 • —324 V/CM

3. TH I -NDE RSTORM FIELD DATA

3. I Operationi and Instrumenta tion

The C - l 3 0 . F - l O O P . and U -2 normall y attempted to fly joint coordinated
passes arou nd , through , and over selected thunderstorms during the lightning test
phase of the Rough Rider  project. FAA controllers were detached to the project
to arrange a i r  space clearances and most importantly to exercise detailed control
of the test aircraf t  in real ime so that the aircraft could line up and be working
the same area of the same storm.

Ground and C- 130 a i rcraf t  radar displays were photographed for each storm
and on-board cameras were used for cloud structure documentation from each
a i rc ra f t . In addi t ion  to the electric field measurements , a number  of other fl ight
da ta and cloud physics parameters were obtained. Temperature and acceleration
da ta were available from all a i rcraf t . The F-IOOF had additional gust vane , height
change , pitch . and elevator position measurements so that gust and draft  calcula-
tions could be made.  The U-2 had a downward lookIng . 8 to 13 micro n , inf ra red
system with a two degree field of view for storm top temperatur e measurements.
The data were linked through the Eastern Test Range t ime cod e transmissions
recorded on all a i rcraf t .
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3.2 V alidity of ln•Storm Data

A primary concern of the investigators of thunderstorm electrification has
been the validity of dat a acquired within storms. Water . either as droplets or
ice form s, is well known for its propensity to separate electrical charges upon
impact with aircraft or rocket surfaces , thus possibly distorting or Invalidating
measurements of ambient field patterns. In addition , the high field conditions or
surface charging of the test vehicle by particle impact . may result In corona cur-
rents from high curvature locations which might affect the measurements.

The symmetrical locations and flush mountings of field mills as used in this
program are believed to have substantially reduced the influence of such effect s on
the measurements to be described. A good check on symmetry ba lance and decoup-
ling of the field component s from the aircraft charge is provided by exa m i nat ion of
the transient field data obtained during lightning strikes to the aircraft . An ex-
ample of the analog magnetic tape playback for a strike to the F-100F is shown in
Figure 10. The top traces is the vertical field , the horizontal is in the center .
and charge is at the bottom of the figure. It is seen that the horizontal component
of field was largely unaffected by this strike and that the aircraft charge undergoes
large excursions without affecting the external field components.
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Figure 10. Decoupl ing of Field Components During
Lightning Strike

The effects of corona on the measurement s is manifested by small sawtooth
modulation of a data channel. The amp litude of the field is not greatl y affected by
the corona and it is easily possible to interpolate a static field value through the
zone of disturbance.
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Corona events were rarel y encountered dur ing  the st r ip s  of storm fl ig hts.
The a i rc raf t was equipped with a number of wick d ischarges  and had curved
a lumi num rods project in g about 50 cm to the rear of the wingt ips  as pa rt of the
l igh tn ing  cu r ren t  measurement  systems. These i t ems  would all  act to d i s t r i bu t e
the main  corona current s s y m m e t r i c a ll y  to the rear in the  a i r c r a f t  w a k e , t hus
havin g l i t t l e  effect on the  transverse field measurement .

3.3 (,eneral ch aracter of Thun derit tor m Field

3. 3, 1 SU1~FACE A N D  LOW \ I~TI TUDE CONDITIONS

‘~u r f a r e  measurement s from point observations or networks  of e lectr ic  field
sensors indica te  complex but ra ther  sy st ema t i c  a l terat ions  of f ield as storms deve-
lop near or move h~’ pa r t i cu la r  locat ions.  The f ie ld  intens i ty  and the d u r a t i o n  or
occurrence  of 7ofleS of field d i r ect iona l  reversals w i l l  depend on the in t ens i ty  of the
d r a f t  s t r uc tu re; on the in-c loud and sub-cloud p rec ip i t a t ion  patterns;  thei r  locat ions
wi th  respect to the  f ield observation point ; and on the storm cloud development  and
t r a n s l a t i o n  in  response to the atmosp her ic  wind  pattern.

In v iew of present interests in us ing  the earth’ s e lec t r ic  f ie ld for  var ious  in-
expensive  R P V  and mi s s i l e  a t t i tude  sensing techniques , several examples of dat a ,
acquired  in th i ’ i  and a prev~ous stud y of s torms w i l l  he given to i l l u s t r a te  t yp i c a l
fe- h ir e s  of l - h t -  s torm pat tern n e a r  the  p r t - i i i nd . T he  fo l lowing  group of seven f i g u r e s ,

15reproduced in part f rom 1- t ? p I r a l d , are from a rada r an d  eight ~it:ition surface
f i e ld  meter network study conducted near the U n i v e r s i t y  of I l l i no i s  a i r por t  w i t h  the
a s s i s ian c ”  of the I l l i n o i s  S tate  \V ater Sur v , ’v .

F ig u re s  I l  nd 12 ind ica te  sing le station data on t v p it : a l  patterns associated
w i t h  f a i r l y  weak convective clouds passing near the station. Figure 13 illustrates
amp li t ude and phase differe nces in f ield max ima  and m i n i m a  observed when the
time series data of four stations were combined. A multi-pole analysis for charge
groupings above a c~and i i c t i n g  plane  represen t ing  the e a r t h s su r face  was car r ied
out . The monopole m d  di pole t er m s  lead to an expression for the vert tca l  f ie ld
component as s,’, ri in F igure  14 . The resul t ing  pattern on the ear th  is seen in Fig-
ure 15 for a particular t i l t ed  charge d i s t r i b u t i o n  and cloud motion tha t  approximates
the  observed data  of Figure  13. The theoret ical  t i m e  series is seen in the lower
portion of F igure  13 . A pparentl y comp lex f ield  pa t te rns  can f r equen tly  he approxi-
ma ted by is model cor l . s iu ’i t in g  of a number  of these separate tilted dipolar charge
clusters each imbedded in or near  the  edge of cloud preci p i t a t ion  radar  echoes and
moving past th e observation point in accordance with the c loud- leve l  wind f ie ld .
Gener ii l lv s i m i l a r  patterns are found d u r i n g  cloud pene t ra t ions  and i n t he c l ea r  a i r
:,hove storm s.

15. F i t i g e r a l d , I) . R. ( 1957 ) Some theore t i c a l  aspects of the relation of surface
e le( -t r i e  f i e l d  observations to cloud charge d i s t r i b u t i o n s , .1. Met.. ~~:5O5.
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Figure  11. Surface Field With Weak Squall  Line Passage
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Fi gure 15. Tilted Dipole Field Pattern

The presence of in-cloud field breakdowns or i ightning i s seen p r i m a r ily as a
transient modulation of the quas i - s ta t ic  field pattern as it moves past a station. An
exa mple of these field changes during a weak thunderstorm passage is seen in 1” ig-
ure 16. Elect r ical  activity in the storm would not have  been noticed through con-
ventional weather  observations, since no lightning was observed . Such charged
cloud structures may readily produce isolated l ightning strikes to aircraft  entering
the cloud as will  be seen in the following section.

More active propagating storm systems display short period in tense  positive
and negative field alterations which maintain considerable pattern s imila r i ty  as the
charg e concentrations move across a station network. A good example is shown
i n Figure 17.
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Figure  16. Sur face  Field With Nearby Weak Thunders to rms

3. 3. 2 Sr O I I M  FLIGHT I )A T A

3, 3. 2. 1 (lear Air Examples

F i e l d  measurements during clear  a i r  f l ight  near  the sides or above thunder-

storms ran he used to locate zones of increased storm lightning hazard. In flight.

aU three component s of the electric field vector can be measured.  Thus it is
possible to construct  a bearing to the centroid of charged elements contributing to
the field. This d i rec t ion  wil l  change along the f l ight  path as the charged elements

in the s torm v a ry  in i n t ens i ty  and location in response to the d ra f t  and p r ec ip i t a t i on

time history at particular locations in the storm.

I l l u s t r a t i ons  of the field variations are given in Figures  18 and l~~. 1- igure 18

depicts the two dimensional (Z, ‘I I  field vector t ime -d i s t ance  pattern dur ing the
C - 1 3 0  t ake -o f f  and early climb in the vicinity of a large nearhy thunderstorm com-

plex. Each vec tor indicates  the direction to the left or rig ht and above or below

that a pn~ t I ’  charge would move in the inst a ntaneous electric f ield.  The magni-

tude of the field is given by the length of the verh-~r . The initial disturbance is the
normal apparent  field variation : the a i r c r a f t  leaves the ground. In i t ia l  c l imb was
und er the main negative charge zone of the storm. The a i r c r a f t  then turned and

came out under the positivel y charge I lower anvil region as shown by the vector
reversal in direction.
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I l i g h t  i t  h i g h i l t i t n I t  ( 1Ol iL ~ ( Ii - I I L ~~r *  of a F I -gi’ th I lnde’r -4 t o T n ,  I S  shown  in  I
u r e  1!I . It i n - I ,  I r s  a cornpo sit . ’  I ’ 1 1 I  r - L i i -  l ’ n i l s s — s , ( t i o f l  i I ( I 5 t i ’ I I t I . i I  f r o m  t h e

n - i v i g I l t i n n : i l  r a d a r  * 1 t i  on I I , - ( ‘ — 13( 1 an d  t h e  I - I - I l l  i - e l a t ion  I i  f h -  three c~~~t . r ! I i~

* 
f i e ld  co n~ponents.  It  ( - i n  he seen t h a t  f i e l d  m a x i m a  in  II , - v er t i c a l  component  I F )

and the w i n g — s p : rI di r e nt e d  component  I occur neI l  r t h e  same t I n - s  and 3 I i ’  t h e
Zero cross — Ov e r  no ni l o t w e e r i  t h i  ( 1 2 L S I I 1 V P  2 1 ( 1  po si t i v e  n 1 a x i m ~~ s of I l l . -  f l i g h t —
d i r e c t i o n  component  ( ) - ; ~~I . These ?( ‘r ’ ( I  c r o S S O v C ’ i S  in  ( E 1  r -p i ’ ( - 4 ( ’n t  a p p r o x i m a t e
p o s i t i on s  of centers I ) f  (‘X(’(’SS charge n~ i- t he  ( ‘ — 130 f l i g ht l e v , - l  and  the maxima

and m i n i m a  in E i t t ’  approxi  m I t e  hounda r i e s  of t he  most  s i g n i f i  - ; i i i t  -ha  rgr ’  zones

I t .  r the  I I  r I  r a f t . In t h i s  c ase , so u t h e r n , i t - m i t t ’ i I  . and ri or t t i i -r n  cha rge  con ( ’Pf lt  m l  —

t i ons  ar e  i n d i c a t ed f r o m  the 1 1 ( 1 1  r a i r  f l y — b y  I - i t :  and are genera l ly  c o n f j  m u - I  by

the  m o n -  compl j ( : 1 1 0 ( 1  ~t m i l l - f  I re  found  in  the  s t I l r ’ n l  on the I- — lOOF penetra t ion.

[— 2  dat a t a k e n  above sto rms  im ~~n a f l  v i n d i l a t l s a I I  - I t  rn  vi ny s i m i l a r  t~ tha t
shown i n  Sect  n i l  3. 3. 1 fo r  s u r f a c e  f i e l d  d i stu rbances u n d e r  s t I m n I ~~.

F igu re  20 i l l u s t r a t e s  an ap p a r e n t ly  s i m p le d ipola r  t yp e o sc i l l at i o n  ob s e r v e d

on a pass ( l ove sma l l  develop ing thunders torm over th e  ocean. The 1 -  1001”
t ’n t t ’ m i ’ i l  t h e  sto rm ~ 0 km shortly a f ter  t h i s  pass and t r i g g e r e d  a l i g h t n i n g  e ve n t  in

the center of the .s t l) i - n l .  Posi t ive  charge  w.c-~ removed f r o m  the v i c i n i t y  of the
F-lOO t ’ and , as s c - I n in t he f igure , n e g a t i ve charge was removed f rom the upper
cloud region .  On the subsequent I l i s s . another  l ightning event was observed near
the m I - r I f t , t h i s t im e  positive charge was removed from the v ic in i t y  of both
ai rcraft . Liv the final pass, the field It [— 2  a l t i t u d e  had dropped to * 3 k\ /m
although the field at F-100 a l t i tude  was s t i l l  up to 40 kV/m peak values. No li ght-

ning was nl , sc ’ rved oIl this pass.
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The inf ra red  sensor data for s torm over f l ight s  has been used in con iun ct i on
with polynomia l  approximat ions  to r diosonde soundings i n the st orm v i c I n I t y  t o

calculate t empera tu re  height profiles for  the  st n r n  tops .  When :irnpe r account is

taken of the normal ai rspeed var ia t ions  that occur , it  ‘a possible to map  a f a i r l y
I cl -ora te  profile of the storm geometry. 1- igure 20 also illu si r- ~~t the  s t r i c t u r e

i n relation to the field pattern . The newer , developing \~ portion of the stor~ - .
repo rted by the pilot to be bui lding rap id l y , is seen to  have excess p o s it iv c  cha rge

below the 17-2.

3 . 3. 2 . 2 Storm Penetration I I . t a

In terpretation of the complex field patterns observed w i t h i n  s?orm s  has re-
quired anal ysis of a number of passes It  H i f f c ’ r , - r m $ i l t m tj d e s  md stages of -t o m  ri

develop ment to unravel the details of the variatIons. The ~t ru  c u re  ‘uc ~ r 4. Fi km
al titude can be examined with reference to Figures 21 and 22. These i l l u st rate
rela tions of the vertical field component to the cloud l i q u i d  water  on t e n t  m d  pre-
cipitat ion features at this  al t itude.  T h e  C- 130 followed the F -  h OOF throug h a
vigorous congestus cloud embedded on the southwest f l ank  of a n  a b le r  t h u n d e r-~~orni

mass on the first of these passes. Accc ’lera tion and d r m ~t dat  f rom the F- 1001-’
indicated the passes were more active than the average t h u n d e r s t o r m  pass. The
(‘ -130 experienced up to 25 knot indicated airspeed fluct i , t i  ~~ wi th p i t c h  var ia t ions
of about * .5 deg from flight normal. The time-lapse colar  pho togr aphy  indicated
the N E  side of the  P1 cloud was very dark.  Heavy prec ip i ta t ion  was encountered
in  t he central downdraft area. It was followed by l ighter  cloud in the S\t exit area.
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l- ’ i g ur e  21 l l , i s t  n : i t e s  t h a t  t h e  - - c  m t i c i I  f i e ld  p r o f i l e  on th i s  p i s s  w a  d i r e c t l y cor-
n.’1 t e l  ic m t h  t h i e  (-loud l i q u i d  w at e r  cont c- it . The negat ive  going f i e l d  rel t a ’s  to the
u n i t ~ al small  drop let pickup by the hot wi re  L\’ C probe , p r io r  to a c q u i s i t i o n  of

1 irge n drops on the paper tape IV .  C meter. Then , as the la rg er droplets beg in
t o  a ppear , th e field reversed to p o s i t i v e . The vertical field trace follows the same
p a t t e r n as t l i . t for t I  liquid w a t e r  content. The horizontal field component m di-

excess n e g at i v c ’  charge in the s to rm radar precipit ation core. The aircraft
chargi ng -c .s w e a k ly  neg I t i v i ’  in this zone , sug g e s t in g  t r ans fe r  of nega t ive  cha rge
from the cloud droplets and r a in  to  the aircraft on impact.

The e x a m p le indic it c’s that the positive over negat ive  charge o r i e n t a t i o n  in  the
pr ecipi t at ion /c loud  l iqu id  wate r  region at 4 .5 km in  t l i i ~ cloud shou ld  he inter-
preted is e s t abl i shed  by excess nega t ive  cha rge s  on t hi - drops and drop lets present
near  and below f l igh t  level . The excess posi t ive  charge is considered to be h ig her
in t he cloud , proba b ly residing on the snow.

The second examp lo . as shown in  F igure 22 , i l l i * ~t m  te~ the large incnr’ .se of
field and the  field d i r e c t i o n a l  reversa l accompanying the  convers ion of the  cloud to
solid preci p i t a t i o n  forms . This pass from SW to NE was t h r ou gh snow showers
w ith  g r I i m p e l  i n  the n i t i . m l  region with some r a i n  shower  a c t i v i ty  to t h e  N E . P i t  ir es
prior  to e n t ry  m n d i c - it ed  heavy p r e c i p i t a t i o n  reaching the ground. In the region of
strong negat iv e  over p o s i t i v e  charge o r i c r l t I t i o r i . no l i q u i d  wa ter content or ic ing
was observed. Confirming results of the f i rs t ox imple , the positive field zone in
t he nor the st was  t he onl y region of l i q u i d  w a t er  content  i t  4 . 5 km.  The a i r c n a f t
charging was posit ive in the f i r s t  snow shower d o w n d r af t  region, t end ing  to zero
and slightly negative in a central updr aft 7irne; then becoming strongly negative in
the region of new cloud growth. The n e g a t i v e  f i eld peak val .es corresponded to

* maximum relative humidity values i n th e snow reg i on , suggest ing inc reased  i - v i p -
ora tion in the t r a i l s  f rom concent r at ions  of f a l l i n g  snow. The field is in te rp re ted
as due to excess posi t ive  charge  on t h e  l a rger  precipitation elements near and
beneath the a l r c n - f t . wi th  residual  nega t ive  excess charges  on hi gher Ind s ma l l er
ice pa rticles . The same type of s t ruc tu re  and equ i va len t  f ie ld  va lues  i i ’t ’ found i n
high al titude flight through active thunderstorm anvils containing p r ec ip i t i t ln g  snow .

A s  a final e x a m p l e , the use of e l ec t r i ca l  m e a s u rem e n t s  in l o c a t i n g  rn i nn  cen-
t e r s  of s to rm c t l v l t v  w i l l  he i l l u s t r a t e d  th rough  a n a ly s i s  of ii 1 lr g e  s u m m e r - t i m e
Flor ida t h u n d e r st o r m  aggregate  located 40 to 50 nra SW if ‘ t r i c k  \FB. In be-
r iving the da t , , n u m e r o us  r ada r  composi te  c h a r t s , a i r c r a f t  f l ig ht t n ~i , k s , and
cl oud photograp hs were prepared to establish the ove r ill storm confi guration.
Three long N-S lines of em imu lonimhmis a c t i v i t y  were present , w i t h  adjoining
l a y e rs  of altocumujijs and s t r a t ocu mu l u s  at m id  r I n d  lower  - a l t j t I l l c s .  Extens ive
cirrus storm a n v i l s  a nd organized h u e s  of cumulus and cumulus conge stils were
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associ ted w i t h  t h e  storms.  ‘I’he cloud bases a e r . -  near  1 km and t h e  tops were

about I I  k m .
t ) e t a i l a - l - a l c u l a t  mc— of a-It t n c  fields and cloud top infrzs red t a - ap e r i t  i r a - s .

were made for eleven tT-2 passes over the St o r m . A summ a ry  of ‘t~1S data is gi ’ en

in  ‘i’ able 2. It should he noticed tha t  large pos i t i ve  and n I - i ~~i t I v e  field va1uie- ~ were

ot i s t ’m - v e d  above the s torms.  A t yp i ca l  profi le  is seen in J- ’igu re 26. Storm pen --

t r : i t u o u I ’~ were  m ade by the 1 — 1 0 0 1 -  at nominal  r , 8 km pressure  a l t i t u d e .  Six passes
were made through the samegeneral  a r e a of this s t c i r r i i .  A n  a d d i t i o n a l  f our p asse s  w e r e

made t rough  nearby storms. Electric fields , accelerations, vertical relative wind .
aircraft height changes and free air t e m n p r - ± t i r a were  calculated for some of the
p s s es . Tha-’ a i r c r a f t  received a strong lightning strike on the nose during the first

pass through a r a d a r  cell measur ing  15 km L-W by 25 km N-S. The 17-2 cloud top
me - i s u r a r n e r i t s  i ndicated 14 km to 14 . 2 km JR tops in this cell . Visible tops  w e r e

probably I to 2 km above the IR tops since on the 5th pass the 17-2 wen * thro ugh t h e
edge of a plume  extending to at h- st I i .  9 km.  The cell expanded and merged w i t h
ot h e r  o - t i t ’ i t v  to form a W S R - 5 7  radar echo 40 km E - W  by 75 km N-S by the t i m e  of
the fourth pass.

The penetration flight data are summarized in Table 3. The l i gh tn ing  s t r i ke  on
l ’ l  r -esu lted in a t r ans i en t  field change of - i f l s  k V / m  in the ve r t i c a l  f i e ld  component ,
sugges t ing  excess po si t i v e  charge above the aircraft was removed in the strike. The
cell at th i s  t i m e  was in  a n  early m atu re  stage with  strong updraf t s  present and a
l a r g e  warm ther mal anomaly  due  to release of la tent  heat. The ve r t i ca l  field at

f li gh t  level i ndicated a posit ive over neg at i ve charge or ientat ion for  most of the pass
as can he seen in F igure  2 -b , which shows relations between the field , vertical mo-
t ion , and t empera ture  for the pass. The E

~ 
and E , componen ts have been cor-

rec ted for roll and are shown in perspective fashion in F igure  24. Each vector
o r i gt n  is a pori t ion  on the diagonal flight path. The vectors are  in the  1- , E~
plane i t  each locat ion and ind ica te  the direction toward excess negative charge
cent roids . l ’ilo t comments are also indicated . Detailed analysis suggests that
this data may I c -  interpreted as f6flows.

The i n i t i a l  plus over minus  reg ion  was associated with excess posit ive charge
in the lower region of a snowing anvil overhand. The field then became horizontal
as the a i r c r a f t  neared the congestus buildups to the ri ght. As it entered the new
northern growing side of the cell , negative over posi t ive charge was found . This
was a zone of intense concentration of small  supercooled water droplet s in a strong
updraft. Further into the older storm region , mixed-phase  precipi ta t ion was pre-
sent in the  draf t  with a positive over negative orientation , wi th the vectors indicat-
ing main  p rec ip i t a t ion  a r e a/ r a d a r  cores below and to the right of the a i rc ra f t .  The
ma jor sus ta ined  updraft area was toward the southern end of the cell in the region
of max imum field vectors. New congestus buildup act iv i ty  was found on the sout h-
ern edge in the region of field reversal to negative over positive and in the new
growing cloud area to the south ,
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Figure 23, l - l e ct r i c  F ie ld , Draft , and Temperature - Pass 1
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F igure 24. Electric Field Perspective - Pass I

A nother of the passes contained some particularl y in teresting examples of
field correlat ions with storm s t ruc tu re  that  are i l lustrated in F igures 25 and 26 .

F igure  25 indicates  the observed re la t ions  of the ve r t i ca l  electric field , the

ai r t empera ture, the relat i ve ve rt i cal wi nd component , and the a i r c r a f t  height

change on a ~ to N pass. The + l~~ zone in the center of the  cloud is seen to be

p r i m a r i ly  in a region of ib oit 5 to 9 msec updraft and progressively warming a ir

temperature. The sharp transition from posi t ive  to minus  E
~ 

occurs in the shea r

zone between up and down rel;ativ - wind s a t  a near zero draft  veloci ty .  The f i r s t

peak negative field occurs in the central  upward relative wind zone of about 7 m~ ec.

The field then tends in a p o s i t i v e  d i r e c t i o n  f r o m  i ts  n e g a t i v e  peak of about -50 k V / m

to abou t -20 k V f r n  w i t h  the thermal maximum of -26. S”C and the edge of the next

downward cel ia e w i n d  7One. The f i e l d  tends to increased  nega t ive  values

with the col lc-r a i r  at about -32” (  and a near zero draft  velocity. Two subsequent

sho rt d u r a t i o n  negat ive  peaks a re  seen to occur with sharp upward  increases in

r e l a t ive  wind on the edges of a 1 . 5°C warmer  temperature  anomal y.
Ihe main features of this field pat t e rn  were also observed in the clear a i r

above the storm. Figure 26 indicates the U-2 and 1-  lOOF f ie ld data , the i n f r a r e d

cloud top profile, and the radar cross-section intersections with the vert ical  plane
containing the flight t racks.
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T- igure 25. Electric Field, Draft and Temperature - Pass 4

It is seen that the main  zero crossings and field m a x i m a  of the two patterns

converge in the region of the principal radar echo core at high alt i tude and the cen-

ter of the precipitation region shown on the Ai r  T ra f f i c  Control radar. From Fi g-

ure 25 , it i~ also seen that this was the region of maximum thermal  anomaly and

turbulence encou ntered on the pass. The c lear-a i r  flyby data from the C-130

also indicated maximum electrical activity in this  po rtion of the extensive cloud
mass,
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1- igure 26. Cloud Geometry, Near-Simultaneous Electric Field In and Above
Storm - Pass 4

It has been shown that properly located elect ric field sensors can be used to
:il,iain r e ; i l i ~ t i c  da ta  w i t h i n  s torms, The m a i n  fea tures  of such data correlate  well

w i t h  s ir . i l t ane ou s  observat ions taken outside  the visible cloud boundaries .  Thus

when t h e  i n - s t o r m  fi e ld  patte rns have been proper~v related to the prec ip i ta t ion ,

draft and thermal patterns , it becomes possible to interpret  the c l e a r- a i r  f ield

s t r ur t u r t -  in terms of prohible in-storm conditions that would be encountered if a

storm p e i c a - t r a t i o n  were  made at par t icular  points along the field pattern .

Some of the  complex re la t ionsh ips  between storm parameters  and electric

f ie lds  have been i l lus t ra ted .  The field polarity and detailed development of a

pattern observed at a pa r t i cu la r  a l t i t ude  is direct l y re la ted to d e t a i l s  of the draft

at r -a c t u r e  and to the local l i q u i d / i c e  water  content .

l ghtnii ig events were of ten  associated with boundary zones between fairl y

small -200 to 500 m- regions of charge concentrat ion.  Pene t ra t ion  of large,

f a i r l y  u n i f o r m , zones of 50 tu 100 k V I m  fields associated with prec ip i ta t ing  snow

normal ly  did not result  in l i g h t n i n g  events. It appears  that  the localized charge

s ingu la r i ties r s t  h u s h e d  by the smal l - sca le  motions and precip i t a t ion  patterns are
of most importance in the a i r c r a f t- t r i g g e re d  l i g h t n i n g  phenomena These ton es

m ay  p er s i u~t for 10 to 20 mm after the generating processes In the area have , a - a s c i i .

~or i i e  of t~ie l igh tn ing / s ta t i c  discha rge events to normal  commercial and mili-

tary f lights  may  he associated with these zones, If the normal  cloud pc a i c - t r t i on

airborne r a d : a r  t echn ique  of going through a present weak-echo reg ion  is i sa - f t . i t

should he noted that this region may have been a previous ii-tiv ~ storm region ,
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thus estab’ishing a i h l i r I ~~ c - onc c-n 1 r a t ion which could break dowr~ upon a i r craf t
ent ry . \n  improved version of t h e  C-l30 a a - ’  I i i - f i e l d  s y s t e m  used in t h i s  pro-
g r a m  could he developed n m c  r i i I i r i i a~ real — t ime direc tions of charged -b o a -s  in  the

a 
\ I i  i n r t ~~

- of the  a i r c r a f t , t h u s  aid~rr 1~ ri the -~ a- r l  ion u c f  o p t i mu m  reg i ons for I I- il
penetration for those aircraft that i-nay he d v e r s c - t v  a f fec ted  1i~ a s t r ike .

\ l u c n~ ta  i- ~ of t h a -  i~~ h r t n i n g  strike low f r e qu e n e~ field behavior  and of the
s t ruc ture  of the charge centers  encoun te red  by the  p - n a - l m - ‘ u - r u  I !  n - r a f t  could not
be incorporated in this report. In v i e w  of renewed I ot i -  rest in i i  r r r i f t  - l i g h t n i n g
) n t r r a c t r a n s , it is recommended that  f u r t h e r  an a ~v s l s  of t b - se  aspects  of t he  ( x i s 1 -

ing data be undertaken.
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