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ABSTRACT 

In 1979, Voyager I provided the first strong evidence for the 

existenc~ of lightning on another planet. Two pictures taken while the 

spacecraft was in Jupiter's shadow reveal about three dozen luminous 

spots on the night side of the planet. After careful examination of 

these spots we conclude that they are lightning flashes occurring some-

where within Jupiter's atmosphere. 

A search through the additional Voyager I and II images of Jupi-

ter's night hemisphere failed to locate any additional lightning 

flashes. The lower limit for the planetary lightning rate on Jupiter 

-4 -2 -1 is found to be 10 km yr It must be noted that the spacecraft 

could only detect lightning discharges at least about 1000 times 

brighter than typical terrestrial flashes. Furthermore, due to attenu-

ation, any discharges occuring deep within the atmosphere would not have 

been imaged. Calculations suggest that the actual lightning rate could 

-2 -1 be about 0.1 km yr 

Analysis of the lightning images reveals that the flashes group 

near 50 N latitude. High-resolution photographs of the lightning 

region made in daylight about 65 hours before the discovery images show 

long, bright ribbon-like clouds. Almost every flash appears to be 

associated with one of these clouds. 

Calculations made with a Monte Carlo radiative transfer code that 

computes the luminosity distribution of the spot on the top of the 

xii 
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xiii 

ammonia cloud that is produced by a point source within the 

atmosphere indicate that the lightning production region is near the 

top of the lower cloud deck. The average optical energy radiated by a 

9 discharge is calculated to be about 10 J. The total electrical energy 

is estimated to be about 3 x 1012 J. Calculations made with a chemical 

equilibrium model show that lightning synthesis cannot account for the 

observed abundances of such disequilibrium species as CO, HCN, and C2H2• 



CHAPTER 1 

BACKGROUND 

1.1 Introduction 

Man has long been fascinated by lightning (see Prinz (1977) for 

a history of lightning study). In the United States, lightning is 

responsible for more deaths each year than all other violent weather 

phenomena combined. It is also the major cause of natural fires. 

Lightning discharges are a small but important mechanism for nitrogen 

fixation (Borucki and Chameides, 1984), and could have played an im

portant role in the synethesis of prebiotic molecules on the earth 

(Miller, 1955). For these reasons and its intrinsic interest, light

ning has received considerable attention from meterologists and 

physicists. 

Until recently, little thought has been given to the possibil

ity that lightning may exist on other planets; with no data available, 

the subject showed little promise for investigation. However, space

craft observations may now provide some hard data on Jovian lightning, 

and some rather puzzling evidence for lightning on Venus (Borucki, 

1982) and Saturn (Burns et al., 1983; Williams, 1983). Therefore, 

it is now possible to engage in preliminary, yet meaningful research 

1 
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2 

1 into the nature of planetary lightning. Such investigation has 

merit not only because it adds to our knowledge of other planets, but 

also because analysis of extraterrestrial lightning could provide 

valuable insights into the nature of lightning on earth. 

The only strong evidence for lightning on another planet was 

gathered by the Voyager I spacecraft during its encounter with Jupiter 

in 1979. It seems appropriate then, that this data set should receive 

careful attention. In this thesis, we will make a thorough and sys-

tematic examination of the Voyager data in order to learn as much as 

possible about the occurence and properties of Jovian lightning. How-

ever, before beginning the investigation, we will briefly review the 

characteristics of terrestrial lightning, the environment of Jupiter, 

and previous Jovian lightning studies. 

1.2 A Short Review of 
Terrestrial Lightning 

At any given time there are approximately 1800 active thunder-

storms on the earth (Brooks, 1925) that produce an average global 

-2 -1 lightning flash rate of the order of 1 km yr (Prentice, 1977; 

Turman, 1978). Most of these stot~s are formed when moist air is 

lifted in an unstable atmosphere, and abiabatic cooling and condensa-

tion lead to the formation of clouds and subsequent development of 

lThe reader is referred to Williams et ale (1983), Levin et 
al., (1983), and Rinnert (1985) for general reviews of planetary 
lightning. 

--_.- ---._._---- -



precipitation. The initial lifting of moist air can be caused by 

orographic features (e.g., forced convection over mountains), inter

actions of wa~ and cold air masses at fronts, or by convection trig

gered by surface heating (air mass storms). 

3 

In general, air mass thunderstorms are the most electrically 

active. Typically, they contain several evolving cells with each cell 

having a diameter of a few kilometers and a lifetime of about an hour 

(Byers and Braham, 1949). The life cycle of an individual cell goes 

through three stages; cumulus, mature, and dissipating. During the 

initial cumulus stage, updrafts are a few meters per second and cloud 

tops extend to about the -20°C isotherm. In the mature stage, the 

cloud takes on the characteristic anvil shape, and strong updrafts 

develop. During this period precipitation rate and electrical activ

ity are at a maximum. While in the dissipating stage, the energy 

necessary to drive the updrafts that sustain the cell is lost, and 

the entire cell becomes a series of weak downdrafts with light rain. 

The actual process through which the cloud particles become 

charged and these charged particles are then separated over a large 

scale is not well understood. In theory, microsca1e charge separa

tion can be brought about by collisions between electrically polarized 

water drops (Elster and Geite1, 1913), selective ion capture by 

precipitation (Wilson, 1929), violent rupture of water drops (Lcndrd, 

1892), condensation and evaporation (Takahashi, 1974), differences 

between contact potentials of hydrometeors (Caranti et a1., 1985), 

and the thermoelectric effect (Workman and Reynolds, 1948; 1950). A 

------_ .. _----



recent review by Illingworth (1985) concludes that collisions between 

ice crystals and hail pellets is the only mechanism capable of separ

ating enough ~harge to produce lightning in a thundercloud. Illing

worth goes on to state that differences between contact potentials of 

ice formed by different processes in the atmosphere are probably re

sponsible for microscale separation of charge. 

After microphysical separation, macrophysical separation of 

charge must occur. On average, a thundercloud is characterized by a 

region of positive charge near the cloud top and a region of negative 

charge in the lower portion of the cloud (e.g., Mason, 1971). Often, 

there is an additional small volume of positive charge near the base 

of the cloud. Large-scale charge separation is probably accomplished 

by levitation of positively charged cloud drops in updrafts, precipi

tation of negatively charged hydrometeors, and by organized convec

tion of space charge (Williams, 1985). 

Macroscale charge separation 'leads to development of large 

electric fields. These fields accelerate free electrons that have 

been produced by cosmic rays and radioactive decay at the surface. 

Collisions between these free electrons and air molecules produce 

secondary electrons, and, if the ambient electric field exceeds a 

critical value, the electron density increases exponentially with 

time and an avalanche is said to occur. The region of high electron 

density is highly conductive and allows formation of a discharge 

channel. In situ measurements suggest that the critical value of 

the electric field required to breakdown air and initiate lightning 

4 
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5 -1 in a thundercloud is of the order of 10 V m (see Appendix A for 

details) • 

Lightning discharges are divided into two categories, cloud 

discharges and cloud-to-ground (CG) flashes. CG flashes are composed 

of several individual processes or strokes. The cloud-to-ground dis-

charge begins within the cloud through a process known as preliminary 

breakdown, the physics of which are not yet well understood (Uman 

and Krider, 1982). This preliminary breakdown process sets the stage 

for the transfer of electrons from the cloud to the ground in a series 

of short luminous steps called a stepped leader. The stepped leader 

develops in discrete steps of about 50 m and pauses for about 50 ~sec 

between steps. Typically, the stepped leader transfers about 5 C of 

negative charge toward the ground with an average downward velocity 

5 -1 . of about 10 m sec • Individual steps contain pulsed currents in 

excess of 1 kA, but the average 1eadl::L' current is about 100 A. As the 

stepped leader nears the ground, an upward connecting discharge rises 

to contact the leader a few tens of meters above the ground. Upon 

contact, a very energetic and bright return stroke carries ground 

potential up the channel formed by the stepped leader at speeds of 

8 -1 about 10 m sec First return strokes contain peak currents of 

about 30 kA and radiate about 109 W of optical power at peak. Accord-

ing to Guo and Krider (1982), the space-and-time-averaged peak 

radiance of first return strokes near the ground is 1.0 ± 0.9 

x 106 W m-l of channel. If sufficient cloud charge is made available 

----- -_.,------ --------_._------_ .. _-- -'--



6 

to the top of the lightning channel through discharge within the cloud 

known as J and K processes, a dart leader will usually propagate down 

the decaying channel and initiate a second return stroke. The dart 

leader lowers of the order of 1 C of charge and contains an average 

c~rrent of 500 kA. A typical flash consists of three to four leader-

return stroke sequences with an average time between successive return 

strokes of 40 to 80 msec. If continuing current flows in the channel 

after a return stroke, then the time interval separating return strokes 

can be as large as a few tenths of a second. Continuing currents are 

of the order of 100 kA and represent the direct transfer of charge 

from cloud to ground. Between 25 and 50% of all CG flashes contain a 

continuing current component that lowers about 10 C of charge to the 

ground. According to Hill (1979), CG flashes dissipate a total energy 

4 -1 of 10 J m ,and for a typical flash (10 kmchannel), this amounts 

to about 108 J. For a more in depth discussion, the reader is referred 

to Uman and Krider (1982). Some of the physical characteristics of 

CG lightning are given in Table 1.1. 

Cloud discharges are different from CG lightning in that there 

is no low-impedence electrodie; i.e., the ground, and no return stroke. 

~ntracloud, cloud-to-air and intercloud discharges are produced by 

positive and negative cloud charges and~ like CG flashes, have 

total durations of about 0.5 sec. An average cloud discharge involves 

10 to 30 C of charge and the total path1ength is typically 5 to 10 km. 

Most cloud discharges are believed to contain a continously propagating 

---"--"---



Table 1.1. a Properties of Lightning Return Strokes 

Parameter 

Peak current (first return stroke) 

Charge transferred 

(first strokes) 

(subsequent strokes 

Stroke duration 

(first strokes) 

(subsequent strokes) 

Optical energy 

Total energy (flash) 

Channel length 

aAfter Uman and Krider (1982) and Hill (1979). 

Average Value 

30 kA 

5.2 C 

1.4C 

75 l1sec 

32 l1sec 

105 
J 

108 
J 

10 km 

-----._._-------------- ------------ ---
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leader that initiates several weak return stroke-like recoil streamers 

upon contacting pockets of opposite space charge. These recoil 

streamers, or K changes, are very similar to the K changes that occur 

between return strokes in the CG flash. Cloud discharges have not 

been studied as extensively as ground flashes, and consequently much 

less is known about them. Proctor (1981) has measured the VHF char-

acteristics of cloud discharges in South Africa and concludes that 

the initial streamer of the cloud discharge is almost identical to 

the stepped leader of the ground flash. He also finds that the cloud 

discharges have large horizontal components that are initiated by 

several leaders moving negative charge away from a common origin. 

Analysis of cloud discharges occurring in New Mexico thunderstorms 

suggests their vertical extent is about 0.6 km while horizontal sep-

arations are typically 1 to 10 km (Uman and Krider, 1982). Accord-

ing to Ogawa (1982), a typical cloud discharge begins w'ith the 

development of a slow positive streamer propagating downward and 

horizontally from the boundary region between positive and negative 

space charge in the cloud. The streamer has a velocity of about 

104 m sec-land carries a current of the order of 100 A. The streamer 

distributes positive charge along its path, and when it encounters a 

region of negative charge, a recoil streamer runs back along the 

channel and neutralizes the distributed positive charge. This re-

6 -1 coil streamer (K charge) travels at about 10 m sec , has a duration 

of about 1 msec, transports about 1 C of charge, and contains a cur-

rent of approximately 1 kA. Brook and Ogawa (1977) give the 

---,--'-'" .. -._-----



following description of the optical signal produced by a cloud 

discharge: (a) The developing streamers exhibit continuing lumino-

sity with som~ superimposed fluctuations. (b) As the streamer prop-

agates, branches are formed. (c) After about 0.25 sec, the 

luminosity disappears for about 0.01 to 0.1 sec followed by a series 

of short duration, bright events which are associated with K changes. 

(d) As the K change events propagate back along the previously formed 

channel, their luminosities decrease. The reader is referred to 

Brook and Ogawa (1977) for a more detailed discussion of the cloud 

flash. Some of the properties of cloud discharges are listed in 

Table 1.2. 

Prentice (1977) presents an empirical expression for the 

average ratio of the number of cloud flashes to CG discharges 

Nc , - = 4.11 + 2.11 cos 3A 
N g 

where A is latitude (0 ~ A ~ 60). This ratio, however, is highly 

variable at a given location. For example, Mackerras (1983) has 

found that the ratio of cloud discharges to CG flashes varied from 

0.9 to 24.7 with an average value of 3.0 in Brisbane, Australia. 

Furthermore, Livingston and Krider (1978) report that N IN varies c g 

during the lifetime of an individual storm, decreasing by a factor 

about two between the mature and dissipating stages. 

Lightning channels act as long antennas that radiate broad-

band electromagnetic radiation. Return strokes are the strongest. 

9 



Table 1.2. Properties of Cloud Dischargesa 

Parameter 

Current (K change) 

Charge involved 

(flash) 

(K change) 

Duration 

a 

(K change) 

(flash) 

After Ogawa (1982). 

10 

Average Value 

1.4 kA 

20 C 

1 C 

1 msec 

0.5 sec 



radiators in CG flashes (the peak electromagnetic power radiated by 

first return strokes is about 2 x 1010 W (Krider and Guo, 1983); 

however, this peak occurs during only the first few microseconds of 

the stroke) and have a power spectrum which peaks in the 1-10 kHz 

band. K changes are the strongest radiators in cloud discharges 

(Uman, 1969). In the 1-10 kHz hand the radiation field amplitude 

of a return stroke is 10-40 times larger than that of a cloud dis-

charge K change. At 100 kHz the amplitudes are about equal. At 

10 MHz the radiation from cloud discharges and CG flashes is almost 

continuous except for an abrupt decrease following return strokes. 

Table 1.3 lists the relative amplitudes of CG and cloud discharge 

sferics as a function of frequency. 

Under special conditions,electromagnetic energy can couple 

to a local magnetic field line, propagate along the line to its 

conjugate point in the opposite hemisphere, reflect, and continue 

propagating between hemispheres. The speed of propagation of these 

waves, known as whistlers, is proportional to the wave's frequency. 

The propagation time delay for a whistler is given by (Helliwell, 

1965) 

D 
t = V 1/ 2 

where D is the dispersion defined by 

D=- --ds 1 f vp 
2c V;/2 

--------_._-------

11 
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Table 1.3. Comparison of Sferic Amp1itudesa 

a 

Frequency 

3 kHz 

6 kHz 

10 kHz 

20 kHz 

30 kHz 

> 50 kHz 

After Brook and Ogawa (1977). 

---------_._--------_ .•. _-_.-

Amplitude Ratio 

(return stroke/cloud discharge) 

20/1 to 40/1 

10/1 to 20/1 

10/1 

5/1 

2/1 to 3/1 

1/1 
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where c is the speed of light, v is the plasma frequency, v is the 
p g 

electron gyrofrequency, and s is the path length. In order for 

whistler mode propagation to occur, the radio index of refraction 

(where e is the angle between the field line and direction of prop-

agation) must be real. 

1.3 The Planet Jupiter 

To a first approximation, Jupiter is a solar composition ball 

of gas. The planet has no well defined surface. Instead, atmospheric 

pressure increases until a metallic hydrogen/helium mantle is formed. 

This mantle probably surrounds a small rocky core (Stevenson and 

Salpeter, 1976). The atmosphere is composed primarily of H2 and He 

along with CH
4

, NH
3

, and traces of PH3, CO, C2H
6

, and C2H
4

• Viewed 

from space, Jupiter has a semipermanent band structure consisting of 

about ten alternating white zones and dark red or brown belts. This 

band structure, for reasons not yet well understood, breaks down at 

high latitudes (Stone, 1976). The mean zonal wind changes sign 

between belts and zones, and its magnitude (of the order of 100 

-1 m sec in the tropics) decreases with increasing latitude (Ingersoll 

et al., 1981). The magnitude of the mean meridional wind is small, 

-1 about 1 m sec Table 1.4 lists some of Jupiter's physic~l char-

acteristics. 

._------_ ... _-- -



Table 1.4. a Physical Properties of Jupiter 

Parameter 

Mean distance from sun 

Sidereal period 

Radius 

(equatorial) 

(polar) 

Mass 

Mean density 

Rotation period (System III) 

Gravitational acceleration 

Effective temperature 

Bolometric Bond albedo 

a After Smoluchowski (1976). 

--------_. 

Value 

7.7 x 105 km 

11.9 yr 

71,398 km 

66,770 km 

1.901 x 10
27 

kg 

-3 1.33 g cm 

-2 25 m sec 

0.42 

14 
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Jupiter's dynamical regime is not well understood. Williams 

(1979) has found that a quasi-geostrophic beta-plane model does a re-

markable job o~ simulating Jupiter's general circulation, including 

the Great Red Spot. The model used by Williams assumes a shallow 

atmosphere; i.e., a rigid lower boundary formed by a true surface or 

by a region of high static stability. Ingersoll and Pollard (1982), 

however, argue that shallow models are physically unrealistic. Since 

the lapse rate is probably adiabatic from the cloud tops to deep in 

the atmosphere (Hunten, 1976) (see Appendix B), the static stability 

must be low, implying that the visible cloud motions and deep atmos-

phere are coupled. It has long been known that Jupiter has an inter-

nal heat source that radiates more energy to space than the planet 

receives from the sun. Large-scale convection is the most efficient 

mechanism for transporting this energy to the upper atmosphere where 

it can be radiated to space. Spectroscopic detection of trace com

pounds that can only be produced in the lower atmosphere such as PH3
2 

and GeH4 (Prinn and Owen, 1976) provides additional evidence for deep 

convection. 

The chemical equilibrium calculations of Weidenschilling and 

Lewis (1973) have long served as the standard model for the composi-

tion and distribution of Jupiter's clouds. Weidenschilling and Lewis 

predict clouds of ammonia ice at about 0.5 bar, NH4SH at 3 bars, and 

2Sill (1985) has recently argued that phosphine is not a 
good indicator of convection since it may be more stable than pre-· 
viously believed • 

. -----_ .. _------_ .. 



16 

water ice near 5 bars. West et ale (1986) have recently reviewed the 

literature concerning the clouds. Based on observations indicating 

that the H20 c9ncentration is depleted relative to solar abundance 

(e.g., Bjoraker, 1985), they conclude that there is no water cloud at 

5 bars. Instead, they argue that a cloud composed of a mixture of 

NH4SH and H20 is at 2 bars. The physical properties of the lower 

cloud in both the Weidenschilling and Lewis and West et ale models 

cannot be deduced from observations. 

Using the cloud distribution of Weidenschilling and Lewis, 

Levin et al. (1983)', argue that the low mass loading and temperature 

of the ammonia cloud preclude lightning generation. Evidently, the 

low temperature of the cloud reduces the electrical conductivity of 

the ice, and only a negligible amount of charge can be transfered be

tween particles. Levin et ale conclude that a water cloud at 5 bars 

would provide a good region for electrification to occur. Lewis 

(1980a) and Williams et ale (1983) have reached a similar conclusion. 

The arguments against large-scale charge separation also apply to the 

ammonia cloud in the model of West et al. The properties of their 

NH4SH cloud are too poorly known to allow a discussion of electrifica

tion mechanisms within it. 

1.4 Previous Studies of Jovian Lightning 

Almost all of the evidence for the existence of lightning on 

Jupiter comes from nightside images (Cook et al.,1979; Smith et al., 

1979a) taken by the Voyager I spacecraft and from detection of 

--_._-_._,------_._-_._--_. 
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electromagnetic radiation propagating as whistlers (Gurnett et al., 

1979; Kurth et al., 1985). Bar-Nun (1975) has argued that the pres-

ence of acetylene in Jupiter's atmosphere is indicative of lightning; 

however, the thermochemical models of Lewis (1980b) suggest that 

lightning synthesis of organics is negligible compared to photochem-

ical production. 

The Voyager lightning images have been described previously by 

Borucki et al. (1982) and more recently by Borucki and Williams (1986). 

The data set consists of two images (FDS 16396.31 and 16396.39) that 

are actually triple exposures of 35, 40, and 85 sec (Figure 1.1) and 

53, 53, and 53 sec (Figure 1.2). After each exposure in the triple 

exposure sequences, the camera slowly slewed diagonally across the 

planet with the shutter open. Since the duration of a lightning dis-

charge is much less than the exposure times, it is possible that some 

of the largest bright spots on the images are due to several flashes 

occurring within the same storm complex. Unfortunately, both images 

are of the same region of Jupiter and were taken only about six min-

utes apart. The flashes in both images are located between about 30 

and 60° N lat. Borucki et al. derive a flash rate of 4 x 10-3 km-2 

-1 yr based on these two images, and go on to estimate that the average 

optical energy radiated by a flash integrated over all components is 

2.5 x 109 J. Their calculation, however, assumes that the flashes 

are located at the top of the ammonia cloud, and there is no attenu-

ation of the light signal. For comparison, on earth, first return 

strokes radiate about 105_106 
J (Hill, 1979). 

------,,----
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Figure 1.1. Voyager I image (FDS 16396.31 showing bright spots 
identified as lightning. -- The bright streaks across 
the upper right corner are the aurora which are parallel 
to the planetary limb. In this photograph, the camera 
motion was perpendicular to the limb. 



Figure 1.2. Voyager I image FDS 16396.39 showing lightning on 
Jupiter's night side. -- Again the aurora are parallel 
to the limb. This time the camera moved parallel to 
Jupiter's limb. 

19 
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As we will see, the spacecraft could only detect the 

brightest lightning flashes and, therefore, the data set is biased in 

favor of energetic discharges. 3 Noting that about 1 in 10 terrestrial 

lightning flashes radiate more than 109 J and only about 5 in 107 emit 

mo~e than 1010 J of optical energy (Turman, 1978), Williams et a1. 

(1983) suggest that the actual flash rate could be 3-30 km-2 yr-1 • 

Borucki et a!. (1982) have also noted this possibility. Assuming that 

the optical energy distributions for Jovian and terrestrial lightning 

are identical and using the data of Turman (1978), Borucki et a1. 

(1982) estimate the ratio of the observed flash rate, FO' for light

ning exceeding energy EO to the actual lightning flash rate for all 

energies, F , from the expression 
a 

where t is a standardized random variable that is given by 

1 E 
t = -log-=-. 

C1 E 

(1.1) 

According to Borucki et a1., a = 0.99 and E, the median energy dis-

8 sipated by a terrestrial lightning flash, is 2.8 x 10 J. Substituting 

their values for the observed flash rate (4 x 10-3 km-2 yr-1) and for 

the least energetic of the discharges listed in their sample (2.9 

x 1011 J), Borucki et a1. obtain FO/Fa = 10-3 , yielding a flash rate 

for all energies of about 4 km-2 yr-1 

--------" 
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The detection of whistlers during operation of the Voyager 

plasma wave experiment provides further evidence of lightning. The 

detector consisted of a balanced dipole antenna of effective length 

7 m and a 16 channel spectrum analyzer covering the frequency range 

10 Hz to 56.2 kHz (see Scarf and Gurnett (1977) for a description of 

the detector). The spacecraft detected three distinct populations of 

whistler-like signals when near the 10 plasma torus at distances from 

Jupiter of about 5.5 to 6.0 Jupiter radii (Gurnett et al., 1979; Kurth 

et al., 1985). The spectral time delays of these signals were ob-

served to be proportional to the reciprocal of the root frequency 

(av-~) as would be expected for whistlers with a source inside Jupi-

ter's ionosphere. The event rates in the detection regions (desig-

nated A, B, and C by Kurth et al. (1985» ranged from about 0.05 to 

-1 almost 1 sec The dispersions in A, B, and C were about 250, 70, 
1 

and 500 sec Hz~ respectively. Presumably, the differences in the dis-

persions are due to the presence of the 10 plasma torus. Analyses of 

the whistler propagation paths made by Menietti and Gurnett (1980) and 

Tokar et a1. (1982) suggest that the whistlers of group A originated 

at high southern latitudes, while the whistlers belonging to groups B 

and C had their sources at high northern latitudes. Lewis (1980a) 

used the average whistler event rate to derive a lightning flash rate 

of 4 x 10-3 km-2 yr-l ; however, Scarf et a1. (1981) dispute his ana1-

ysis of the effective area of Jupiter covered by the foot of a magnet

ic field line and calculate a value of 40 km-2 yr-l for the global 

lightning rate. Their higher value is in reasonable agreement with 



the numbers suggested by Williams et al. and inferred by Borucki et 

al. However, the paucity of the data suggests that none of these 

values can be considered accurate. 
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These previous studies have been able to do little more than 

suggest that lightning is produced somewhere in Jupiter's atmosphere. 

They have not been able to provide accurate values for the energy dis

sipation and global flash rate of the lightning. In fact, they do 

not even tell us whether the observed lightning was generated in the 

upper ammonia cloud or in a cloud deeper in the atmosphere. This is 

pointed out not to denigrate the work of these investigators, but 

rather to illustrate the serious need for more in depth examination of 

the data. The remainder of this thesis will describe such an examina

tion. 

We begin this task in Chapter 2 with a discussion of the 

photographic evidence for lightning. After considering alternative 

explanations for the bright spots in the lightning images, an unsuc-

'cessfu1 search for more lightning in the remaining images of the night 

hemisphere is described. We end Chapter 2 using this larger data base 

to calculate a new global lightning rate for Jupiter. Chapter 3 

analyzes the distribution of lightning on the planet, and the light

ning images are used to derive the longitudes and latitudes of the 

lightning production regions. We then utilize photographs taken in 

daylight to examine the cloud morphologies of these regions. In 

Chapter 4 we develop a technique for simulating the lightning images 

described by Borucki et a1. (1982) in order to determine the cloud 



layer in which they were generated. This information is used in 

Chapter 5 to discuss the energetics of the lightning. Chapter 6 

builds upon th~ previous chapters to investigate the production by 

lightning of trace gases in Jupiter's atmosphere. Finally, we pre

sent a summary of our conclusions in Chapter 7 • 

. _--- ------.-
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CHAPTER 2 

THE DATA SET 

2.1 Introduction 

Until now, the entire published data set describing Jovian 

lightning has consisted only of the two discovery images mentioned 

in Chapter 1 and of some whistler observations which provide little 

information about the lightning itself. To the author's knowledge, 

no systematic search to find additional lightning images has been 

conducted. The location of additional lightning images would be 

useful in many ways. For example, it would be possible to improve 

upon the estimates of the global lightning flash rate. Further

more, it is of interest to know if lightning activity is confined 

to only a few meteorologically peculiar regions, or if it is uni

formly distributed across the planet. Failure to find more light

ning would also be of interest since the added exposure time would 

result in a lowering of the lightning rate derived by Borucki et al. 

(1982), and would force us to conclude that lightning is a relative

ly rare phenomenon on Jupiter. In this chapter, a search of the 

Voyager I and II images of Jupiter's night hemisphere to find addi

tional lightning is described. We begin the chapter with a discus

sion of the Voyager imaging experiment. Next, we describe the . 

24 
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discovery images, and then investigate whether or not lightning is 

actually the best explanation for the bright spots observed on the 

planet. Finally, a new global lightning flash rate for Jupiter is 

calculated. 

2.2 The Voyager Camera 

The television camera aboard Voyager used for the imaging 

experiments has been described by Smith et al. (1977) and Snyder 

(1980). The sensor is a vidicon with a selenium-sulphur target, 

25 

and is similar to the detectors used on Mariner missions to Mercury, 

Venus, and Mars. The vidicon has an active image area of 11.4 

x 11.4 mm, and each frame consists of 800 lines containing 800 pixels 

per line. The vidicon is operated in one of several slow scan modes 

(48 sec to 480 sec frame readout time). Two different focal length 

optical systems are used to achieve mission performance objectives: 

a 1500 mm focal length telescope to provide high-resolution photo

graphs, and a 200 mm focal length telescope to minimize image 

motion smear. Since the square fields of view of the two optical 

systems are 0.42° for the 1500 mm focal length telescope and 3.2° 

for the 200 mrn lens, the former is referred to as narrow angle 

optics and the latter as wide angle optics. The geometric focal 

ratios are f/8.5 and f/3.5 respectively. Both systems use identical 

shutter and filter wheel mechanisms. The filter wheel contains 

eight filters that cover the spectral range 350-700 nm (Tables 2.1 

and 2.2). 
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Table 2.1. Filters Available for Camerasa 

Filter Characteristic Central Wavelength (nm) 

Methane (619) Narrowband 619 

Blue Wideband 480 

Clear Broadband (200 nm) 480 

Violet Wideband 400 

Sodium-D 7 A narrowb and 589 

Green Cut-on at 530 nm 560 

Methane (Uranus) Narrowband 541 

Orange Cut-on at 590 nm 605 

aAfter Smith et al. (1977) 



Table 2.2. Camera Specificationsa 

Focal length 

Focal number 

Band width (clear) 

Field of view 

Pixels per frame 

Bits per pixel 

Angle sub tended by pixel 

aAfter Smith et ale (1977) 

Wide Angle 

200.5 mm 

f/3.5 

0.38-0.58 ]..1m 

55.6 x 55.6 mrad 

800 x 800 

8 

68.3 ]..Irad 

NarrOW' Angle 

1502.4 mm 

f/8.5 

0.38-0.58 ]..1m 

7.5 x 7.5 mrad 

800 x 800 

8 

9.1 ]..Irad 

-----------------------

27 
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The camera and associated optics were designed to withstand 

launch vibration and to operate without degradation in a thermal en-

vironment of -20 to 40° C. Since Jupiter has radiation belts, the 

detector was tested to insure that it would function properly during 

10 -2 and after exposure to 20 MeV protons at a fluence of 4 x 10 cm 

7 -2 -1 with peak flux of 3 x 10 cm sec and 3 MeV electrons at a fluence 

of 1.5 x 1010 cm-2 and peak flux of 3 cm-2 sec-I. 

The camera calibration program consisted of component cali-

brations, subsystem calibrations, and system calibrations. Component 

calibrations were carried out prior to assembly. These calibrations 

included measurement of the spectral transmittance of the lens and 

filters, actual exposure times, and relevent electo-optical proper-

ties of the vidicon. Subsystem calibrations were made after the 

camera was assembled. This calibration procedure included radio-

metric calibrations, focal length measurements, and measurement of 

the geometric distortion. Included with the radiometric calibrations 

were generation of flat-field light transfer curves. These curves 

determine the sensitivity of the camera, the linearity of its re-

sponse, and the shading characteristics as a function of exposure 

time. The detector response was found to be very linear. Noise 

characteristics, power spectra, and dark current build up were also 

obtained to facilitate image processing and calibration. The sub-

system calibrations were made in both bench and thermal-vacuum en-

vironments. System calibrations were made after the camera was in-

stalled in the spacecraft. The calibrations included measurement of 
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the field of view and verification of the flat-field light transfer 

characteristics. It was also possible to calibrate the camera in

flight. Light transfer curves could be obtained either from observa

tions of a small lamp mounted on the spacecraft or from observations 

of sunlight reflected from a flat plaque located about 2 m from the 

camera. The reader is referred to Snyder (1980) for a more complete 

discussion of the calibration procedure. 

The camera was calibrated for exposure times as short as 

5 msec, and is probably accurate for pulsed sources as short as 

about 0.5 msec (L. N. Snyder and S. A. Collins, personal communica

tion). Since cloud discharge K changes typically have durations of 

about 1 msec, while the entire flash lasts about 0.5 sec (Dman, 

1969), the response of the camera was probably adequate to detect 

lightning optical impulses above the noise level. 

2.3 The Discovery Images 

The two discovery images (FDS 16396.31 and 16396.39) were 

obtained on March 5, 1979. In FDS 16396.31 there are about 20 bright 

spots (each one's central pixel is at least 10 standard deviations 

above the background level) on the disk of Jupiter. Many of these 

spots occur in clusters and appear to overlap. There are also sev

eral bright arcs near Jupiter's limb which are believed to be the 

Jovian aurora. All of the bright spots on the disk are elongated, 

and the major axes of the spots are parallel to the limb of Jupiter. 

This image is actually a triple exposure having a total duration of 



30 

192 sec. Between each exposure of the triple exposure sequence, the 

camera slewed a few tens of pixels (for a few seconds) with its shut

ter open along a diagonal perpendicular to the limb of the planet. 

There are fewer bright spots evident in FDS 16396.39. 

These spots are also much brighter than the background and are ob

served to group in clusters. Several of the large spots appear to 

be composed of smaller overlapping spots. Again, the spots are 

elongated, and their long axes are aligned with Jupiter's limb. 

Like image FDS 16396.31 which was taken about six minutes earlier, 

the Jovian aurora appear conspicuously as bright arcs parallel to 

the limb. This image is also a triple exposure having a total ex

posure time of 192 sec. Between exposures, the camera slewed about 

20 pixels (corresponding to a path along the cloud top of about 700 

km) parallel to the limb. Borucki et al. (1982) suggest that this 

motion could explain the triplet in the lower right corner of the 

image. These three bright blobs increase in brightness from upper 

left to lower right along the diagonal connecting them. A single 

storm center repeatedly imaged by a moving camera for increasing 

exposure times would be expected to produce such a result. The lo

cation of the spacecraft at the times that the two images were made 

is given in Table 2.3. 

The identification by Smith et al. (1979a) and Cook et al. 

(1979) of these bright spots as lightning has been widely accepted. 

A casual examination of the images, however, leads one to consider 

five hypotheses for the bright spots on the disk: cosmic rays, 
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Table 2.3. Spacecraft Orientation 

FDS 16396.31 FDS 16396.39 

Time (UT) 17h 46m 16sec 17h 52m 40sec 

Altitude above Jupiter 484,152.9 km 490,112.9 km 

Slant range along camera 
bore sight 514,062.4 km 525,661.1 km 

Subspacecraft point 0.54° S 37.9° W 0.46° S 41.09° W 

Phase angle 179.7° 179.0° 

;1(" 
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imperfections of the detector (bad pixels), meteor trails, the 

presence of debris between the spacecraft and the planet, and light

ning. Let us now consider each of these hypotheses in more detail. 

Cosmic rays: An anomalously bright spot could be the re

sult of a cosmic ray hit on the vidicon. Cosmic ray hits should oc

cur at random and should not have any preferred location in the 

photograph; i.e., spots produced by cosmic ray hits should also be 

observed off of the disk of the planet, and in fact, they should 

appear in the photographs of Jupiter's low albedo satellites. Spots 

similar to those in the discovery images have not been observed on 

satellite images, nor are they seen in many of the other nightside 

images of Jupiter. Furthermore, we have noted that many of the 

spots appear in clusters, and some of the spots overlap to form 

large blobs. Showers produced by cosmic ray strikes on the space

craft could produce clustering, but each cluster member would occupy 

only a single pixel. 

Bad pixels; It is possible that some individual pixels are 

damaged and this damage results in a large pixel value when the 

pixel is read. Two considerations argue against this explanation 

for the discovery images. First, the spots occupy several pixels; 

typically the long axis of a spot is six to eight pixels long. 

Second, the same pixel should produce an anomalous pixel value in 

several consecutive images; i.e., spots should occur at the same 

line and sample number in both images. This is not the case. It is 

conceivable that a few areas of the vidicon target could have been 

----_., ..... _- -



damaged, thereby explaining the clustering. However, as we have 

already pointed out, the spots in the two images have a preferred 

orientation, and they do not occur at the same line and sample 

locations. 

Meteor trails.: It is estimated that the Voyager wide angle 

camera should detect about 20 meteors per hour of exposure time 

while observing Jupiter's night hemisphere (Smith et al., 1977). 

Such meteors would appear as streaks across the disk of the planet. 

Meteor trails, however, do not have a preferred orientation, nor 

would we expect the trails to cluster in just a few regions of the 

planet. 
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Debris: The early Mercury astronauts reported fireflies 

outside of their spacecraft. Subsequent investigations showed that 

these luminous specks were small pieces of debris from the spacecraft 

reflecting sunlight. A similar explanation for the discovery images 

does not seem plausable. When both photographs were taken the sub

spacecraft latitude was -0.5°, and the phase angle (sun-planet

spacecraft angle) was 180°. Since the spacecraft was in the shadow 

of Jupiter, debris near it could not have backscattered sunlight. 

Additionally, there is no evidence that the spacecraft was surround

ed by a particle cloud. 

Lightning: The two most notable characteristics of the 

spots are that they cluster, and that they are somewhat ellipitical 

with their major axes aligned with Jupiter's limb. Lightning flashes 

produced by localized storms would be expected to cluster at the 

--_._-_ .. _--_. 
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location of each storm. Furthermore, a lightning discharge observed 

from a great distance and buried within a cloud would appear as a 

small circular spot. Viewed from an oblique angle, foreshortening 

will transform the circle into an ellipse, and the major axis of the 

ellipse will be parallel to the planet's limb. Thus, the lightning 

hypothesis is the only one of the five explanations that accounts for 

both the spot orientation and distribution. When one also considers 

the fact that the detection of whistlers confirms the presence of light

ning on Jupiter, identifying the spots as lightning seems quite reason

able. Of course, it is possible for one to find a very complicated 

explanation for the spots that relies on a series of fortuitous circum

stances, but Ockham's razor suggests that we accept the most straight

forward hypothesis, that the images are indeed of lightning. 

2.4 Search for More Lightning 

A search through the Voyager I and II photographs of Jupiter's 

night hemisphere was made in an effort to find more images of lightning. 

The search procedure consisted of examining digital images on a tele

vision monitor. Each image was enhanced, or stretched, to maximize 

the contrast between the dark hemisphere and any pixels a few standard 

deviations above the background level. With this procedure, the light

ning flashes in the discovery images are very easily located. 

In accordance with the arguments used in Section 2.3, spots 

containing only one pixel or consisting only of a single row or column 

of pixels were immediately rejected. Additionally, groups of bright 
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pixels occurring at the same line and sample numbers in two or more 

images or centered about a reseau (or more properly, a mark) were also 

rejected. Thi~ simple screening protocol resulted in the rejection of 

all of the bri'ght spots in the Voyager I and II images. 

In their preliminary Voyager II imaging science report, Smith 

et al. (1979b) 'state that eight lightning flashes were observed. Un

fortunately, this investigation has been unable to confirm these 

flashes, and it should be noted that in a subsequent unpublished manu

script, A. F. Cook and G. E. Hunt point out that a very large number 

of cathode blemishes appear on Voyager II images and that a proper 

search for lightning in them had not yet been made. The present exam

ination of the Voyager II images confirms that there are indeed a large 

number of blemishes on them. 

Though disappointing, failure to find lightning in these images 

is important. These additional images provide coverage of both the 

northern and southern hemispheres, and triple the total search time. 

This suggests that lightning is not as frequent as initial studies had 

suggested. 

Before accepting this conclusion, some caveats must be consid-

ered. In order to have been detectable in the discovery images, a 

lightning discharge would have to radiate at least about 6 x 107 
J in the 

spectral interval observable with the·clear filter (see the discussion 

of lightning energetics in Setcion 5.1 for details); i.e., only dis

charges at least 1000 times brighter than terrestrial lightning were 

observable. Additionally, any lightning deep within the atmosphere 
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would have been undetectable due to attenuation of the light signal by 

clouds. Furthermore, the discover images were taken when the space-

craft was near perijove. Some of the other nightside photographs were 

made when the spacecraft was two to three times farther from the 

planet. Thus, the lightning signal would be reduced by a factor of 

four to nine. If the luminosities of the lightning appearing in the 

discovery images were reduced by a factor of ten, then the lightning 

signal to noise ratio would be near unity and detection would be 

rather unlikely. Fortunately, in most of the photographs the light-

ning signal produced by discharges as bright as those in the discovery 

images would be expected to be about three standard deviations above 

the background level for images made with the clear filter. Addition-

ally, the pixels adjacent to the core of the lightning image would 

still be somewhat above background. Unfortunately, many of the 

images used filters, and the transmissivities of the orange, methane, 

and violet filters are at least a factor of ten less than that of the 

clear filter. 

2.5 Global Flash Rate 

We can now estimate the average lightning flash rate on 

Jupiter for discharges whose luminosities are above the detection 

limit. The flash rate, R, is given by 

-------------------~-- ... ~-

N 
R=

At (2.1) 
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where N is the number of flashes observed, A is the surface area of 

the planet covered by the images of Jupiter's night hemisphere, and t 

is the total exposure time. The number of flashes is obtained from 

the photographs; however, some of the exposure times given in the 

Supplemental Experiment Data Record (SEDR) are incorrect, so caution 

must be exercised. The correct exposure times were obtained from C. 

Hansen at JPL. Additionally, determination of the areal coverage of 

the planet requires some calculation. 

Consider, for example, the discovery images. Since the pic-

ture boundaries are not parallel to lines of longitude and latitude, 

we divide each image into three sections (Fig. 2.1). The area of 

each section of Jupiter is apprxoimately 

(2.2) 

where r is Jupiter's mean radius, A is longitude, and e is colatitude. 

If we express the longitudinal boundaries of a section as 

(2.3) 

then 

An = 1'2 (W + X + y + Z) (2.4) 

where 



Figure 2.1. Method for calculating area contained in 
discovery images 
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where 8 is in radians. The total area of the image is obtained from 

LA. Table 2.4 lists N, t, A, and R for the two discovery images. 
n 
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Previous flash rates obtained using only the discovery images 

are biased in favor of relatively high lightning rates; one must con-

sider the entire set of darks ide images. The images considered in 

this investigation were made during two separate encounters with 

Jupiter occurring about four months apart. The areal coverage of the 

10 2 planet is about 8 x 10 km (a value comparable to the surface area 

of Jupiter), and the total exposure time is about .1074 sec. From 

(2.1) the global flash rate is 10-5 km-2 yr-l if all of the images 

are considered. If we do not include the images made with the orange, 

methane, and violet filters then the flash rate for lightning as 

-4 -2 -1 bright as that in the discovery images becomes about 10 km yr • 

It must be remembered that Voyager images only provide information 

about relatively bright (compared to earth) lightning. As noted 

earlier, the actual lightning rate on Jupiter could be much higher 

than that obtained from analysis of the images, and calculations made 

by Borucki et ale (1982) (see Section 1.4) suggest that the ratio of 

-3 observed flashes to the actual rate could be as large as 10 • If 

-----------------_.--_.- --_ .. --_ .. 
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Table 2.4. Lightning Flash Rate for Discovery Image 

Number of Exposure Area Rate 

FDS Flashes (Sec) (km
2) (km2 yr-1) 

16396.31 24 192 1.9 x 10 9 2 x 10-3 

16396.39 12 192 3.4 x 109 6 x 10-4 
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this is true, then the actual planetary lightning flash rate is of the 

-2 -1 order of 0.1 km yr 

It is difficult to compare values for the lightning flash rate 

obtained from optical studies to those inferred from the whistler ob-

servations, since there is considerable disagreement over the effec-

tive area of Jupiter's surface that the plasma wave experiment was 

monitoring. For example, Lewis (1980a) points out that radio noise 

can travel a considerable distance (about 1000 km in the case of the 

earth) before encountering a region where the critical frequency of 

the ionosphere is low enough to permit whistler mode propagation. 

Furthermore, the angle between the whistler direction of propagation 

and the magnetic field line can be as great as 19°. Taking 10° as 

the value for the half angle of the cone of propagation for the 

-3 -2 whistler, Lewis calculates a lightning flash rate of 4 x 10 km 

-1 yr Scarf et ale (1981), however, argue that all of the observed 

whistlers were ducted; i.e., they propagated strictly along the field 

-2 -1 line, and obtain a flash rate of 40 km yr Thus, there is a dif-

ference of four orders of magnitude between the two methods of calcu-

lation. In view of this disagreement, and the importance of the 

question of ducting which has yet to be resolved (e.g., Menietti and 

Gurnett (1980) have argued that there is little evidence of ducting 

since no multiple hop whistlers were 'observed), we will adopt the 

value obtained from the lightning images for the flash rate. Strict-

-4 -2-1 ly speaking, the value of 10 flashes km yr only refers to rather 

------ .. ----



energetic discharges, therefore, this value will be adopted as a 

lower limit for the total lightning rate. 
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CHAPTER 3 

LIGHTNING DISTRIBUTION AND METEOROLOGY 

3.1 Introduction 

We now turn our attention to the distribution of lightning on 

the planet. We begin this chapter with a brief discussion of the 

meteorology of Jupiter. Next we will determine the longitudes and 

latitudes of the lightning flashes observed on the dark side of the 

planet. This discussion will address the sources of error that con

tribute to the uncertainty for the derived locations of the lightning. 

Finally, we will attempt to correlate the lightning with cloud fea

tures observed in high-resolution images of Jupiter's daylight side. 

3.2 The Meteorology of Jupiter 

3.2.1. Observations 

A summary of ground-based observations of Jupiter's wind 

fields prior to the 1950's has been given by Peek (1958) who also 

lists the nomenclature used for the major currents. Smith and Hunt 

(1976) and Ingersoll et al. (1981) have shown that the latitudes of 

the major cloud features have not changed significantly in this 

century, and a comparison of the mean zonal wind vs. latitude deter

mined from Voyager I (Table 3.1) correlates to that obtained from 

Voyager II with a correlation coefficient of 0.98. 
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Table 3.1. a Zonal Jet Maxima Observed by Voyager 

Current Latitude b 

North polar region 52.9 

North polar region 47.8 

North polar region 43.7 

North polar region 41.2 

N N N temperate 39.2 

N N temperate A 35.3 

N N temperate B 31.5 

N temperate A 28.2 

N temperate C 20.4 

N tropical A 15.4 

N equatorial 6.1 

Central equatorial 0.0 

S equatorial -6.1 

S edge SEB -17.2 

N edge STM 23.6 

S temperate -28.7 

S S temperate -35.8 

S polar region ':'45.2 

S polar region -48.7 

S polar region -52.9 

a bAfter Ingersoll et ale (1981). 
Planetographic latitude. 
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-1 u (m sec ) 

10 

-13 

20 

-4 

19 

-19 

27 

-31 

138 

-26 

102 

95 

137 

-61 

47 

-25 

1 

-3 

33 

-6 

------------~~--~~.--. 
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Mitchell et al. (1979) and Smith et al. (1979a, 1979b) provide 

excellent descriptions of the cloud morphologies observed by Voyager. 

We divide our brief discussion into three parts, northern hemisphere, 

equatorial region, and southern hemisphere. 

Northern Hemisphere: cloud patterns in the North Equatorial 

Belt (NEB) vary as a function of longitude. Between about 9 and 18° N 

small areas of bright puffy clouds 500-2000 km in diameter with life

times of a few tens of hours are observed. From 20 to 30° N there is 

a chevron-shaped pattern of bright clouds whose apexes lie in an 

eastern jet. These clouds are longitudinally periodic and have a 

wavelength of about 500 km. Their lifetimes are only about one rota

tion. At 31° N there is a westward current containing ribbon-like 

clouds. Four degrees further north, small 3000 km circular features 

comprised of dark rings with bright cores exhibit anticyclonic rota

tion. These circular features are not distributed uniformly in longi

tude, but they are spaced about 10° a~art between 260 and 350° W. 

North of about 36°, the atmosphere is characterized by white circular 

features rotating anticyclonically. Often, these features are sur

rounded by puffy unorganized clouds or by ribbon-like clouds. 

Equatorial region: at the time of the Voyager I encounter, 

the equatorial zone (EZ) was located between 9° Nand 9° S. A series 

of 13 plumes circled the planet at the northern edge of the EZ. 

Mitchell et al. (1979) speculate that the regular spacing of these 

plumes could be indicative of wave propagation. Generally, the 



plumes were uniformly bright and were about 2000 km across. The 

equatorial jets were observed to have speeds of 90 to 150 m sec-1 
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Southern hemisphere: as in the northern hemisphere, the 

mean zonal wind alternates from east to west in jets of decreasing 

magnitude as one approaches the pole. Oblong cyclones alternate 

longitudinally with elliptical cyclones at latitudes 14° S, 31° S, 

and 40° S. These elliptical spots are found to lie at the souths ides 

of strong westward jets, and the oblong cyclones lie to the north of 

these jets. One of these elliptical spots is the famed Great Red 

Spot (GRS). The GRS is observed to have a rotation period of about 

six days, a vorticity of about 2.5 x 10-5 sec-I, and a Rossby number 

equal to 0.2. At latitudes south of -41° there is the suggestion of 

an alternating jet pattern, though more measurements are needed. 

3.2.2 Theory 

Several types of model have been proposed to explain the 

planet's general circulation. For the sake of discussion, we divide 

these models into three categories: the classical model of Hess 

and Panofsky (1951), shallow convective models, and deep convective 

models. 

Classical model: Hess and Panofsky (1951) presented the 

first, and one of the most widely accepted models for Jupiter's 

banded structure. They noted that zones tend to be regions of 

anticlonic vorticity while belt,S are characterized by cyclonic 

vorticity. These observations, coupled with the assumption that 

the flow is geostrophic, suggest that zones are high pressure and 
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belts are areas of low pressure. The resultant pressure gradient 

produces meridional flow from the zones to belts, and continuity 

requires that the divergence at the top of a zone be compensated for 

by convergence deeper in the atmosphere. Rising motions in the zones 

would enhance cloud formation while subsidence in the belts would 

inhibit the formation of clouds. This picture is supported by ob

servations that show zones to have higher albedos and lower bright

ness temperatures than belts (Stone, 1976). Ingersoll and Cuzzi 

(1969) have used the thermal wind relation to argue that zones must 

be warmer than belts. According to this model, the mean zonal 

circulation is driven by a zonally symmetric temperature distribu

tion. The model of Hess and Panofsky is dynamically limited only to 

the extent that a Coriolis force is needed to deflect the mean 

meridional wind. The mean meridional motions are driven by an 

associated zonally symmetric vertical motion field. The model, 

however, does not specify the mechanism energetically responsible 

for these vertical motions (Mitchell, 1982). 

Shallow models: the most successful of the shallow models 

is that of Williams (1979), who applied a baraclinic, 2-level quasi

geostrophic, S-plane model to Jupiter. Williams' model yielded 

time-dependent solutions for the two dimensional flow within each 

layer. The atmosphere was parameterized with the zonal amd 

meridional length scales, Corio lis parameter, gradient of planetary 

vorticity, static stability, diabatic heating rate function, time 

constants for lower boundary Ekman drag and interface drag, and 

------------_.-



the eddy viscosity coefficient. The major unknown parameters of 

dynamic significance were the static stability and the diabatic 

heating rate f~nction. In his case J1, Williams neglected Ekman 

layer and interface drag. He imposed an equator to pole temperature 

difference of 29.4°K and mean zonal wind speeds of 2.3 and -2.3 m 

-1 
sec in the upper and lower layers respectively. By the 178th day 

of the simulation the mean zonal flow consisted of five jet pairs 

-1 with typical wind speeds of 25 m sec 

-1 velocity scale had risen to 77 m sec 

By day 177 the typical 

After 1600 days the flow 

became stable and the mean circulation consisted of four eastward 

and two westwar.d jets. Superimposed on this flow was a large gyre 

which Williams compared to the Great Red Spot. 

Deep models: Ingersoll and Pollard (1982) have argued that 

although Willimas' shallow model does a good job of duplicating the 

observed large-scale flow of Jupiter, it is physically implausible 

since most evidence suggests that the' observed cloud motions and 

deep atmosphere are coupled. As Ingersoll points out (personal 

communication), deep models are difficult to formulate, but are 

undoubtedly much more physically realistic. Busse (1976) has 

proposed a simple deep model to explain Jupiter's bands. According 
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to his model, the axisymmetric motions of the visible clouds originate 

from momentum advection by convective columns deep in the atmosphere. 

Busse approximates Jupiter's atmosphere with a spherical shell of 

outer radius 70,400 km and inner radius 49,500 km uniformly heated 

at the inner surface. The fluid motions of such a system will be 

.---.- ._- ... _-._- . 
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governed by the Taylor-Proudman theorem which states that slow 

steady motion in a rotating fluid is independent of the coordinate 

in the direction of the axis of rotation when viscous forces can 

be neglected. Theoretical and laboratory studies show that the 

dominant convective modes in a self-gravitating system are non-

axisymmetric cells (Fig. 3.1). Busse finds that the inner boundary 

of the innermost layer of cells coincides with the cylindrical 

surface touching the metallic hydrogen core at the equator; i.e., 

the belt-zone structure should break down at latitude 

( ri) 0 e = arccos - ~ 45 . 
ro (3.I) 

This is indeed about the latitude where the axisymmetry begins to 

break down. According to Busse, eddy stresses arising from the 

vorticity of the cells drive the observed mean zonal circulation 

at the level of the cloud tops. 

3.3 Lightning Distribution 

The longitudes and latitudes of the lightning flashes can 

be found with the aid of an algorithm developed for use with the 

NASA Ames Research Center's computer graphics system. Basically, 

the technique superimposes the photograph on a spherical surface 

and transforms line-sample numbers to longitudes and latitudes. To 

orient the image, one must specify the longitudes and latitudes of 

at least three of the picture corners projected on the planet. 

These quantities (PI, P3, P7, P9) are obtained from the SEDR file 

----------



Figure 3.1. Layers of convective columns as per the model 
of Busse 
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that accompanies each image. It should be noted that Jupiter is 

treated as a sphere and not as an oblate spheroid. This treatment is 

adequate so long as one recognizes the difference between planetocen-

tric and planetographic latitudes. Figure 3.2 depicts the two sys-

te~s. In the case of a spherical planet, all radii are normal to the 

planet's surface; however, this 1.s not true for an oblate object. 

Generally, a line segment normal to the surface of an oblate planet 

does not intersect the center of the planet. Instead, it makes an 

angle ~ with the equatorial plane. This angle ~ is referred to as 

the planetographic latitude, and it is related to the more familiar 

planetocentric latitude through 

(3.2) 

where Rand R are the equatorial and polar radii. e p 
Both systems are 

used for Jupiter, though typically JPL documents adopt planetographic 

coordinates. 

There are two important sources for error in determining the 

lightning coordinates on the planet, pointing error and error in 

identifying the line and sample of the lightning in the picture. 

Limit cycle motion of the spacecraft can produce pointing errors as 

great as 0.05° (Mitchell, 1982; Cuzzi, personal communication), and 

this translates to an uncertaintly of 13 pixels for the wide angle 

camera. Since an individual lightning flash occupies several pixels, 

there is also some uncertainty as to which pixel actually covers the 

-------------



Figure 3.2. Planetocentric and planetographic latitude 
systems for an oblate planet 

-----_.--_. 
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area in which the lightning occurred. We assume that the lightning 

occurred in the area of the planet observed by the brightest pixel 

and assign an ~ncertainty of one pixel to the line-sample identifica

tion. The total uncertainty 0t is related to the individual uncer

tainties 0i through 

Thus, our line-sample numbers for each flash will be uncertain by 

about 13 pixels. 

(3.3) 

Tables 3.2 and 3.3 list the coordinates of the lightning 

flashes observed in the two discovery images. Figures 3.3 and 3.4 

show the orientation of the images with respect to Jupiter and the 

positions of the flashes on the planet. In addition to the errors 

discussed above, there is one additional source of error associated 

with these two pictures. Both images are triple exposures, and the 

camera slewed between each exposure. Since we do not know when each 

flash was imaged during the exposure sequence, we cannot determine 

precisely where the camera was pointing at the time each flash oc

curred. We can, however, estimate the line-sample error by examining 

triplet objects in the images. For example, in the lower right cor

ner of FOS 16396.39 there are three lightning clusters along the 

slew-path of the camera. If we assume that these three clusters are 

really just one storm center that has been multiply imaged (Borucki 

et al., 1982), then their separation is a measure of the error due to 

camera motion. The auroral bands in image FDS 16396.31 (the camera 



54 

Table 3.2. Lightning Coordinates in FDS 16396.31 

W Longitude N Latitude W Longitude N Latitude 

47.6 48.2 29.8 59.2 

48.0 49.0 27.8 55.8 

47.4 48.8 27.2 57.4 

45.4 47.8 26.6 49.6 

36.0 48.2 24.8 52.0 

34.6 47.2 24.0 52.2 

34.8 47.6 23.8 51.4 

36.8 49.2 23.2 49.0 

34.8 50.2 22.6 49.0 

33.6 48.8 22.0 48.4 

34.4 50.4 22.4 47.6 

32.6 48.6 21.8 48.6 
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Table 3.3. Lightning Coordinates in FDS 16396.39 

W Longitude N Latitude 

45.8 48.6 

45.8 47.2 

45.0 48.2 

44.0 47.2 

43.4 47.0 

43.0 47.0 

33.0 49.6 

32.2 49.2 

31.2 49.4 

27.8 57.0 

25.0 56.6 

24.6 56.6 

-----------. 
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motion was perpendicular to the limb in this photograph) can also be 

used to measure the error caused by camera motion. In both cases, we 

find that these features extend about 50 pixels along the camera path. 

This additional error term raises the uncertainty to about ± 50 

pi~els. 

The resultant uncertainty in longitude and latitude is a func

tion of latitude, since meridians of longitude converge at high lati

tudes. A line-sample error of ± 50 pixels at the centers of these two 

images produces longitude and latitude uncertainties of 2 and 3° re

spectively. 

Knowledge that the pointing error due to spacecraft and camera 

motion is about 50 pixels allows us to set an upper bound on the 

duration of the flashes. A continuously illuminated point on the 

planet would be smeared across 50 pixels along the direction of the 

camera motion. The lightning flashes in both of the discovery images 

have their major axes aligned with Jupiter's limb, and in one of the 

photographs, the camera motion was along the direction of the major 

axes. However, the camera motion in the other image was perpendicu

lar to the major axes. Typically, the minor axis of the spot pro

duced by one of the lightning discharges is about four pixels, so 

image smearing due to camera motion is at most four pixels. Since 

the camera swept across 50 pixels in 192 sec, on average, each pixel 

can observe a single point on the planet for about four seconds. A 

bright object smeared across four pixels could have a duration of 

no more than 16 sec. Of course this upper bound is probably much too 

-------._- -
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high. A lightning flash within a cloud would be expected to produce a 

diffuse, illuminated spot on the top of the cloud, and such a spot 

would occupy several pixels even if the camera were stationary (see the 

discussion of the point spread function in Section 4.5). 

3.4 Correlations with Cloud Features 

One key meteorological questio~ is, does the lightning corre-

late with particular cloud morphologies? Since the two pictures show-

ing lightning were taken on Jupiter's nightside, they cannot be used 

to address this question directly. However, there are pictures of 

these regions that were taken in daylight. According to Ingersoll 

and Pollard (1982), the typical lifetime for a feature at mid1atitudes 

is given by 

(3.4) 

On Jupiter at mid1atitudes, V ~ 10 m sec-1 and L ~ 1000 km, yielding 

a time constant of about 175 hours. Therefore, we should be able to 

see the large-scale features of the lightning region in photographs 

taken of the same area at earlier times (a few tens of hours). To 

correlate the lightning production regions with features observable in 

daylight photographs, we perform the inverse of the method used 

above to find the lightning longitudes and latitudes; i.e., we spe-

cify the orientation of the picture and the coordinates of the 1ight-

ning on the planet and calculate the line-sample numbers of the 

flashes. 

-------------------
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Of course the cloud complexes are not stationary so we must 

consider the wind. Unfortunately, the local wind field is not known 

so we characterize the flow with the mean zonal wind at the latitude 

of the lightning. Since zonal winds do not markedly change with 

longitude (Ingersoll et al., 1979), this characterization is prob-

ably adequate. 

Figure 3.5 shows the mean zonal wind as a function of lati-

tude in the northern hemisphere as determined by Ingersoll et al. 

(1981). About 85% of the lightning flashes observed in the two dis-

covery images are located between 47 and 53° N lat. This is a region 

of horizontal shear, though the magnitude of the wind is relatively 

small. In fact, the wind speeds are not significantly greater than 

the experimental error of the wind vector determinations (Ingersoll 

et al., 1981). The maximum error in longitude that results from 

neglecting these winds is approximately 

6.1on = 180ut 
7fT cos 0 

(3.5) 

where u is the wind speed, t is the time interval between the day and 

night photographs, r is the mean radius of Jupiter ([R + R ] /3), and e 
e p 

is the latitude of the lightning. Substituting values appropriate 

for 50° we obtain ~lon = 1.7 x 10-5t (sec). 

A search through the Voyager I images yielded two high-

resolution pictures of the appropriate area made in orange (605 nm) 

and violet (400 nm) light. These images are FDS 16315.10 and FDS 

------,,--- ----- -------"--" 
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16314.55 which were taken about 65 hours and 10 minutes (6.5 

rotations) and 65 hours and 22 minutes respectively before the two 

discovery images. This time difference results in a maximum longitude 

error of 4° if wind is neglected. Even if we do include wind in our 

calculation, the uncertainty in the wind vector (3 m sec-I) leads to 

a longitude uncertainty of about 1°. Remembering that the positions 

of the lightning in the nights ide images also have relatively large 

uncertainties, we find that our feature identifications can be no 

more accurate than ± 2.2° in longitude and ± 3° in latitude. Thus, 

it will be very difficult to coorelate the lightning with specific 

cloud features. We may, however, be able to correlate lightning with 

general patterns; e.g., jets or regions of high shear. 

Figure 3.6 shows the position of the lightning flashes super

imposed on FDS 16315.10 and :Figure 3.7 shows the same region in 

violet light. Cloud displacements due to the mean zonal wind field 

have been included in the lightning coordinate calculations. The 

dominant morphological feature in these photographs is that of long, 

bright, ribbon-like clouds. It is interesting to note that almost 

every flash appears to be associated with one of these clouds. We 

must point out, however, that these ribbon clouds are so ubiquitous 

at this latitude that the correlation may not be meaningful; i.e., 

if we were to randomly choose line-sample numbers corresponding to 

latitudes near 50° N, we might still find a correlation. Further

more, when we include the uncertainties associated with tracking the 

----_ .. ---



Figure 3.6. Correlation of lightning in discovery images with 
cloud features. -- Circles indicate half of the 
uncertainty of the lightning location. 
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Figure 3. 7. Same region as Figure 3. 6 except in viole·t light 
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lightning to this image, we must conclude that a detailed analysis 

of cloud feature-lightning associations will not prove conclusive. 

Although the available data do not allow us to associate an 

individual lightning flash with a particular cloud feature, we may 

st~ll consider the general location of the flashes. Both the imaging 

and the plasma wave observations place the lightning at high lati-

tudes, arid although there is an observational bias in the whistler 

observations (Kurth et al., 1985), it is still appropriate to ask if 

there are dynamical considerations that suggest that lightning should 

occur preferentially at high latitudes. Unfortunately, we have a 

poor understanding of Jupiter's dynamical state, so the following dis-

cuss ion suggesting that lightning activity should be greatest at high 

latitudes must be clearly labeled as speculation. 

In his review of Jupiter's meteorology, Stone (1976) param-

eterizes the importance of baroclinic instabilities in terms of the 

Richardson number, which can be written as 

(3.6) 

where g is the acceleration due to gravity, S is the static stabil-

ity, T is temperature, and ou/oz is the change of the horizontal wind 

speed with height. Stone calculated the atmospheric structure that 

would occur if baroclinic instabilities were the dominant mode of 

heat transport and presents a plot of Ri as a function of latitude. 

He finds that the Richardson number increases with latitude, becoming 
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1 near 45°, and takes on a characteristic value of about 10 at high 

latitudes. According to Stone, baroclinic instability becomes impor-

tant when Ri exceeds 0.84. The characteristic scale for these in-

stabilities, or more specifically of the half-wavelength in the 

downstream direction of the most rapidly growing perturbation, is 

(3.7) 

where f is the Coriolis paramter. For u = 10 m se,c -1 and Ri = 10 at 

sOO,H = 500 km. The characteristic time scale can be computed from 

(3.8) 

and is about 21 hours. 

Baroclinic instabilities are created by horizontal temper-

ature gradients and are the dominant mechanism for causing weather 

at midlatitudes on the earth. Although the equator to pole temper-

ature gradient on Jupiter is so small as to be almost unmeasurable, 

smaller scale temperature gradients are observed in the atmosphere. 

It is interesting that the largest temperature gradients appearing on 

-1 Voyager II br~ghtness temperature maps of Jupiter at 226 cm (cor-

responding to a pressure level of about 800 mb) (Hanel et al., 1979) 

occur poleward of 40°. 

Ingersoll and Porco (1978) have investigated heat transport 

in Jupiter's atmosphere in an attempt to explain the absence of a 

measurable equator to pole temperature gradient. Their numerical 



67 

models suggest that the heat flux from the interior increases with 

latitude to compensate for the decrease in insolation. If this is 

indeed the case, then the atmosphere is strongly heated from below at 

high latitudes, a condition conducive for convection. It should also 

be .noted that the effect of the Coriolis force on vertical motion de-

creases with increasing latitude since 

dv 
- = 20wcos.l.. dt 'f', (3.9) 

where n refers to the planet's angular rotation rate and w is the 

vertical wind speed. Thus, the conditions for large-scale convection 

become more favorable at higher latitudes, and this convection could 

increase the probability of lightning generation. 

------..•.. -- --------- --------_.-



CHAPTER 4 

DETERMINATION OF THE LIGHTNING ALTITUDE 

4.1 Introduction 

Previous analyses of the lightning images have not shown 

whether the flashes observed by Voyager were generated in the ammonia 

cloud or in some cloud deeper in the atmosphere. Knowledge of the 

lightning's altitude is of importance for several reasons. The micro-

physics of cloud charging depend on the composition and temperature of 

the cloud. Additionally, the trace gases produced by lightning dis-

charges vary between cloud layers. For example, flashes in the water 

cloud of the Weidenschilling and Lewis model would primarily generate 

CO (Lewis, 1980b); however, lightning above the water cloud is expected 

to produce relatively large quantities ,of HCN and C2H2 (Bar-Nun and 

Podolak, 1985).1 

Because the light produced by lightning discharges located in 

the lower cloud must pass through two cloud layers, whereas the light 

from a flash in the ammonia cloud need only pass through that cloud 

and the upper atmosphere, the spot sizes of the lightning images can 

be used to discriminate between various lightning source regions. To 

carry out such an analysis, one must be able to predict from theory the 

1 See Chapter 6 for a discussion of lightning chemistry. 
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expected spot size as a function of lightning altitude. Comparisons 

between predicted and observed sizes can then be made until a match is 

found. In this chapter, we describe a technique for determining the 

altitude of the flashes. First, we characterize the luminosity distri-

butions of the lightning images. Next, a radiative transfer code is 

described. This code is used to calculate the expected luminosity 

distribution of an image as a function of the altitude of the source 

in Jupiter's atmosphere. Finally, model predictions are compared to 

observations. 

4.2 Observed Luminosity Distribution 

A pixel by pixel examination of Figures 1.1 and 1.2 reveals 

13 useful; i.e., single, lightning images. (Note that it is assumed 

that single, i.e., nonoverlapping spots, are the result of the entire 

discharge integrated over all components.) At the time these images 

were taken, the spacecraft was about 500,000 km from Jupiter, and at 

that range, the size of a pixel projected on the planet is 37 x 37 km. 

To find the luminosity distributions for these images, an analytic 

function was fit to the pixel values for each image. It was found that 

an expression of the form (Borucki and Williams, 1986) 

DN = 1 + (;)2 
k 

(4.1) 

where DN is the pixel value, k is a scaling factor, r is the radial 

distance from the center of the spot, and a is the distance at which 

the function falls to half its central value, fits the data extremely 
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well. If the spacecraft zenith angle is ~ and the image is tilted with 

respect to a row of pixels by angle a, then (4.1) can be expressed as 

(4.2) 

where 

k _ cos28 + sin2 8/ cos2 ~ 
2 = u2 

k 
- 2 tan 2 ~ sin 8 cos 8 

3= 2 
U 

k 
_ sin28 + cos2 8 / cos2'~ ,,= 2 • 

U 

This fitting procedure results in a series of concentric, elliptical 

isophotes. The eccentricities of these ellipses are those that would 

be expected for circles observed from a zenith angle of about 55°, the 

zenith angle of the spacecraft to the spots. Table 4.1 gives the actual 

pixel values for two images. Table 4.2 lists the values after (4.2) 

was used to fit the luminosity distribution. Comparison of the two 

tables reveals that the data are well fit; a chi-squared goodness of 

fit test was made, and the fit was good to the ~ = 0.01 level. Upon 

fitting the luminosity distributions, we find that the average full 

width half maximum (FWHM) of the distributions is 113 ± 14 km 

(Table 4.3). 

All of the pixel gray levels are much less than the saturation 

value of 256, and Borucki and Williams (1986) have also argued on other 

grounds that none of these images are saturated. If some of" the images 

were saturated, then the peak pixel values of the saturated images 

--------_._-_ .. 
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Table 4.1. Actual Pixel Values 

Sample 1 2 3 4 5 6 7 8 9 

Line 

1 3 0 2 3 4 5 4 3 5 

2 3 3 4 6 8 5 4 5 6 

3 2 4 11 18 18 11 7 6 6 

4 3 10 27 39 21 11 5 4 5 

5 3 14 38 35 15 6 2 2 3 

6 4 12 21 16 8 8 1 1 2 

7 4 6 9 7 6 2 2 1 2 

8 2 7 5 5 4 2 1 5 4 

Sample 1 2 3 4 5 6 7 8 9 

Line 

1 0 1 2 1 2 2 2 4 3 

2 3 3 1 4 7 10 7 4 4 

3 1 1 4 14 20 17 8 4 1 

4 2 7 16 29 29 16 6 4 1 

5 1 7 19 25 19 12 3 1 2 

6 3 7 10 9 11 7 2 1 1 

7 2 4 4 5 7 5 3 1 1 

8 2 4 4 3 2 2 0 2 5 

.---.' . __ .. _----
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Table 4.2. Predicted Pixel Values 

Sample 

Line 

1 2.16 2.75 3.54 4.40 4.92 4.69 3.91 3.06 2.38 

2 2.83 3.96 5.69 7.71 8.38 6.86 4.85 3.40 2.49 

3 3.88 6.20 10.75 16.71 15.24 9.12 5.34 3.44 2.44 

4 5.39 10.25 23.94 40.82 20.96 9.20 4.97 3.17 2.25 

5 7.00 14.83 36.37 36.28 14.79 6.99 4.06 2.72 2.00 

6 7.49 13.47 19.32 14.56 8.12 4.78 3.14 2.26 1. 75 

7 6.29 8.53 8.94 6.97 4.79 3.33 2.43 1.88 1.52 

8 4.62 5.21 4.96 4.09 3.16 2.44 1.93 1.58 1.33 

Sample 

Line 

1 0.45 1.10 1.85 3.74 4.19 3.82 2.91 1.95 1.82 

2 1.18 2.16 3.71 5.92 8.09 8.28 6.27 3.98 1.95 

3 2.07 3.89 7.33 13.42 18.68 14.68 8.20 4.35 2.32 

4 3.19 6.34 13.49 28.14 31.21 15.92 7.39 3.67 1.89 

5 4.15 8.17 16.38 25.27 19.03 9.69 4.87 2.53 1.30 

6 4.23 7.23 10.75 11.39 8.24 4.94 2.80 1.52 0.75 

7 3.37 4.74 5.54 5.09 3.80 2.48 1.48 0.78 0.31 

8 2.24 2.71 2.80 2.43 1.82 1.20 0.68 0.28 0.00 

------.------
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Table 4.3. Lightning Image Size 

Flash FWHM (km) 

1 116 

2 101 

3 126 

4 133 

5 118 

6 97 

7 94 

8 134 

9 94 

10 119 

11 112 

12 117 

13 105 

Average = 113 km 

Standard deviation = 14 km 

----._-- -._._-
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would be the same. Examination of the images shows that this is not 

the case, so at most, only one image could be saturated, the brightest 

one. If the brightest image were saturated, then it might be reason-

able to assume that the pixels adjacent to the brightest pixel in the 

image are also saturated; i.e., have the same value as the brightest 

pixel. Again, this is found not to be the case. Furthermore, it 

would be surprising if a lightning discharge over 500,000 km away 

(about the distance between the earth and moon) had saturated the 

detector. 

4.3 Image Simulation 

4.3.1 Multiple Scattering 

At the spacecraft range of 500,000 km, and with a detector 

resolution of 37 km, it is impossible to resolve the geometry of a 

lightning flash. These facts, coupled with the observation that the 

2 spots on the cloud tops appear symmetr'ic and elliptical, suggest that 

the discharges can be approximated as point sources. The complicated 

structure of the Jovian atmosphere and the finite extent of the source 

indicate that a Monte Carlo approach holds the most promise for model-

ing the lightning images. 

2 ' The elliptical shape of the spots can be explained by fore-
shortening. Viewed from directly above, they would appear as circles 
whose luminosity distributions are the same as the distributions along 
the semi-major axes of the ellipses. The circular shape is consistent 
with a point source or with an extended source deep within the cloud. 
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The radiative transfer code used to simulate the lightning 

images is similar to that of Thomason and Krider (1982), as modified 

by Williams et a1. (1982) for use in an inhomogeneous atmosphere. The 

model atmosphere consists of several plane-parallel layers and a lower 

reftecting boundary. Within each layer one may specify the dimensions 

and optical properties of a homogeneous cloudy region. The remaining 

portion of the layer outside of the cloud is taken to be homogeneous, 

and its optical parameters can be specified separately. The code cal-

cu1ates the image's luminosity distribution and the relative flux 

incident at the detector. 

We assume that the probability that a photon travels a distance 

r before encountering a scatterer is 

Prob(r) = e-r />. (4.3) 

where A is the mean free path of a photon. The photon mean free path 

is determined from knowledge of the layer thickness, ~z, and optical 

depth, T, 

>. = I::t.z. 
If 

(4.4) 

The distance that each photon travels between scatters is computed from 

r = ->.In(n). (4.5) 

Here n is a random number between 0 and 1 generated from a uniform 

probability distribution. Upon encountering a scatterer, the photon is 

either absorbed with probability 1 - mO (mO is the single scattering 

albedo) or scattered in accordance with (4.5) and a prescribed 

------_._-----
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scattering phase function. In this model one is allowed to specify 

either the Rayleigh phase function (appropriate for molecular 

scattering) 

(4.6) 

or the two term Henyey-Greenstein phase function (Kattawar, 1975). 

The two term Henyey-Greenstein phase function (TTHG) was chosen because 

it is relatively simple to compute and often provides an acceptable 

approximation to the phase function calculated from Mie theory. The 

TTHG is given by 

(4.7) 

where ~ is the cosine of the scattering angle, gl is the mean value for 

the cosine of the scattering angle of those photons scattered in the 

forward direction, g2 is the mean cosine of the scattering angle for 

the backscattered photons, and f is the fraction of forward scattering. 

An array of scattering angles for each layer is computed once 

and for all time from the phase function. To accomplish this, the 

2TI radian range of possible scattering angles is divided into 1000 

intervals of equal probability; i.e., 

(4.8) 

Having obtained the 1000 equaprobable intervals of ~, we calculate the 

scattering angle e at each scattering event from 

--- -_ ... _-- -_. -------------
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e( ) (#n + #n-l) - n = arccos ---- (4.9) 
2 

with the aid of a random number generator that returns values for n 

from 1 to 1000. After scattering, the photon's new position (see 

Figure 4.1) is 

x/ = x, + r(sin e cos.,p cos ¢ + sin e cos.,p + cos e sin 0 cos ¢) (4.10) 

y/ = y, + r(sin e sin.,p cos 0 sin ¢ - sin e cos ¢ cos.,p + cos e sin 0 sin ¢) (4.11) 

z/ = z; + r(cos e cos 0 - sin e sin .,psin 0) (4.12) 

where (xi'Yi,zi) are the coordinates of the scatterer, e is the scat

tering angle, ~ is the scattering azimuth angle selected at random, 

e is the zenith angle of the photon's position vector before scattering, 

and ~ is the aximuth angle of the photon's position vector before 

scattering. 

Since the model has several plane-parallel layers, cat'eful 

attention must be paid to photons that cross layer boundaries. As 

Figure 4.2 illustrates, it is possible for (4.5) to calculate a partic-

ularly long photon path length that moves the photon from layer L to n 

layer Ln+2' thereby completely missing layer Ln+1 • If this happens, a 

ray tracing algorithm must be used to place the photon back at the 

boundary between Ln and Ln+1 • The photon's path length is then recom

puted for Ln+1• Since the photon has not yet been scattered, its 

direction remains unchanged. The ray tracing algorithm is 

(4.13) 

---.. _ •.... _-_._ .. 
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Figure 4.1. Geometry of a scattering event. -- The arrows indicate 
the path of the photon. 
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Figure 4.2. After scattering at A, the photon's new position is 
calculated to be B; however, this means that the photon 
has completely missed the intervening layer (possibly a 
cloud). To prevent this problem, the photon is placed 
back at the layer boundary C. 

79 
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(4.14) 

ZL - Zi T= . z,- Zi 
(4.15) 

where (~'YL) is the photon's new position on the layer boundary whose 

altitude is zL' and T is a scaling factor. In addition to layer bound

ary crossings, one must also test for region boundary crossings. To 

test for such crossings, the equation of the line defined by the 

initial and final photon positions is computed. It is then determined 

if this line crosses a region boundary. Consider the situations depict-

ed in Figure 4.3. In Figure 4.3a, the line crosses a boundary. In 

4.3b no boundary is intersected. However, as Figure 4.3c illustrates, 

this test is not definitive. It is possible for the line to intersect 

a boundary even though no photon crossing has occurred. To account 

for this, one further test is employed in the case of line-boundary 

intersections. If the initial and final photon positions lie within 

the cloud region or to the same side of the nearest boundary, then no 

crossing has occurred. If a photon does cross a region boundary, its 

position at the boundary must be calculated. The layer is divided 

into four quadrants so as to divide the cloud into triangles. For 

photons originating outside of the cloud, the boundary of interest 

lies in the same quadrant as the photon's initial position. If the 

photon originates within the cloud, then the boundary corresponding to 

the quadrant containing the photon's final position is of interest. 

Once the proper quadrant and boundary are identified, the intersection 

._-_ ... -.-..... --------------_._-------
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(Xf, Yf, If) (xi, Vi, li) 

4~~'~----------'~~ 

(c) 

Figure 4.3. Test for photon region boundary crossing. -- (A) The 
photon has crossed into the cloud, (B) it has missed the 
cloud, (C) the line defined by the photon's initial and 
final positions intersects the cloud although th-e photon 
has not crossed into it. 
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of the photon's path with the boundary is found, and the photon is 

placed at that position. 

The model follows each photon through its life history. Every 

photon has one of three fates; absorption by a scatterer, absorption 

at the lower boundary (a Lambert surface of some specified reflect iv-

ity), or escape through the top of the model atmosphere. The fraction 

of photons ending in each of these categories and the distribution of 

zenith and azimuth angles of the escaping photons are recorded. 

4.3.2 Relative Flux 

To calculate the relative flux at a detector located above the 

model atmosphere, we create a detection bin that subtends the solid 

angle 

l
Q+~Q 

n = 211" sin Ct.' dCt.' 
Q-~Q 

(4.16) 

where a is the zenith angle of the dec tor and ~a is determined by the 

range of zenith angles about a over which the distribution of photons 

scattered into the bin can be considered to be uniform; i.e., the flux 

is not a function of zenith angle. In the model, ~a is set to 5°. By 

counting the number of photons that enter the detection bin after 

escaping the atmosphere one can then find the relative flux at the 

detector from 

Nw 
Fre! = Non (4.17) 



where N is the number of photons that are in the bin, W is the solid 

angle subtended by the detector, and NO is the number of photons used 

in the simulation. 

4.3.3 Luminosity Distribution 

83 

In principle, one could find the luminosity distribution of the 

image by tracing the apparent path of each photon incident at the 

detector back to its intersection with the top of the ammonia cloud. 

However, since the detector effectively occupies only a point in space, 

an infinite number of photons would be required for each simulation. 

To circumvent this problem, some simplifying approximations must be 

made. We can think of the atmosphere as being composed of differential 

volume elements, each of which is capable of scattering a photon (with-

out it encountering any other volume elements) directly to the 

detector. Of course, some volume elements are much more effective at 

scattering photons directly to the detector than others, so we must 

determine the relative contribution of each element. The probability 

that a photon will reach the detector after experiencing a scattering 

event is given by as (Poole et al., 1981) 

P(Il)W -T 
Prob = exp(--.a) 

411" cos v 
(4.18) 

where it has been assumed that P(~) is constant over the small solid 

angle w. . -T/cOS a The quant1ty e . accounts for subsequent attenuation 

along the path length from the scatterer to the detector located with 

respect to the scatterer at zenith angle o. It is assumed a is the 

------"-----------------------_. ---
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same for all scatterers. This assumption is valid if the distance to 

the detector is large compared to the dimensions of the image. 

To evaluate (4.18), the program finds the coordinates of the 

final two scatterers that each photon encounters before escaping from 

the atmosphere. From the geometry shown in Figure 4.4, it is apparent 

that the scattering angle required for the photon to be directed toward 

the detector at its final scattering event is 

A2 +B2 _ C 2 
e = 1r - arccos[ 2AB ] (4.19) 

where (xd,yd,zd) represents the position of the detector, (x1s 'Y1s ,zls) 

are the coordinates of the final scatterer, (x Y z ) is the 10caps' ps' ps 

tion of the previous scatterer, and we have made use of the law of 

cosines. 

The pathlength required for the photon to exit the atmosphere 

at the final scattering event depends on the propagation direction of 

the photon; i.e., photons with small zenith angles can escape with 

smaller pathlengths than photons with large zenith angles. Consider 

Figure 4.5. After scattering at (x1s 'Y1s ,zls) the photon's new position 

is (xf,yf,zf)' and it has escaped the atmosphere. The optical depth 

that the photon has really traveled, '[ l' is '[/cos a, where the rea 

vertical optical depth '[ is given by 
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Figure 4.4. Geometry used to find scattering angle to detector. 
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t\ (xf, Yf, zf) 

ZLAYER+1 \ TOP OF ATMOSPHERE 

'LAYER 

'L+1 

Figure 4.5. Cross section of multilayer atmosphere.--showing slant 
optical path actually traveled by photon and optical. path 
it would have followed had the photon been scattered toward 
the detector • 
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LOl/e,. 
ZL+l - Z" '"" 

" = + L..J "n· 
>'L n=L+1 

(4.20) 

If the photon had instead been scattered toward the detector at 

(Xd,yd,Zd)' then the optical depth that it would have needed to 

traverse, 'r d d' is 'r/cos a. If 'r 1 is greater than '[ d d' then nee e rea nee e 

the pathlength selected from (4.5) would have been sufficient for the 

photon to have escaped even if the photon had been scattered toward 

the detector. In this case, the exponential in (4.18) can be neglected; 

i.e., if '[ 1 > 'r d d then rea - nee e 

Prob = P(JL)w. 
411' 

(4.21) 

Otherwise, (4.21) must be multiplied by exp('[ 1 - '[ d d) to account rea nee e 

for the difference in pathlengths. 

The image point of each volume element source must be at the 

intersection of the cloud top with the line of sight between the 

detector and the element. The position of each image point is cal-

culated from 

(4.22) 

(4.23) 

(4.24) 

where zim is the specified altitude of the image plane. The image plane 

is divided into square bins, and the luminosity of each bin is just- the 

number of image points (the contribution of each image point is weighted 

--------------------



88 

by (4.21» contained in the bin. These values can then be normalized 

by the value of the central bin to yield the relative luminosity dis-

tribution of the image. Actually, each normaljzed bin is the integral 

of the underlying luminosity distribution. To find the relative 

luminosity distribution, one must fit a function whose integral is the 

normalized bin value. If the detector zenith angle is 0° and the source 

is point-like, it is appropriate to use circular rings concentric about 

the source's epicenter as bins. 

4.3.4 Model Verification 

To test the program, model calculations were compared to analyti-

cal solutions and other Monte Carlo results. First, we simulate a laser 

at normal incidence to a cloud of perfectly absorbing particles (wO = 0). 

The fraction of transmitted photons should be in agreement with that 

-T predicted by Beer's Law (I = lOr ). Figure 4.6 shows that the model 

result follows Beer's Law to a high degree of accuracy. Bucher (1973) 

presents an analytic expression for the transmissivity of an optically 

thick (T. > 3) cloud composed of conservative (mO = 1.0) scatterers, s-

T = 1.69 
T, + 1.42 

(4.25) 

where LS is a scaled optical depth defined by LS = L(l - g). Figure 

4.7 shows that there is good agreement between the transmissivities 

calculated by the model and (4.25). Bucher also gives results for a 

Monte Carlo simulation of a laser incident normally on a conservatively 
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Figure 4.6. Model test of Beer's Law. 
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Figure 4.7. Comparison of model (open circles) and theoretical (solid 
line) transmissities. 
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scattering cloud. He finds empirically that 50% of the transmitted 

photons are contained within an exit radius of 

rc = 0.78D,r~·92 (4.26) 

where Ds = A/(1 - g) and Ts > 3. Figure 4.8 compares model results 

to the regression line obtained by Bucher. The agreement is good except 

for Ts = 3. where the relation is just becoming valid. Next we model 

a 10 m line source on the surface of the earth. The model atmosphere 

is four scale heights thick and conservatively scattering with optical 

depth 0.1. The observer zenith angle a was varied, and the model image 

was compared to the expected variation due to foreshortening (Table 4.4) 

L = lOcos 'IJ. (4.27) 

Since the grid points only take on discrete values, the image length is 

uncertain by one bin (in this case 1m). Because of the good agreement 

between the model's results and theory, we conclude that the program is 

performing properly. 

4.4 Model Jovian Atmosphere 

As mentioned in Section 1.3, there are two different models for 

the distribution of clouds in Jupiter's atmosphere; the solar composi-

tion chemical equilibrium model of Weidenschi11ing and Lewis (1973), 

and the recent model due to West et a1. (1986) and Bjoraker (1985) that 

assumes that water is depleted by two 'orders of magnitude with respect 

to solar abundance. 3 Apparently, the value for the water vapor 

3 . 
Henceforth, these models will be referred to as WL and WB . 

respectively. 
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Figure 4.8. Comparison of model (open circle) and Bucher's ~egression 
(solid line) for photon exit radius. 
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Table 4.4. Model Image Produced by 10 m Line Source 

Observer Zenith Angle (deg) 

o 

30 

60 

75 

Model (m) 

10 

9 

5 

3 

Expected (m) 

10.0 

8.7 

5.0 

2.6 
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concentration determines the cloud structure. Unfortunately, 

conflicting values for the water vapor mixing ratio have appear.ed in 

the literature. For example, Larson et a1. (1975) estimate that water 

is depleted by a factor of 1000. Drossert and Encrenaz (1982) conclude 

that it is depleted by 100 times the solar value in belts, but Kunde 

et al. (1982) find that water is depleted by only a factor of 30 in 

belts at the 4 bar level. Bjoraker's (1985) analysis of Jupiter's 5~m 

. spectrum suggests that water is depleted by two orders of magnitudes 

in both belts and zones. West et al. (1986) point out, however, that 

global depletion of water by two orders of magnitude relative to solar 

abundance would be surprising in view of the observed enrichment of 

ammonia and possibly methane. They and Kunde et ale (1982) suggest 

that H20 depletion in belts may simply be the result of downwelling; 

the zones would then be water vapor reservoirs. If they are confirmed, 

Bjoraker's results refute this explanation for the missing water. Since 

the value of the H20 mixing ratio is not well known, and the Weiden

schilling and Lewis model is ubiquitous in the literature, we will use 

both models for the image simulation calculations. 

Like WL, the WB model has an upper ammonia cloud with an over

lying photochemically produced haze. The ammonia cloud extends from 

392 to 700 mb and has an optical depth in the visible of about 5. 

According to West (personal communicat.ion), the lower NH4SH-H20 cloud 

is expected to be physically thin and optically thick. The optical 

depth of a cloud composed of droplets of mean radius a is giyen by 

._---_ .. _-_.-
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(4.28) 

where Q is the scattering efficiency, n is the drop concentration, and 

s is the thic~ess of the cloud. For visible wavelengths (A ~.5 ~m) 

the size parameter (2~a/A) is >100 and Q = 2 (Liou, 1980). The mass 

loa~ing of the cloud is 

4 
m = -1ra3pn (4.29) 

3 

where p is the mass density of a clo'Jd drop. Combining these equations 

we obtain 

3Qms 
T= 

4pa 
(4.30) 

For a 1 km thick cloud composed of 50 ~m radius drops with mass loading 

-3 1 g m , the optical depth is about 30. 

The optical properties of the atmosphere below the lower cloud 

are not known, so we follow the suggestion of Tomasko (personal communi-

cation) and place a Lambert surface of reflectivity R at the base of 

the lower cloud. This reflective surface models the backscatter from 

the dense gas below the cloud base. Since this surface prevents photons 

from exiting the bottom of the cloud, its effect is to make the lower 

cloud semi-infinite. An underestimate of L has the same effect as 

placing the source nearer to the top of the cloud. According to 

Chandrasekhar (1950) and Twomey and Bohren (1980), the reflectivity of 

a semi-infinite cloud can be expressed as 

{gf£tvo R = 1- H(J.L) 
1- gtvo . 

(4.31) 



where H(~) ~s defined by Chandrasekhar (1950). Using values 

appropriate for Jupiter (see text below), R is found to be about 

0.7, in agreement with the value suggested by Tomasko (personal 

communica tion) • 

Since the boundaries of the WL ammonia cloud are not as well 

constrained as those of the WB model, which is based on observations, 

we adopt the same parameters as those of WB. Spectral analyses con

ducted by Sato and Hanson (1979) found no evidence for the existence 
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of the middle NH4SH cloud predicted by WL, so it has not been included. 

The massive lower water cloud, which probably also contains ammonia, 

extends from about 4 to 6 bars, a thickness of 20 km (Orton, 1981). 

Its optical depth is not known, though it is presumed to be large. 

Values for T of 30 and 100 are used for the calculations. Again, since 

with the lower reflecting surface the lower cloud is really semi

infinite, knowledge of the exact value for its optical depth is not 

critical. 

Using spacecraft data, Tomasko et al. (1978) determined cloud 

single scattering albedos and find that the phase functions for the 

clouds and overlying haze are well fit by a two term Heyney-Greenstein 

phase function. They obtain values for g1 and g2 of 0.8 and -0.8 

respectively for the clouds. The haze can be fit with g - 0.75-0.8. 

Since they find that forward scattering dominates (fVO.95-1.0), the 

phase function is not sensitive to the value of g2. Tables 4.5 and 4.6 

list the optical properties used by the two base state mode~~, and it 

is assumed that these parameters are constant over the wavelength 
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Table 4.5. Optical Parameters for WB Model 

Pressure Altitude 
Layer (mb) (km) A (km) mO 81 82 

Gas 0-14 107-132 0.004 6.3 x 10 3 1.000 0.0 0.0 

Gas 14-37 82-107 0.007 3.6 x 10 3 1.000 0.0 0.0 

Gas 37-100 57-82 0.019 1.3 x 10 3 1.000 0.0 0.0 

Haze 100-150 49-57 0.125 6.4 x 10 1 0.995 0.8 -0.8 

Gas 150-392 42-49 0.050 1.4 x 10 2 1.0 0.0 0.0 

NH3 392-700 30-42 5.000 2.4 x 10 0 0.995 0.8 -0.8 

Gas 700-2000 1-30 0.900 3.3 x 10 1 1.000 0.0 0.0 

NH
4

SH 2000 0-1 30.0 3.0 x 10 -2 0.994 0.8 -0.8 

-------------------
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Table 4.6. Optical Parameters for WL Model 

Pressure Altitude 
Layer (rob) (km) T A (km) 

mO gl g2 

Gas 0-14 152-177 0.004 6.3 x 10 3 1.000 0.0 0.0 

Gas 14-37 127-152 0.007 3.6 x 10 3 1.000 0.0 0.0 

Gas 37-100 102-127 0.019 1.3 x 10 3 1.000 0.0 0.0 

Haze 100-150 94-102 0.125 6.4 x 10 1 0.995 0.8 -0.8 

Gas 150-392 87-94 0.050 1.4 x 10 2 1.000 0.0 0.0 

NH3 392-700 75-87 5.0 2.4 x 10 0 0.995 0.8 -0.8 

Gas 700-4000 20-75 0.900 6.1 x 10 1 1.000 0.0 0.0 

H2O 4000-6000 0-20 30.0 6.7 x 10 -1 0.994 0.8 -0.8 
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- 4 
interval 0.38-0.58 ~m. Figure 4.9 schematically compares the two 

cloud distributions. 

Obviously, the results of the image simulation calculations 

will depend on the m.odel atmosphere. The inversions of Tomasko et al. 

(1978) do not represent a unique solution to the equation of radiative 

transfer since they depend upon the assumed model for Jupiter's atmos-

phere. However, since for Jupiter, the two cloud model (TCM) is the 

most realistic of the standard cloud models used for inverting data 

(Wallace and Hunten, 1978), and Tomasko et al. report that small 

departures from their fitted values result in poor agreement with 

observation, their results for the TCM are probably quite good. To 

determine the sensitivity of the image simulation calculations to 

uncertainties in the parameter values, each parameter will be varied 

over a range of physically realistic values. 

4.5 Model Results 

The image simulation code was run for several variations of the 

base state WB and WL model atmospheres. Simulations using the WB atmos-

phere include: 

Case 1. The source is in the middle of the ammonia cloud. 

Case 2. Same as 1, but the ammonia cloud is assumed to consist of 

conservative scatterers. 

4The Voyager camera with clear filter covered the range 0.38-
0.58 ~m and had its peak spectral response at 0.48 ~m. 

----------- --------- ----------- ---
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Case 3. 

Case 4. 

"Case 5. 

Case 6. 

Case 7. 

Case 8. 
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Same as 1, but the source is at the bottom of the ammonia 

cloud. 

Same as 1, but the reflectivity of the lower boundary 

is 0.9. 

Same as 1, but the optical depth of the ammonia cloud 

is 25. 

Combination of cases 2, 3, 4, and 5 to yield the maxj~um 

image spreading. 

The source is 1/3 of the intercloud distance below the 

ammonia cloud. 

The source is 2/3 of the intercloud distance below the 

ammonia cloud. 

Case 9. The source is in the middle of the lower cloud. 

Case 10. Same as 9, but the reflectivity of the lower boundary 

is 0.9. 

Case 11. Same as 9, but the cloud is assumed to be 5 km thick. 

In Section 4.3.3 it was pointed out that the model assumes that 

the spacecraft zenith angle measured with respect to all of the scatter

ing elements of the atmosphere is a constant. To test the validity of 

this assumption, consider an element 1000 km from the center of the 

image (Figure 4.10). The distance from the element to the spacecraft is 

d = v(rcos19)2 + (rsin19)2. 

If the spacecraft range from the center of the spot is 525,000 km 

and a = 60 0
, then the distance between the spacecraft and the element 

-----,---_ .. -
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is about 524,134 km. From the law of sines, the spacecraft zenith 

angle at the element is 

• ( .Q) 525,000. 
sm 90 - v = 524,134 sm30 

" = 59.95°. 

Since the spot sizes are «1000 km, the approximation is quite good. 

Since the ellipses that describe the images are just fore-

shortened circles, the images calculated from the model are treated as 

if they were circles whose radial distributions are identical to the 

luminosity distributions along the semi-major axes of the ellipses. 

That is, we solve the equivalent, and geometrically simpler, problem 

for the spacecraft directly overhead. To construct the luminosity 

distribution from the program output, a function must be found whose 

integral yields the bin values given by the radiative transfer code. 

Unfortunately, we do not possess enough information to allow us to 

immediately write down this function. We must find the luminosity dis-

tribution by comparing the integral of our guess for it to the program 

output; i.e., we find the function through trial and error. Initially, 

we assume two functional forms for the underlying luminosity 

dis tributions, 

L(r) = e-k,. 

L(O) . (4.32) 

and 

(4.33) 

._--- ----._-----
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Equation 4.33 represents the flux incident on a plane surface produced 

by a point source a distance R away. When integrated over circular 

rings, these fupctions become 

(4.34) 

and 

(4.35) 

respectively. These integrals were tabulated using a ring width of 

5 km. Equation 4.34 was evaluated for many values of k, and the value 

for k that best reproduced the image predicted by the model was selected. 

A chi-squared goodness of fit test was performed to insure that the 

selected function fit the model results at the a = 0.05 confidence 

level. In each case, it was found that the exponential distribution 

(eq. 4.32) fit the output well. Figures 4.11 and 4.12 show the fits 

obtained for cases 5 and 6. The luminosity functions determined for 

cases 1 through 11 are given in Table 4.7. 

Inspection of Table 4.7 shows that there is a clear difference 

between the images for sources in the ammonia cloud and sources near 

the lower cloud. The model results are rather insensitive to changes 

in the scattering parameters. An increase of the ammonia cloud optical 

depth by a factor of five only increases the image size by a factor of 

two. Similarly, the results are very insensitive to perturbations of 

the model when the source is located in the lower cloud. There is 

---- . __ .. -.--
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Figure 4.11. Analytic fit (dashed line) to model results (solid line) 
for lightning in ammonia cloud (T

NH3 
= 25). 
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Table 4.7. Fitted Luminosity Distribution (WB Model) 

Half Intensity 
Case k Radius (km) 

1 0.369 1.9 

2 0.252 2.8 

3 0.198 3.5 

4 0.252 2.8 

5 0.238 2.9 

6 0.123 5.6 

7 0.063 11.0 

8 0.050 13.9 

9 0.049 14.1 

10 0.048 14.4 

11 0.048 14.4 

-------- .----- ------------------------_. - --.---



ambiguity, however, between sources in the lower cloud and sources 

10 km above it. 
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The reader has no doubt noticed that all of the images are much 

smaller than the Observed values (about 110 km) listed in Table 4.3. 

This discrepancy is due to the nature of imaging systems. A perfect 

system would image all of the detected photons from a point source on a 

single pixel. However, real detectors introduce image spreading; i.e., 

a point source is not imaged on a single pixel, but instead it is 

imaged on several adjacent pixels. The degree of image spreading 

depends on the type of detector and can be expressed in terms of a 

point spread function (PSF). The input signal S(x,y) and the image 

produced by the detector S'(x,y) are related by (Rosenfeld and 

Kak, 1981) 

S'(x,y) = ! ! S(x',y')PSF(x - x',y - y')dxdy. (4.36) 

The detector image then, represents the convolution of the input source 

function with the detector's PSF. The PSF of a perfect detector would 

be given by a Dirac delta function. 

The Voyager imaging system's PSF was not measured prior to 

launch; however, it was determined from star images (Borucki, personal 

communication). Examination of the pixel values produced by stars 

(point sources) shows that the PSF is 3:1:1:1; i.e., for every seven 

photons focused by a perfect lens on the center of a pixel, three 

photons will register on that pixel, and one photon will be detected by 

each of the four. pixels adjacent to the central pixel. The convolutions 



of the calculated luminosity distributions with the PSF were carried 

out by numerical integration. Since convolution with a point source 

will merely reproduce the PSF, and the PSF should not substantially 

affect a very broad distribution, the convolution program was tested 
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for these two limiting cases and was found to yield satisfactory results. 

Table 4.8 lists the values for the FWHM's of the convolved 

distributions. Cases 1, 2, 4, and 5 are almost identical to the PSF. 

Case 6, where the scattering parameters were chosen so as to maximize 

the size of the image produced when the source is in the ammonia cloud, 

gives a FWHM of only 55 km. The agreement between the calculated and 

observed lightning images is much better when the source is placed near 

the top of the lower cloud, 88 km as compared to 113 km. To determine 

the sensitivity of the calculations to the value of the PSF, the 

luminosity distribution of case 9 was convolved with PSF's of 2:1:1:1 

and 4:1:1:1. The FWHM's of the resultant images were 94 and 80 km 

respectively. 

The WL model atmosphere was also used. Since the only important 

difference between WE and WI, is the location and composition of the 

lower cloud, cases 1 through 6 were not re-run for the WL model. The 

WL model was run for case 9 (source located in the middle of the lower 

cloud) for water cloud optical depths of 30 (case 12) and 100 (case 13). 

For T = 30, the convolved FWHM was calculated to be 112 km; T = 100 

yielded a somewhat narrower image, about 85 km. This surprising narrow

ing may be due to absorption in the lower cloud; i.e., photons that 

multiply scatter horizontally through the lower cloud are preferentially 

-----_ ... _-_. 
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Table 4.8. Convolved Distributions for WB Model 

Case Cloud FWHM (km) 

1 Ammonia 50 

2 Ammonia 50 

3 Ammonia 51 

4 Ammonia 50 

5 Ammonia 50 

6 Ammonia 55 

7 Between 79 

8 Between 86 

9 Lower 86 

10 Lower 88 

11 Lower 88 



absorbed. It should be understood that this result does not require 

the total optical depth of the lower cloud to be 30. Rather, our 

finding merely indicates that the optical depth between the top of 

the lower cloud and the lightning is not large; i.e., the source is 

near the cloud top. 
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The calculations discussed above are those that appear in 

Borucki and Williams (1986). Their code only allowed a TTHG phase 

function to be used, and the gas layers of their model were considered 

to be isotropically scattering. Certainly, it would be more appropriate 

to employ the Rayleigh phase function. The radiative transfer code 

described in Section 4.3 permits the use of both the TTHG and the 

Rayleigh phase functions, so cases 6 and 12 were re-run using the 

Rayleigh phase function for the gaseous layers. The resulting FWHM's 

were 52 and 108 km respectively. One might also argue that gl for a 

cloud containing large water drops should be closer to 0.9 than 0.8. 

To test the sensitivity of the model results to the value of g, case 13 

was re-run for gl for the water cloud equal to 0.9. The result was 

identical to that of case 13. 

It has been assumed that each layer of the two model atmospheres 

is horizontally infinite; undoubtedly, there are spatial variations of 

the two cloud layers. Smith et al. (1979a) have observed small (100-

200 km) cumulus-like clouds near the equator, but since the precon

volved luminosity distributions in Table 4.7 are at most only a few 

tens of kilometers wide, the assumption that the horizontal extent of 

the clouds is large compared to the image size is not unreasonable. 
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From this analysis, it is apparent that the luminosity 

distributions of the Voyager I lightning images can indeed be used to 

put limits on the source region of the lightning. Model calculations 

agree best with observation when the lightning is assumed to have 

occurred near the top of the lower cloud. Agreement is very poor when 

the source is placed in the ammonia cloud, even when its optical 

properties have been perturbed from their base state values to increase 

the amount of image spreading. This conclusion holds for both the WB 

and WL atmospheres. The WL model does the better job of duplicating 

the observed images, producing an image FWHM of about 110 km. WB 

produces an image of about 90 km. Figure 4.13 compares the luminosity 

distributions obtained for cases 1, 9, and 12. 

Systematic perturbation of the scattering parameters shows that 

model results are most affected by the assumed source location. 

Realistic changes in the optical properties of the atmosphere do not 

produce aliasing to the degree that one cannot distinguish between 

sources located in the upper and lower clouds. Based on these results, 

one can make two conclusions. The first conclusion is that the light

ning was not generated in or near the ammonia cloud. This conclusion 

is further supported by the work of Levin et al. (1983) who argue that 

the ammonia cloud is not a suitable environment for large-scale charge 

separation. The second conclusion is that the lightning occurred near 

the top of the lower cloud. The calculations lend some support for the 

WL model. 

-----_.-._--------------
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CHAPTER 5 

LIGHTNING ENERGETICS 

5.1 Optical Energy 

Now that it has been established that the lightning discharges 

observed by Voyager occurred near the top of the lower cloud, the 

optical energies radiated by the flashes can be calculated taking 

attenuation into account. The fraction of source photons incident at 

the detector apperture is given by eq. 4.17; i.e., 

where w, the solid angle sub tended by the detector is just 

7l"r2 

w = R2' (5.1) 

where r is the radius of the Voyager camera lens. The distance from 

the spacecraft to the clusters of lightning flashes in the discovery 

images (FDS 16396.31 and 16396.39) was about 514,000 and 525,000 km 

respectively. The spacecraft zenith angle to the flashes was found 

from the fitting procedure discussed in Section 4.2; i.e., the zenith 

angle is taken to be the observer angle required to foreshorten a 

circle enough to produce the observed image. The zenith angle for all 

of the lightning images is about 50°. The size of the detection bin 

(eq. 4.16) is thus, 

114 
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1
550 

21r sin QdQ = O.839sr. (5.2) 
45° 

The energy registered by each pixel is given by the gray 

level, or data number (DN), as it is usually called. The total energy 

detected by the spacecraft is the sum of the DN's for each pixel oc-

cupied by the individual lightning flashes. The average DN for pixels 

near, but not including a flash, was calculated to obtain the back-

ground level. The background level was found to be 2 ± 1 DN, and this 

value was subtracted from each pixel of the flash. It is difficult to 

define the boundary of a flash, so the total DN value was found by 

adding all of the pixels in the vicinity of each flash. Since the 

background level was subtracted, the inclusion of a few pixels not 

containing the lightning image does not affect the calculation. 

These two lightning images have been radiometrically corrected 

by the Jet Propulsion Laboratory's (JPL) Image Processing Laboratory. 

The correction procedure, known as FICORing, accounts for the transmis-

sion of the filter and the response of each pixel (Danielson et al., 

1979). The images are calibrated such that 1 DN = 1.0 x 10-9 W cm-2 

-1 -1 
nrn sr with a 0.24 sec exposure time. Of course, the detector did 

not actually measure intensity; it really measured the total energy at 

a pixel. Intensity units were obtained from knowledge of the filter 

bandwidth exposure time, etc. To obtain the conversion factor be-

tween DN's and energy at the detector, it is necessary to multiply 

--_ .. __ ... _- --------- _._--_ .. _--._. 



116 

1.0 x 10-9 W cm-2 nm-l sr-l by the exposure time (0.240 sec) ,1 the 

area of the camera lens (26.4 cm2), the effective bandwidth (200 nm), 

and by the solid angle subtended by a pixel (4.7 x 10-9 sr). After 

performing the multiplication, we find that 1 DN = 5.9 x 10-15 
J of 

en~rgy at the detector. The detection threshold luminosity for light-

ning can be calculated from 

(5.3) 

where E is the energy at the detector corresponding to 1 DN, r is the 

radius of the camera lens, L is the lightning luminosity at the cloud 

top, and R is the distance between the lightning and the spacecraft. 

IfR= 525,000 km, the minimum detectable luminosity is about 8 x 106 J. 

In practice, however, the lightning would have to be at least three 

times brighter to be observed above the background noise. Addition-

ally, the lightning energy would be distributed over several pixels, 

which serves to increase the required source strength. Therefore, if 

there is no attenuation of the lightning signal due to clouds, the 

7 detection threshold is roughly 6 x 10 J. 

In Chapter 4 it was shown that predicted and observed light-

ning images were in best agreement when the lightning was assumed to 

have occurred near the top of the lower cloud of the WL model 

1 
The actual exposure time is 192 sec, however, as noted in 

Chapter 3, some of the times given in the SEDR are incorrect. The JPL 
analysts used the reported value of 0.240 sec instead of the correct 
192 sec in their conversion. 
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atmosphere. Since (4.17) primarily depends on the optical depth 

between the source and the top of the atmosphere, and not on the 

physical separation of the clouds, we expect that either WL or WB 

could be used to find F 1. Calculations made with both models conre 

firm that WL and WB yield the same result for flashes located in the 

lower cloud. Since the precise position of the source within the 

cloud cannot be ascertained, the radiative transfer code described 

in Section 4.3 was used to find F 1 for sources located at the top re 

of the water cloud, 15 optical depths below the cloud top, and 30 

optical depths beneath its top. The results of these calculations, 

in which 40,000 photons were used, are summarized in Table 5.1. The 

average values for the optical energy radiated in the band 0.38-0.58 

8 . 9 10 
~m are 9.7 x 10 , 3.1 x 10 , and 2.8 x 10 J respectively for the 

three assumed source locations. It is interesting to note that when 

the source optical depth below the lower cloud is doubled, the source 

strength is found to increase by almost an order of magnitude. There-

fore, lightning flashes located many tens of optical depths below the 

lower cloud top could not have been detected due to the detection 

threshold imposed by the camera. Danielson et ale (1981) report that 

JPL images were calibrated with light transfer curves made from pre-

launch camera measurements, and the DN values should be multiplied by 

0.878 to bring them into agreement with in-flight calibrations (thUS 

1 DN = 5.2 x 10-15 J). With this correction the energies become 8.5 

8 9 10 x 10 , 2.7 x 10 , and 2.4 x 10 J. Assuming that there had been no 

attenuation of the lightning signal, Borucki et al. (1982) calculated 
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Table 5.1. Optical Energy Radiated by Lightning 

FDS DN E a 
(J) E b 

(J) E c (J) 
op op op 

16396.31 252 1.5 x 109 4.5 x 109 4.0 x 1010 

106 6.5 x 108 1.9 x 109 1.7 x 1010 

83 5.1 x lOB 1.5 x 109 1.3 x 1010 

237 1.5 x 109 4.2 x 109 3.7 x 1010 

160 9.B x lOB 2.B x 109 2.5 x 1010 

210 1.3 x 109 3.7 x 109 3.3 x 1010 

16396.39 146 9.3 x lOB 2.7 x 109 2.4 x 1010 

90 5.7 x lOB 1.7 x 109 1.5 x 1010 

338 2.2 x 109 6.3 x 109 5.6 x 1010 

111 7.1 x 108 2.1 x 109 loB x 1010 

197 1.3 x 109 3.6 x 109 3.3 x 1010 

411 2.6 x 109 7.6 x 109 6.B x 1010 

a top of lower cloud. bSource at 
Source 15 optical depths below cloud top. 

cSource 30 optical depths below cloud top. 

---._ ... _--



119 

9 
2.5 x 10 J for the average energy. Borucki et a1. did not use the 

correction factor given by Danielson et a1. Differences between the 

data sets used by Borucki et a1. and by this study could also account 

for their large optical energy value. Here we have made a concerted 

effort to include only single flashes, excluding the large bright spots 

that may be the result of several overlapping discharges (Borucki and 

Williams, 1986). Since the image simulation experiments indicate that 

the source is at, or just below, the top of the lower cloud, 109 
J will 

be adopted for the optical energy radiated by the lightning. 

Guo and Krider (1982) have measured the optical energy radi-

ated by terrestrial CG flashes in Florida. They report that return 

strokes radiate about 2 x 105 J in the band 0.4-1.1 ~m. Assuming that 

the light energy is uniformly distributed over this interval, about 

6 x 104 J are emitted in the 0.38-0.58 ~m band. Of course, this value 

refers to CG flashes, and Jovian lightning flashes must be cloud dis-

charges. Unfortunately, reliable mea.surements for terrestrial cloud 

discharges are not available; however, to order of magnitude, the 

energies radiated by the two types of lightning are probably similar. 

One must conclude that the Jovian lightning discharges that were de-

tee ted by Voyager I are at least four orders of magnitude brighter 

than terrestrial flashes at visible wavelengths. 

5.2 Total Energy 

The optical efficiency, n, of a lightning discharge is defined 

as the ratio of the energy radiated in a specified spectral interval 

(at visible wavelengths) to the total energy dissipated by the 

.---.. -- .. -.-.. -.-------~.~~ 
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discharge. Conner (1967) calculated n by measuring the energy 

radiated from seven return strokes and from measurement of the change 

of the electric field at the ground. He obtained n = 0.007 ± 400% 

for the spectral interval 0.39-0.69~. Krider et al. (1968) used a 

4 m laboratory spark to make a more accurate measurement of n. Two 

methods were used to find the total energy dissipation: integrating 

the product of the current and voltage with time, and subtracting the 

energy stored in the generator before and after discharge. Krider et 

al. found that the two methods agreed with 40% of each other and cal

culated an optical efficiency of 0.0038 for the band 0.5-1.0 ~m. 

Recently, Borucki et al. (1985) have developed a method for 

simulating lightning spectra using laser induced plasmas (LIP's). The 

method basically consists of focusing a laser to form a small spot 

within a flask containing a gas. The laser energy produces a large 

electric field, and the gas breaks down and produces a luminous spark. 

Comparison of LIP spectra with lightning spectra shows that the method 

does a very good job of simulating lightning. Since the LIP technique 

does not employ electrodes, metal contaminants are not present in the 

spectra. Borucki and his colleagues have also devised a method for 

measuring optical efficiencies. In their technique, light from a 

Q-switched Nd-YAG laser passes through a lens to focus at the center 

of a flask containing a gas. A photometer used in conjunction with a 

filter that blocks off the 1.1 ~m laser light is used to measure the 

light energy radiated by the LIP. The total energy deposited by the 

laser in the plasma is calculated by measuring the heat flow up an 

--- -_ .... _----
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aluminum rod attached to the flask which is an evacuated chamber. 

Corrections for radiative and convective losses are also included. It 

is found that n for the LIP in the spectral interval 0.37-0.80 ~m is 

0.0036 for air. This is in very good agreement with the value for n 

obtained by Krider et a1. 

The LIP technique has also been used to measure n for a simu-

1ated Jovian atmosphere (88% H2 , 12% He). The optical efficiency for 

Jovian lightning was found'to be 0.0008, considerably less than the 

efficiency for air. This result should come as no surprise, since 

Borucki et a1. (1985) have shown that the line spectrum of simulated 

Jovian lightning consists of only a few Balmer and He lines. If n is 

assumed constant and it is adjusted for the band 0.38-0.58 ~m, its 

value is about 0.0004. Applying this efficiency to the optical ener-

12 gies obtained above yields total electrical energies of 2.1 x 10 , 

6.9 x 1012 , and 6.1 x 1013 J for the three source locations. The 

adopted average value of 109 J yields a total dissipated energy of 

12 2.5 x 10 J. This value is close to that obtained by Borucki et al. 

(1982) who, using n for terrestrial lightning, obtained 1.7 x 1012 J 

assuming the lightning was in the ammonia cloud (Table 5.2). 

According to Borucki and Chameides (1984), the total energy 

dissipated by terrestrial CG and cloud flashes is about (4 ± 2) 

x 108 J, four orders of magnitude less than that calculated for 

Jovian lightning. On earth, only superbo1ts are thought to dissipate 

as much energy. According to Turman (1977), about one in 1Q3 terres-

10 trial lightning flashes dissipate more than 10 J and only five in 
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Table 5.2. Total Energy Emitted by Jovian Lightning 

T Below Lower Cloud Top E (J) E (J) op tot 

0 B.5 x lOB 2.1 x 1012 

15 2.7 x 109 6.9 x 1012 

30 2.4 x 1010 6.1 x 1013 

--_._-----.------------



107 emit more than 1012 J. Thus, lightning energies comparable to 

those obtained for Jupiter are observed for terrestrial lightning, 

but only very infrequently. 
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CHAPTER 6 

CHEMISTRY 

6.1 Introduction 

Thunderstorms may have played an important role in the 

chemical evolution of the earth's atmosphere. Miller and Urey (1959) 

report that electrical discharges in hydrogen rich gas mixtures yield 

large quantities of amino acids, and shock tube experiments carried 

out in simulated primitive earth atmospheres produce significant 

amounts of aldehydes and HeN (Bar-Nun and Shaviv, 1975). Since these 

compounds are of biological interest, it is possible that lightning 

may have played a role in the development of life on the earth. In 

addition to its possible importance as a source for synthesizing pre-

biological molecules in reducing atmospheres, lightning also plays a 

significant role in the chemistry of trace gases in the earth's atmos-

phere. For example, according to Borucki and Chameides (1984), 

lightning discharges produce atmospheric NO at a rate of about 7 x 10
8 

molecules sec-l cm-2 of surface area. 

Since Jupiter has a highly reducing atmosphere, it is probable 

that Jovian lightning discharges produce compounds similar to the 

ones produced in laboratory simulations of primitive atmospheres. 

Bar-Nun (1975; 1979) and Bar-Nun and Podolak (1985) have argued that 

thunderstorms are necessary to account for the quantities of C2H2 :and 

124 
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HCN observed in the Jovian atmosphere. These thunderstorms could also 

produce compounds relevant for biology, and Sagan and Salpeter (1976) 

have discussed the possibility of life on Jupiter. Though highly 

speculative, their analysis concludes that there are physiological 

designs and survival strategies that would allow organisms to occupy 

some niches. Presumably, these organisms would metabolize organics 

formed in the atmosphere by photolysis and lightning. 

Lewis (1980b) and Bar-Nun and Podolak (1985) point out that to 

a large degree, the water vapor mixing ratio determines the lightning 

chemistry on Jupiter. Lightning in water rich regions produces sig-

nificant amounts of CO, while lightning discharges occurring in re-

gions depleted of water yield predominantly C2H2 and HCN. Therefore, 

the composition of the lower cloud in which the lightning is generated 

controls the chemistry. Since thus far, it has not been possible to 

discriminate,between the WB and WL models, we will investigate light-

ning chemistry in both a Jovian atmosphere containing water in solar 

proportions and in an atmosphere depleted of water. 

6.2 Water in Solar Abundance 

Bar-Nun and Podolak (1985) provide an expression for the 

column abundance of a gas produced at level z* in the atmosphere. 

They begin by solving the transport equation, 

dn n 
F = -K(z)(- +-) 

dz H 

------ --- -._--------_._--

(6.1) 
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where F is the flux, K is the eddy diffusion coefficient, H is the 

scale height, and n is the number density of the species under con-

sideration. In a region where K and H are constant, the solution to 

(6.1) is 

-z FH 
n(z) = -Aexp(H) - K . (6.2) 

If we set the altitude of the base of the water cloud to 0, 

let zl denote the altitude of the tropopause, z2 denote the altitude 

at which photolysis destroys the gas, and z3 refer to the altitude 

below the water cloud where temperature and pressure destroy the gas, 

then (6.2) becomes 

n(z) 
-z FIHI 

- Al exp(-) - --
HI KI 

Z2 ~ Z ~ ZI 

-z FIH2 
- A2 exp(-) - --

H2 K2 

ZI > Z ~ z· 

-z F2H2 (6.3) 
- A3 exP(-) ---

H3 K2 

z· ~ Z ~ 0 

-z F2H3 
- A" exp(-) - --

H3 K3 

o ~ Z ~ Z3 

where F1 is the flux of material reaching the sink at z2' and F2 is 

the flux at z3. The equation must be continuous at the boundaries, 

and mass conservation requires 

(6.4) 

--_. -- .... -.------------------._-
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where Fa is the production rate at z*. Application of the boundary 

conditions yields 

The A's are given by 

In the case where no significant photolytic sink exists, Fl 

F 2 = -Fa' A3 and A4 remain unchanged while 

and 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

(6.9) 

= 0 and 

(6.10) 

(6.11) 

The eddy diffusion coefficient is not well known for Jupiter. 

Sagan and Salpeter (1976) given the expression 

----.---.---.-----------
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K = (I-)1/3 x l07cm2sec-1 (6.12) 
175 ' 

while Strobel and Yung (1979) suggest K > 107 cm2 sec-1 in the 

troposphere and 

above the tropopause. 

K = l03exp(~) 
2H (6.13) 

9 2 -1 Mixing length theory gives K - 10 cm sec 

near the water cloud (Gierasch, 1976), but according to Prinn and 

Barshay (1977), a value of 2 x 108 cm2 sec-1 is required to explain 

the observed abundance of CO. In view of the uncertainty, we somewhat 

arbitrarily adopt 

troposphere 

stratosphere 

for the eddy diffusion coefficient. Using the temperature profile of 

Orton (1981), the scale heights of the three regions are 

HI = 20km 

H2 - 30km 

------------- ------



Hs - 60km 

o >z> Zs. 

The trace gas production rate, FO' due to lightning can be 

calculated with the computer program of Gordon and McBride (1971). 
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Their code finds the chemical equilibrium concentrations of the gases 

produced from the reactants in the atmosphere for a wide variety of 

temperatures and pressures. The program uses a free-energy minimiza-

tion technique, and the thermodynamic functions (specific heat, enthal-

py, and entropy) are calculated from a power series expansion in 

temperature. The coefficients used in the expansion are determined 

from a least squares fit to the thermodynamic data in the JANAF 

tables. For a solar composition atmosphere (Table 6.1), the princi-

pal products are CO, C2H2 and HCN. The equilibrium concentrations of 

these species are shown in Figures 6.1 through 6.3. 

Terrestrial lightning discharge channels reach peak temper-

atures of about 25,000 OK. Within the rapidly expanding and cooling 

channel, reaction rates are fast enough to maintain equilibrium until 

the gas cools to the freeze-out temperature. At this temperature 

reaction rates slow to the point that the product concentrations be-

come frozen into the gas. For energetic discharges, the freeze-out 

temperature for the three species under consideration is about 2000 OK 

(Chameides and Walker, 1981). 

-3 The pressure of a solar composition gas of density 1.3 ~ 10 

-3 g cm (appropriate for the shock front of a discharge at the 4 bar 

----_ .. _--- --------~~~~----



Table 6.1. Composition of Atmosphere 

Species 

He 

NH3 

aFrom Bjoraker (1985) 

Solar 

0.88 

0.12 

-3 1.5 x 10 

-4 8.3 x 10 

1. 7 x 10-4 

4.4 x 10-7 

3 0 10-5 • x 

._--_. _ .. ------. 

Mole Fraction 

Observeda 

0.90 

0.10 

-6 4.0 x 10 

-3 3.0 x 10 

-4 2.6 x 10 

7.0 x 10-7 
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1 level) and temperature 2000 oK is about 100 bars. At this pressure, 

the mole fractions of CO, C2H2 , and HCN are 6.2 x 10-4, 3.5 x 10-8 and 

8.1 x 10-7 respectively. From Figure 6.1 it is apparent that the CO 

production is not sensitive to pressure or the value of the freeze-out 

temperature for freeze-out temperatures between 2000 and 3000 oK. The 

CO production, FO' can be estimated from 

Fo = TJER (6.14) 

where n is the efficiency at which CO is produced by a discharge, E 

is the average energy dissipated by a lightning flash, and R is the 

global lightning flash rate. To find n we assume that all of the 

lightning energy is used to heat the gas to 2000 oK, the freeze-out 

temperature. Of course this assumption is somewhat unrealistic since 

some of the lightning energy goes into the shock wave and some is 

emitted as electromagnetic radiation, but (6.14) does permit us to 

set an upper limit to the CO production. The energy required to 

raise the temperature of a parcel of gas by ~T at constant volume is 

Q = Cull.T. (6.15) 

Over the temperature range 250-25000 oK, Cv ' the average specific 

-1 -1 
heat of the gas at constant volume, is about 22 J mole K (Zemans-

ky (1968), and Q = 3.7 x 104 
J mole-l for ~T = 1745 oK. For a CO 

mixing ratio of 6 x 10-4 , n is found to be 9.8 x 1015 molecules J-l • 

1 The density of the shock front exceeds ambient density by_ 
about a factor of three (Plooster, 1971). 

------ --- -----



With E = 2.5 x 1012 J and our lower limit rate of R = 10-4 km-2 

6 -2-1 the CO production from lightning is 7.8 x 10 mol cm sec 

135 

-1 yr 

It has. previously been noted that the spacecraft could only 

detect lightning at least three orders of magnitude brighter than typ-

ical terrestrial lightning discharges. Allowing for the lower optical 

efficiency of Jovian lightning, Voyager could have only detected 

flashes that dissipate at least 1000 times more energy than the average 

for earth lightning. Thus, the actual lightning frequency could be 

much higher than that indicated by R, which refers to the lightning 

rate above the detection threshold. In Chapter 1 it was pointed out 

that the actual lightning rate on Jupiter could be about a factor of 

1000 greater than our observed lower limit. However, if the lightning 

energy distribution on Jupiter is similar to that for the earth, then 

the average energy dissipation, E, would be at least 1000 times less 

than that used above. Since here we are interested in the product of 

R with E, a low value for R does not seriously affect our determina-

tion for FO. 

The column abundance of a gas can be calculated from 

(6.16) 

where n(z) is given by (6.3). According to Bar-Nun and Podolak 

(1985), CO is destroyed at the 500 oK level, and there is no signif-

icant photolytic sink. Under these conditions, the column abundance 

of CO above the 6 bar level is 
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(6.17) 

where z6b is the altitude of the 6 bar pressure level, and A2 and Al 

are given by equations 6.10 and 6.11. If the discharges are assumed 

to take place at the top of the water cloud, then the CO column abun-

12 -2 dance due to lightning would be approximately 2.0 x 10 moleculescm • 

It is customary to express gas column abundances in terms of the 

height of a column containing the same number of molecules at STP. 

This unit, often referred to as the centimeter-amagat (em-am) is re-

lated to N(z) through the expression 

N(z) 
~= ----- (6.18) 

No 

where NO is Loschmidt's number (2.687 x 1019 cm-3). In these units, 

the CO abundance is 10-7 em-am. Bjoraker (1985) has computed syn-

thetic 5 ~m spectra for Jupiter. He obtains the best agreement with 

the observations of Larson et al. (1978) when the CO column abundance 

above 6 bars is 0.03 em-am. Thus, the observed value is 3 x 105 

times greater than the expected contribution from lightning, and we 

join Lewis (1980b) in concluding that lightning synthesis is not a 

significant source of CO. 

According to Fig. 6.2, the C
2
H

2 
mole fraction is more sensi

tive than CO is to the freeze-out temperature and pressure. We will 

continue, however, to perform the calculations using T = 2000 K and 

P = 100 bars, and following the method use for CO, the acetylene 

---,--_."._--,---------------
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11 -1 production efficiency is found to be 5.7 x 10 molecules J • 

Acetylene has a photolytic sink at 10 mb (Bar-Nun and Podolak, 1985). 

With the inclusion of this sink (6.16) takes the form 

Now the A's are given by (6.6) and (6.7). Solution of (6.5) yields 

Fl /F2 ~ O. Apparently, very little of the gas is transported above 

the tropopause, and N can again be calculated from (6.68). The column 

abundance of C2H2 above the base of the water cloud (i.e., above the 6 

bar level) is 5.8 x 10-12 em-am. Clark et ale (1982) obtain an acety

lene mixing ratio of 1.2 x 10-7 from observations made with the IUE 

satellite. Under the condition of uniform mixing, this corresponds 

to a colum abundance of 2 cm-am above·the water cloud's base. Clark 

et al., however, suggest that acetylene is not uniformly mixed, but 

instead is confined to the region above the 100 mb level resulting in 

a column abundance of 0.05 cm-am. 

HCN has no photolytic sink and is destroyed at about 1000 oK 

(Bar-Nun and Podolak, 1985). Its production efficiency at the freeze-

13 1 out temperature is 1.3 x 10 molecules J- ,which yields a column abun-

-10 
dance of 10 cm-am. Spectroscopic observations indicate that the actual 

HCN abundance is about 5 x 10-3 cm-am (Kaye and Strobel, 1983). Thus, 

-------------------_._----------- -- ------------------ --
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lightning does not appear to be an important source for hydrogen 

cyanide either. 

6.3 Water Depleted 

In his recent study of Jupiter's 5 ~ spectrum, Bjoraker (1985) 

concluded that Jupiter is greatly depleted of water in belts and 

-6 zones. His analysis yielded an H20 mole fraction of 4 x 10 ,a de-

pletion of about two orders of magnitude with respect to solar abun-

dance. The observed composition of the atmosphere also departs from 

solar proportions for methane, ammonia and phosphine, these compounds 

being enhanced by factors of 3.6, 1.5, 1.6 respectively. 

To investigate the consequences for chemistry of lightning dis-

charges occurring in the lower cloud of the WE model; i.e., in a cloud 

composed of NH4SH at the 2 bar level, the chemical equilibrium code 

was run using the gas ratios labeled observed in Table 6.1. The de-

pletion of 0 atoms inhibits CO production, but the principal shock 

products are still CO, C2H2 and HCN (Figures 6.4 through 6.5). At 

T = 2000° K and P = 100 bars, the mole fractions of these gases are; 

-5 -6 6 HCN = 1.2 x 10 ,C2H2 = 5.8 x 10 ,and CO = 3.3 x 10-. These 

values represent increases of the HCN and C2H2 yields by factors of 

15 and 166 respectively. The CO yield has decreased from its value 

for the solar composition gas by a factor of 182. Following the pro-

cedure of the previous section, we obtain production efficiencies for 

14 13 13 HCN, C2H2 , and CO of 1.8 x 10 ,8.8 x 10 and 5.0 x 10 molecules 

-1 J respectively (Table 6.2). 

--_ .. -_ ..... _---
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Table 6.2. -1 Lightning Production Efficiencies (molecules J ) 

Atmosphere CO HCN C2H2 

Solar (WL) 9.8 x 1015 1.3 x 1013 5.7 x lOll 

Water depleted (WB) 5.4 x 1013 2.0 x 1014 9.5 x 1013 
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Although the HCN and C2H2 yields have increased, it is obvious 

that these yields are much too small to allow lightning to be an im-

portant source for these species. Since the CO efficiency has de-

creased by two orders of magnitude, the same conclusion applies for 

carbon monoxide as well. Table 6.3 compares the predicted column 

abundances of these gases for lightning discharges in solar composi-

tion and water depleted atmospheres to those observed spectroscopical-

ly. Since the gas production efficiencies were calculated with the 

assumption that all of the lightning energy is used to heat a volume 

of air to the freeze-out temperature, the actual yields realized will 

be smaller than those of Table 6.3. Therefore, lightning is only a 

negligible source of organics in Jupiter's atmosphere. 

These results are in significant disagreement with those of 

Bar-Nun and Podolak (1985) who conclude that lightning is a major 

source for both HCN and C2H2 • Bar-Nun and Podolak, however, made their 

calculations assuming a lightning energy dissipation rate of 0.4 erg 

-2 -1 -3 -2-1 cm sec instead of the 8 x 10 erg cm sec that follows from 

the results of Chapters 2 and 5. It should also be noted that they 

used somewhat different values for the eddy diffusion coefficients. 

Our results are in agreement with Lewis (1980a; 1980b) who also con-

cludes that the production of complex organic molecules by lightning 

and thunder shock waves is negligible. compared to known photochemical 

processes (Figure 6.6). 

__ 0'' __ - ___________ _ 



Table 6.3. Predicted Column Abundances Due to Lightning 

Abundance (cm-am) 

Species Solar Composition Water Depleted 

CO 1.0 x 10-7 5.5 x 10-10 

C2H2 5.8 x 10-12 9.6 x 10-10 

HCN 1.0 x 10-10 1.5 x 10-9 

a bAbove 6 bar level 
Above 100 mb level 

Observed 

0.03a 

0.05b 

0.005a 

----------------.-------- --------
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CHAPTER 7 

SUMMARY AND FUTURE STUDIES 

7.1 Summary 

In 1979, Voyager I provided the first direct proof for the 

existence of lightning on another planet. Two pictures taken while 

the spacecraft was in Jupiter's shadow reveal about three dozen lumi-

nous spots on the night side of the planet. Careful examination of 

these spots shows that they occupy several pixels and are elongated, 

with their major axes aligned with the limb of the planet. Many of 

these spots are grouped into clusters. Since the spots exhibit a pre-

ferred orientaion, are qualitatively different from the blemishes that 

appear in many other photographs, and the plasma wave experiment de-

tected evidence for lightning in the form of whistlers, we conclude 

that these luminous spots are lightning flashes occurring somewhere 

within Jupiter's atmosphere. 

A search through the additional Voyager I and II images of 

Jupiter's night hemisphere failed to locate any additional lightning 

flashes. These additional images provide a total areal coverage of 

about 8 x 1010 km2 for an integrated observing time of 1074 sec. The 

two images containing lightning occupy 384 sec or 36% of this total 

observing time. The resultant global lighr~ing rate on Jupiter is 

-5 -2 -1 only 10 km yr However, this flash rate calculation includes 
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filtered images. If the images made with the orange, methane, and 

violet filters are not included in the analysis, then the flash rate 

-4 -2 -1 becomes about 10 km yr • It must be noted, however, that the 

spacecraft could only detect lightning discharges at least about 1000 

times brighter than typical terrestrial flashes. The actual lightning 

rate could be several orders of magnitude higher than that derived 

from the Voyager images. If we adopt the method of Borucki et ale 

(1982) (see S~ction 1.4) to calculate the lightning flash rate for 

discharges of all energies; i.e., we assume that the energy distribu-

tions for Jovian and terrestrial lightning are identical, solution of 

(1.1) using the lowest energy discharge given in Chapter 5 yields a 

-1 -2 -1 flash rate for all energies of about 10 km yr Since flash 

rates obtained from the whistler observations are model dependent and 

range across a span of four orders of magnitude, they cannot be used 

to make an independent determination of the flash rate. It is inter

-2 -1 esting to note, however, that 0.1 km yr is almost midway between 

the range of inferred whistler flash rates. 

Analysis of the lightning images reveals that the flashes 

group near 50° N latitude. The whistlers observed by Voyager I also 

appear to have originated from flashes at high latitudes in both 

hemispheres. High-resolution photographs of the lightning region 

made in daylight about 65 hours before the discovery images show long, 

bright ribbon-like clouds. Almost every flash appears to be associ-

ated with one of these clouds. Errors incurred in determining the 

coordinates of the lightning on the night side, and then in working 

-----_ .. -.. _-
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back to the daylight photographs of the region taking the wind field 

into account render this observation only tentative, however. 

There are dynamical considerations, though highly speculative, 

that do suggest that high latitudes should favor lightning activity. 

Additionally, the heat flux from the planet's interior probably in-

creases poleward; i.e., heating from below becomes more important at 

high latitudes. Furthermore, Coriolis deflection of convective 

motions decreases with latitude. 

Calculations made with a }fonte Carlo radiative transfer code 

that computes the luminosity distribution of the spot on the top of 

the ammonia cloud that is produced by a point source within the atmos-

phere indicate that the lightning production region is well below the 

ubiquitous ammonia cloud. Atmospheric models both assuming a massive 

water cloud, and assuming that water is depleted by two orders of mag-

nitude are found to yield reasonable agreement with the observed 

luminosity distributions when the lightning is placed at the top of 

the lower cloud. Best agreement, however, is obtained when the light-

ning in the discovery images occurred about 6 optical depths below 

the top of the visible ammonia cloud (i.e., at the top of the lower 

cloud of either model) the average optical energy radiated by a dis

charge is calculated to be about 109 J. Using an unpublished measured 
I 

value for the optical efficiency for -discharges in a simulated Jovian 

atmosphere, the total energy dissipated by the lightning is found to 
-

12 be about 2.5 x 10 J, an amount comparable to that dissip~ted by 

terrestrial superbolts. Calculations made with a chemical equilibrium 

-------,----------------------
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model using the lightning flash rate obtained from the images show that 

lightning synthesis cannot account for the observed abundances of such 

disequilibrium species as CO, HCN, and C2H2 • Our conclusions are sum

marized in Table 7.1. 

7.2 Future Studies 

Since the data provided by the Voyager spacecraft have been 

exhausted, new data sources must be obtained. Fortunately, the 

Gali1eo mission to Jupiter will include an experiment devoted to 

1 lightning (Lanzerotti et a1., 1983). The lightning and radio emis-

sion detector (LRD) will be part of the atmospheric entry probe 

scheduled to parachute into Jupiter's equatorial atmosphere. During 

the probe's expected lifetime of about one hour, the LRD will attempt 

to analyze lightning sferics and detect the optical pulses produced 

by nearby flashes. 

The LRD radio emissions detector employs a ferrite-core an-

tenna responding to the magnetic field in the range of 10 Hz to 100 

kHz oriented perpendicularly to the probe's spin axis. Radio signals 

will be analyzed in both frequency and time domains (spectrum and 

waveform). In addition to the sferics detection system, an optical 

detector consisting of two photodiodes has also been included. The 

two photodiodes are mounted behind fisheye lenses in order to provide 

a full 4n sr coverage of the sky. Correlations between light pulses 

lFor a description of the Galileo spacecraft see the August 
1983 issue of Sky & Telescope. 



Table 7.1. Properties of Jovian Lightning 

Latitudinal distribution 

(Optical studies) Clusters near 50 0 

b (Whistler studies) 

Location of discharges within atmosphere 

Optical energyC 

Total energyC 

Poleward of 

Near top of 

'V 109 J 

'V 1012 J 

~lashes below detection limit could raise to 0.1 km-2 yr-1 

Kurth et al. (1985) 
~etector could bias sample toward high energies 

.----_.---- -

60 0 N 

lower 
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and sferics can be used to verify lightning detection, while the 

constant diode signal can be used to measure ambient light levels. 
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The Galileo orbiter also offers an excellent opportunity for 

lightning observations. The instrument aboard the orbiter most useful 

for lightning studies is the solid state imaging experiment (SSI). 

This detector is similar to those flown on Voyager except that the 

vidicon is replaced with a charge-coupled device (CCD). The optical 

element is a 176.5 mm f/8.5 Cassegrain telescope with an effective 

focal length of 1500 mm. The angular resolution for each pixel is 10 

~rad, and like the Voyager television camera, this optical system also 

employs a filter wheel. The orbiter has a planned lifetime of 22 

months, and this increased observing time at higher resolution will 

provide a significant increase in the lightning search data base. De

tection of more lightning will not only facilitate its mapping and 

correlation with cloud morphologies, but the increased resolution will 

allow for a more accurate determination of the luminosity distribu

tions of the luminous spots produced by the discharges. With the 

better understanding of the atmosphere's optical properties that will 

no doubt also be obtained, refinements to the technique described in 

Chapter 4 can be made. 

Other experiments aboard Galileo will also contribute to 

lightning studies. For example, the nephelometer on the entry probe 

will determine the distribution of clouds and provide valuable infor

'mation about cloud particle size distributions. These data·, combined 

with those obtained from the atmospheric structure instrument, will 

--.. --------------- ----
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permit evaluation of the cloud microphysical environment and may even 

provide enough data to allow construction of simple numerical cloud 

models. Unfortunately, loss of Challenger has forced the grounding of 

the Shuttle fleet, and launch of Galileo will be delayed until at 

least the end of this decade. To avoid waiting for Galileo to reach 

Jupiter to obtain more observations, attempts have been made to detect 

lightning with ground-based telescopes. To date, these efforts have 

been unsuccessful, and there is little reason for optimism (see the 

discussion in Appendix C). In the interim before Galileo's arrival at 

Jupiter, however, other studies can and should be conducted. 

While laboratory simulations of Jovian lightning discharges 

have been made, detailed analyses of their spectra have yet to be pub

lished. Measurements of the continuum would be particularly useful, 

and such studies are planned for the future. Additionally, much dis

cussion has appeared in the literature regarding lightning as a source 

for the disequilibrium trace gases detected in Jupiter's atmosphere. 

The work to date has consisted of modeling equilibrium chemistry at 

the freeze-out temperature and of drawing inferences from shock tube 

experiments which may not adequately simulate the conditions found 

within a discharge channel. Even though the effort would be consid

erable, development of gas kinetic and discharge simulation codes 

would be desirable. 

---'--------------



APPENDIX A 

SPECULATIONS CONCERNING E FIELDS AND CHARGE 

A.l Introduction 

In this appendix, we estimate the electric field strength 

necessary to initiate lightning on Jupiter and the amount of electrical 

charge that was involved in the lightning flashes detected by Voyager. 

Since the following discussion uses simple models to describe complex 

physics and requires some rather bold extrapolations, it must be re

garded as highly speculative. It is included in the hope that it will 

stimulate further investigation. 

A.2 Electric Field Required for Discharge 

Gas discharge occurs when the ambient electric field exceeds 

a critical value that transforms the gas from an insulater to a good 

conductor. The process through which a gas breaks down; i.e., is con

verted to a highly conducting plasma, is often discussed in terms of 

laboratory spark discharges (Cobine, 1958). Unfortunately, the equa

tions developed from kinetic theory to describe gas discharge often 

require poorly known coefficients, are only approximately correct, and 

are rather inconvenient to use. In practice, one usually relies on 

experimental results and scaling relations. Laboratory spark dis-' 

charges, however, are poor analogs to lightning since the gap spacings 

used are small (~ 1 cm), the electric field produced is often uniform, 
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and the electron density of the gas is affected by the work function 

of the electrodes. Even so, such measurements of the electric field 

strength required to initiate a spark discharge can be useful when 

estimating the magnitude of the electric field necessary to produce 

lightning within a planetary atmosphere. 

Cook (1978) has investigated the dielectric strengths of He, 

N2, CO2, and SF6 over a wide range of densities. He finds to good 

approximation, that these gases behave similarly. His experimental 

results for the value of the electric field at which discharge occurs 

fit an equation of the form.. 

for gap spacings of about 1 cm. 

(A.l) 

-3 Here p is the mass density (kg m ) 

and K is a constant. Since K was found to have the same value for 

each of the gases considered (K = 1.5 x 106 V m-2 kg-I), Cook con-

cluded that a gas's dielectric strength is independent of its molecu-

lar structure and is a function only of its density. This conclusion 

is supported by the data in Table AI. 

As pointed out above, it is not clear how these results re-

late to long sparks. Cobine (p. 173) presents a graph of the break-

down field versus the gap spacing for parallel-plate electrodes. The 

plot shows that the field is a strong function of the gap size. 

Cobine's data, however, are for spacings less than 10 cm. The curve 

appears to asymptotically approach 2 x 106 V m-l for larger spacings. 

---- . __ .. -----



Table AI. Dielectric Strengths of Some Gases 

Gas 

Air 

°2 

N2 

H2 

CO2 

Breakdown 

Potentiala 
(V) 

17,450 

15,710 

18,130 

9,858 

15,730 

a bData are from Thomson and Thomson (1969), p. 506. 
Calculated for a gap spacing of 0.5 cm. 

---- ---''''''--'' 
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Breakdown 

Fieldb (V m-l ) 

3.1 x 106 

6 3.6 x 10 

6 2.0 x 10 

6 3.1 x 10 
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Measurements of the electric fields inside thunderstorms 

(Table A2) suggest that the field reaches a value of at lesat 105 V 

-1 m just prior ,to a lightning discharge. The measurements listed in 

Table A2 were made at an altitude of about 5 km which corresponds to a 

density of about 0.7 kg m-3 (U.S. Standard Atmosphere, 1976). Scaling 

by density, the breakdown field at the surface would be expected to be 

2 x 105 V m-l • This is about an order of magnitude less than the 

3 x 106 V m-l often cited for air. This discrepancy is probably due 

to the fact that laboratory measurements are made for dry air in uni

form fields and small gap spacings. Furthermore, the value of 105 V 

m-l to initiate lightning inside an actual thundercloud may be an 

underestimate of the required field, since the measurements do not re-

fer to the channel itself. Cook's equation predicts that air breaks 

6 1 -3 6-1 down at 10 V m - for an air density of 0.7 kg m and 2 x 10 V m 

at the surface. Thus, it appears that laboratory measurements must be 

scaled down if used to predict gas breakdown under thunderstorm con-

ditions. 

Since it has been found that a gas's dielectric strength is 

nearly independent of its composition, it is possible to make a crude 

estimate for the electric field required to initiate lightning on 

another planet by scaling the value for earth by the appropriate den-

sity. Combining Cook's results with the data in Table A2, we express 

the electric field strength required to initiate lightning as 

(A.2) 



Table A2. a Thunderstorm Electric Fields 

Investigator 

Winn et a1. (1974) 

Winn et a1. (1981) 

Rust (unpublished) 

Kasmir and Perkins (1978) 

Imyanitov et a1. (1972) 

Evans (1969) 

Fitzgerald (1976) 

aAfter Uman and Krider (1982). 

Typical 
(V m -1) 

4 5-8 x 10 

5 2-4 x 10 
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Highest 
Observed 

2 x 105 

1.4 x 105 

3 x 105 

2.8 x 105 

2.5 x 105 

2 x 105 

8 x 105 
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where Po is the density of air at 5 km. According to Orton (1981), 

the density of Jupiter's atmosphere at the 2 and 4 bar levels (i.e., 

the lower cloud tops of WB and WL model atmospheres) is 0.26 and 0.42 

-3 4 4 kg m respectively. Equation A.2 yields Eb = 6 x 10 and 9 x 10 V 

m-l , for the two levels. To order of magnitude, the electric fields 

required to initiate lightning on Jupiter and the earth are approxi-

mately the same. 

A.3 Charge Involved 

It is often convenient to treat the charge distribution of a 

thunderstorm as a dipole. Fortunately, this simple approximation 

which ignores the fact the charge is really distributed over a region 

of the cloud is adequate for many calculations (Ogawa, 1982). The 

quantity of charge involved in terrestrial lightning discharges is 

usually determined from measurements of the change of the electric 

field at a sensor on the ground. According to Uman (1969), if cloud 

discharges are modeled as vertically oriented positive dipoles, then 

the charge neutralized by a discharge is given by 

(A.3) 

where flE is the field change due to the lightning, H and HN are the p 

latitude of the positive and negative charge centers, and D is the 

distance on the ground from the dipole's epicenter. Unfortunately, 

electric field measurements are not available for Jovian lightning; 



158 

however, it should be possible to estimate the charge involved from a 

consideration of the lightning energetics. 

From electrostatics, the potential energy stored in a system 

of two point charges of equal but opposite charge Q is 

Q2 
U= (A.4) 

41i"EoR 

where R is the distance separating the two point charges. To test the 

validity of this simple expression, let us consider terrestrial light-

ning flashes. Typically, cloud-to-ground and intracloud discharges 

dissipate about 108 J (Borucki and Chameides, 1984) and have channel 

lengths of about 5 km. These values substituted into (A.4) yield 

Q = 8.5 C. Uman and Krider (1982) give an average value of 7.5 C for 

negative cloud-to-ground flashes and 10 to 30 C for cloud discharges; 

these values are within a factor of 5 of the charge predicted from 

(A.4), and we conclude that the expression does provide a reasonable 

estimate of the charge involved. 

Unfortunately, we do not know the distance that separates the 

two charge centers for the case of Jovian lightning. Figure Al shows 

12 a plot of charge vs. separation for an isopleth of 2.5 x 10 J of 

potential energy; this potential energy corresponds to the total light-

ning energy determined in Section 5.2. If Jovian cloud discharges are 

similar to those produced in the earth's atmosphere; i.e., the charge 

centers are separated by about 5 to 10 km, then the total charge that 

they neutralize must exceed 1000 C. For comparison, only 5% of ter-

restrial negative flashes neutralize more than 40 C, and only 5% of 
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positive flashes neutralize more than 350 C (Uman and Krider, 1982). 

Of course, the dimensions of the discharge channel could be much long

er than on the earth. 



APPENDIX B 

ORTON MODEL JOVIAN ATMOSPHERE 

The following model of Jupiter's atmosphere due to Orton 

(1981) has been used throughout this dissertation to relate pressure 

and altitude coordinates. The model calculations are made for a 

latitude of 3.4 0 and assume the following mole fractions; hydrogen 

-3 -4 = 0.888, helium = 0.112, methane = 1.7 x 10 ,ammonia = 2.2 x 10 • 

The adiabat is tied to the temperature of the 1 bar level which is 

taken to be l65.5°K. 
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Altitude (km) Pressure (bar) Temperature (K) Density (g cm-3 ) 

-273.15 100.000 661.9 0.004115 

-248.99 79.433 618.7 0.003498 

-226.41 63.096 578.3 0.002972 

-205.31 50.119 540.5 0.002526 

-185.49 39.811 505.1 0.002147 

-167.16 31.323 472.0 0.001825 

-149.94 25.119 441.1 0.001551 

-133.85 19.953 412.1 0.001319 

-118.81 15.849 385.1 0.001121 

-104.75 12.589 359.8 0.000953 

-91.62 10.000 336.1 0.000811 

-79.35 7.943 313.9 0.000689 

-67.89 6.310 293.1 0.000586 

-57.18 5.012 273.6 0.000499 

-47.19 3.981 255.2 0.000425 

-37.87 3.162 238.0 0.000362 

-29.17 2.512 221.7 0.000309 

-21.07 1.995 206.4 0.000263 

-13.53 1.585 192.0 0.000225 

-----'''---,-
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Altitude (km) Pressure (bar) Temperature (K) Density (g em -3) 

-6.51 1.259 178.4 0.000192 

0.00 1.000 165.5 0.000165 

5.80 0.794 153.8 0.000141 

11.21 0.631 143.3 0.000120 

16.25 0.501 133.8 0.000102 

21.00 0.398 126.8 0.000085 

25.50 0.316 120.5 0.000071 

29.82 0.251 116.5 0.000059 

34.00 0.200 113.5 0.000048 

38.10 0.158 111.5 0.000039 

42.15 0.129 110.3 0.000031 

46.19 0.100 111.5 0.000024 

50.28 0.079 112.8 0.000019 

54.45 0.063 116.0 0.000015 

58.73 0.050 119.0 0.000011 

63.13 0.040 122.5 0.000009 

67.66 0.032 126.0 0.000007 

72.31 0.025 129.0 0.000005 

77.08 0.020 132.0 0.000004 

81.96 0.016 135.5 0.000003 

86.96 0.013 139.0 0.000002 

92.15 0.010 145.0 0.000002 



APPENDIX C 

GROUND-BASED DETECTION OF LIGHTNING 

In order to achieve a signal to noise ratio greater than or 

equal to one~ the light energy emitted by a lightning discharge must 

be in excess of the solar flux reflected by the atmosphere over the 

area of the planet that is subtended by a single detector pixel; i.e., 

(C.l) 

where !!PA(t)dAdt is the energy radiated over wavelength and time 

intervals ~A and ~t by a lightning flash of power PA;AA is the plane

tary albedo; F0A is the solar flux incident on the planet per unit 

wavelength; and ~a is the area of the planet covered by one pixel, 

which can be expressed in terms of the angle subtended by each pixel, 

e, and the distance between the planet and detector, R, as (R8)2. 

Since simulated Jovian lightning has been shown to radiate strongly 

at 6563 A (Ra) (Borucki et al., 1985), we will consider a lightning 

observing program made at this wavelength. 

-2 
At the earth's orbit, the solar flux at 6563 A is 167 erg cm 

-1 sec (Allen, 1963), resulting in a flux at Jupiter (5.2 au) of 6176 

W km-2• For a Bond albedo of 0.42, the planet produces a background 

flus of 2592 W km-2• The lifetime of a Jovian discharge is not known, 

so we assume that it is comparable to that of terrestrial lightning, 
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about 0.5 sec. Furthermore, the fraction of the lightning energy 

emitted at Ha is unobtainable from Voyager data and has yet to be de

termined from laboratory simulations. To set an upper limit for the 

Ha line radiation, we use the spectrum obtained by Borucki et al. 

(1985) of a laser induced plasma discharge within a flask containing a 

Jovian gas mixture. According to Borucki et al., the lightning spec-

trum contains lines at 6563 A (H
a

), 5876 A (He), 4861 A (H
S
)' 4341 A 

(H
1

), and 3889 A (He), but only the He and H1 lines make significant 

contributions to the signal when observed through the yoyager optics. 

Since the relative strengths of the Balmer series lines are related 

through the Ba]~er decrement (Weymann et al., 1976), the Ha line 

strength is related to the energy measured by the spacecraft through 

the expression 

E tot H{J H.., -=-+-. 
Ha Ha Ha 

Using appropriate values for the Balmer decrement (HS/Ha = 0.365, 

~/Ha = 0.175), and Etot = 109 J, the strength of the H line is found 

to be 1.9 x 109 J. This calculation, of course, neglects continuum 

radiation. It is also possible to set a lower limit by assuming that 

the lightning energy is uniformly distributed in wavelength. This 

5 assumption results in a line strength of 5 x 10 J. For the sake of 

the present discussion, we will adopt the overly optimistic upper 

limit of 1.9 x 109 J. 

- -_._ ... _-- ---.-------------
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Substitution of the values adopted above into (C.l) yields 

S 3.7 X 10-12 

N = (J2 
(C .2) 

for the signal to noise ratio for an observer located on the earth 

when Jupiter is at opposition. To achieve a signal to noise ratio of 

3, e must be only 10-6 rad, an extremely small value. Of course e in-

creases with shorter detector integration times, but integration times 

less than the lightning duration result in loss of source strength. 

We may also calculate the signal received at a detector 

mounted on a ground-based telescope. The signal at the detector is 

given approximately by 

T. 2 • 

S = Q~:;d !! P>.(t)dAdt (C .3) 

where T is the transmissivity of the atmosphere (~ 0.9), T is the 
(). 

transmissivity of the filter (of the order of 10% for a 1 A bandwidth), 

TO is the efficiency of the telescope optics which we take to be 0.95, 

and d is the diameter of the primary mirror. For aIm telescope 

-17 S = 2.5 x 10 J. This energy is related to the number of photons, 

n, counted at the detector through 

E = nhc (C.4) 
A 

where h is Planck's constant and c is the speed of light. AIm te1e-

scope would only detect about 81 photons. 

-------.-----
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It should be noted that the above calculations have assumed a 

source energy that is probably much too large, and we have also 

assumed Jupiter was at opposition. Furthermore, we have ignored im

portant sources of noise such as electronics and cosmic rays. In 

fact, it is probable that any lightning signal would be undetected, 

being swamped by the cosmic ray flux. Larger or spaceborne telescopes 

improve the situation, but these instruments are almost always com

mitted to deep sky observing programs and would probably not be 

available for routine monitoring of Jupiter. Therefore, we must con

clude that earth or near earth based lightning observing programs hold 

little promise of success. 
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