
1. Introduction
Lightning on Jupiter was discovered by Voyager one optical images (Cook et al., 1979) and plasma wave 
signatures (Gurnett et al., 1979). Subsequently, all spacecraft that have orbited, flown past, or dropped into 
Jupiter have detected lightning (Brown et al., 2018; Lanzerotti et al., 1996; Rinnert et al., 1998). Voyager op-
tical and radio data allowed lightning flash energies and total energy dissipation rates to be derived (Borucki 
et al., 1982), and the depth of lightning to be estimated (Borucki & Williams, 1986). Subsequent modeling 
efforts (S. Gibbard et al. 1995; Yair et al., 1995b) focused on charge separation mechanisms and established 
that the bulk of the lightning observed in Jupiter likely comes from the water cloud which underlays the 
visible ammonia clouds.

The Juno mission has provided a leap forward in the general understanding of the distribution, occurrence, 
and depth of lightning. Detection of lightning at 600 MHz frequency using Juno's microwave radiometer 
(MWR) reveals lightning to be more frequent near the poles than the equator (Brown et al., 2018). Imaging 
data from the Stellar Reference Unit (SRU) indicates lightning to be present not only near the 4–6 bar depths 
inferred from earlier lightning observations (e.g., Borucki & Williams, 1986) but also as high in altitude as 
the 1–2 bar pressure regime (Becker et al., 2020).

Interest in Jovian lightning is rooted not only in the intriguing phenomenology of flashes themselves, nor 
simply as a tracer of moist convective activity (Ingersoll et al., 2000), but also in constraining the deep Jovian 

Abstract Recent Juno observations have greatly extended the temporal and spatial coverage of 
lightning detection on Jupiter. We use these data to constrain a model of moist convection and lightning 
generation in Jupiter's atmosphere, and derive a roughly solar abundance of water at the base of the water 
cloud. Shallow lightning, observed by Juno (Becker et al., 2020, https://doi.org/10.1038/s41586-020-2532-
1, Nature, 584, 55–58) and defined as flashes originating at altitudes corresponding to pressure less than 
2 bars, is reproduced, as is lightning at a deeper range of pressures, including those below the water cloud 
base. It is found that the generation of lightning requires ammonia to stabilize liquid water at altitudes 
corresponding to sub-freezing temperatures. We find a range of local water abundances in which lightning 
is possible, including subsolar values of water—consistent with other determinations of deep oxygen 
abundance.

Plain Language Summary Many missions to Jupiter have detected lightning in its 
atmosphere, but the Juno mission now in orbit has made the most extensive observations on where, and 
the rate at which, lightning flashes occur. Lightning on Earth is the discharge of electricity that happens 
when positive and negative charges separate between raindrops and small ice particles in towering 
thunderheads, somewhat like how combing a cat's fur can create a static electric discharge. This same 
process is thought to occur in Jupiter's atmosphere, though with some important differences, and we 
model that process here. Comparing our model with the Juno data also supports the idea that ammonia is 
in Jupiter's thunderheads, dissolving some of the water ice and increasing the abundance of raindrops.
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water abundance (Wong et al., 2008). Lightning on Jupiter is a phenomenon associated with charge sepa-
ration, and vertical motions in an atmosphere combined with condensation of cloud particles provide the 
dominant mechanism for efficiently separating charge (S. G. Gibbard, 1996). Therefore, the rate of occur-
rence of lightning provides a window into the amount of condensable gas in a moist convective regime. As 
we show below, if the generation of charge separation involves two phases, liquid and solid, then the depth 
and flash rates provide a broad constraint on the amount of water in Jupiter's atmosphere.

Charge separation involving liquid and solid phases is the most common mechanism for lightning genera-
tion in terrestrial water clouds (C. Saunders, 2008). We do not attempt to model lightning generation where 
the entirety of the cloud/convective system is in the solid region, even though the laboratory data we use 
for the charging model comes from graupel. Our assumption is that a size gradient in the condensates in 
the cloud is much easier to form with liquid particles than ice particles, consistent with the relative lack 
of polar lightning on Earth (Christian et al., 2003). Anvil lightning, also cited as an example of lightning 
in the presence only of a solid phase (Dye & Bansemer, 2019), is created in the wind-sheared regions of a 
cloud that extends well down into the atmosphere where liquid water is present; in other words, while it 
happens outside the entraining plume itself, it still depends on it. The depth distribution of Jovian lightning 
flashes from the spacecraft data we use indicates that charge separation is occurring where two condensable 
phases are present. The possibility of ice/ice collisions generating lightning (C. P. R. Saunders, 1993) under 
extreme dynamical conditions only mildly affects the strength of our overarching conclusion that shallow 
flashes imply the presence of liquid at temperatures well below the pure water freezing point in Jupiter's 
atmosphere, as discussed in Section 6.

For any liquid water condensate to occur in Jupiter's atmosphere in the absence of melting point depression 
from ammonia, a bulk water abundance (below the water cloud base) that is roughly solar is required. Thus 
the observation of frequent lightning combined with the most plausible mechanism for lightning gener-
ation in moist convective plumes has been used to argue that the bulk water abundance is at least solar 
(Brown et al., 2018), and therefore much larger than the subsolar value measured at the entry site of the 
Galileo probe (Wong et al., 2004).

In this study, we go a step further to constrain the range of allowable water abundances from the Galileo Or-
biter and Juno SRU lightning data, by applying models of moist convection in water clouds and a charging 
model originally developed by S. G. Gibbard (1996). Jupiter's atmosphere has been simulated by a number 
of time-dependent two-dimensional (2-D) and three-dimensional (3-D) models of moist convection driven 
by water (C. Li & Chen, 2019; Palotai et al., 2014; Yair et al., 1995a). These models provide important infor-
mation on the nature of moist convective storm formation in Jupiter. We employ a simpler one-dimensional 
model in the present paper, because we are specifically interested in exploring the relationship between 
lightning generation and microphysical processes in Jupiter motivated by recently published data on night-
side lightning frequency versus altitude from Juno SRU data (Becker et al., 2020). Our one-dimensional 
(1-D) model is well matched to the data available from the SRU observations, for which there is very limited 
information on cloud morphology that would be important in a 3-D model. The model we use here also 
reproduces well terrestrial flash rates with reasonable choices of microphysical parameters.

Our results are intriguing in terms of highlighting the role of ammonia in generating lightning at altitudes 
above the pure liquid water clouds (so-called “shallow lightning), by providing a liquid water phase at 
temperatures well below the normal freezing point, or even that of typically supercooled water droplets. 
We also find that the observed number of flashes provides evidence against excessively large or small water 
abundances relative to solar. Therefore, while 1-D models cannot be the last word in the study of lightning 
on Jupiter, they will motivate more detailed future studies of the ammonia-water thunderstorms with high-
er-dimensional models.

Section 2 describes the numerical model and the improved microphysics over the previously published 1-D 
model of S. Gibbard et al. (1995), while Section 3 describes the choice of parameters. Section 4 describes 
the results for both Earth and Jupiter. Section 5 compares the results with available data on terrestrial flash 
rates, and for Jupiter data from Galileo and Juno. In Section 6 we compare our results on the role of am-
monia in lightning generation with that of the model of Guillot et al. (2020) for formation of large ammo-
nia-water “mushballs," motivated by Juno microwave radiometry data.
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2. Numerical Model
We built a one-dimensional model of lightning generation based on S. G. Gibbard (1996), which includes an 
entraining plume scheme originally proposed by Stoker (1986), and a charging model described in S. Gibbard 
et al. (1997). The only dimension considered is height, with a plume (assumed to be stable in time and of 
fixed radial extent) carrying parcels of moist air (in Jupiter's case, hydrogen and helium, assumed to behave 
as an ideal gas) from the level where they become buoyant upwards. As the plume rises, water vapor con-
denses into particles, which grow by colliding with one another until they become large enough to precipi-
tate out; meanwhile, the plume entrains surrounding dry, stationary air, becoming drier and slower. Droplets 
of liquid water and ice of different sizes colliding with one another leads to negative charge preferentially 
moving to larger particles. Since the large particles fall faster, this in turn leads to electric field growth and the 
buildup of potential energy until a breakdown value of the electric field is achieved and leads to a lightning 
discharge. We test our model by running cases for lightning on Earth, where data are abundant.

We begin with a parcel of moist air at 10 bars for Jupiter and 1 bar for the Earth, surrounded by dry air of the 
appropriate composition for each body. So long as the moist air is no more buoyant than the dry air around 
it, both are assumed to follow an adiabatic profile, a dry adiabatic except in the case when the moist air has a 
partial pressure of water exceeding the saturation vapor pressure calculated as per (Lowe, 1977), in which case 
water condenses, releasing its latent heat, and the temperature changes with pressure as per a moist adiabatic. 
In calculating the heat capacity of Jovian air, only hydrogen and helium in the observed Jovian ratio (von Zahn 
et al., 1998) and water vapor (if any) are considered, as the contribution of other Jovian gases is negligible.

Once the moist parcel is buoyant, convection is initiated, and the parcel gains a positive upward velocity that 
initially increases, as well as being able to keep in suspension particles whose terminal velocity is lower than 
the parcel's upward vertical velocity, allowing condensate to accumulate and particles to grow. The parcel 
temperature is assumed to change adiabatically, and the faster the plume rises, the faster it will incorporate 
dry air from the surrounding, downwelling region. A larger entrainment rate is mathematically equivalent 
to a smaller plume radius, and leads to more dry air from the surrounding environment introduced into the 
column. The entrained air follows the environmental temperature profile. In the buoyant region it will be 
denser than the plume despite having a lower molecular weight, making buoyant convection more difficult. 
Furthermore, positive buoyancy is required to accelerate initially stationary dry air to the plume's upward 
velocity. The condensate mass decreases buoyancy so long as it remains suspended in the plume, but this 
is a smaller effect.

Table 1 lists the symbols used. As in S. G. Gibbard (1996), we use an entrainment rate φ ≈ 0.2 (RT)/(Pμrg) 
as the fraction of mass added per unit pressure. As such, dw = −wφ dP, df = −fφ dP, and the concentration 
of cloud particles in each size bin is likewise decreased; the plume radius increases, but is capped to be no 
more than a factor of 2  greater than the initial radius to leave room for downdrafts. That is, for a dry adi-
abatic with entrainment we take

     d / d / ,v P fT P RT Pc T T    (1)

and for a moist adiabatic with entrainment

d d d d d ddry dryT P T P T P Lf RT T T LfS v f S/ / / / /                RRT Lf c

L f c RT

v S P

S P

     
     





/

/ / ,1 2 2 (2)

where Tv is the virtual temperature defined as T (1 + f/ε)/(1 + f). For an adiabatic outside the plume, either 
below the level of free convection or in the regions of descending dry air, which are assumed to surround 
the plume, the terms with entrainment rate are zero. Note that, while it is possible that the external en-
vironment might not be characterized by a dry adiabatic, what we care about is the temperature contrast 
created by the different temperature profiles within and outside the plume, which affects the buoyancy. 
Given that the entrainment is determined by the cross-sectional size of the plume, the distribution of which 
is not known for Jupiter, introducing a temperature profile different from dry adiabatic would simply add 

AGLYAMOV ET AL.

10.1029/2020JE006504

3 of 19



Journal of Geophysical Research: Planets

another parameter that is at the moment poorly constrained. We felt it simpler to make the most idealized 
assumption for the tropospheric environmental temperature gradient. However, inclusion of a stratosphere 
is important as the reversal of the environmental temperature gradient at the tropopause strongly brakes 
the ascent of buoyant plumes. As the stratospheric temperature profile does not approximate an adiabatic, 
the Jovian stratospheric environmental temperature profile at pressures less than 0.25 bars is assumed to 
be equal to that found by the Galileo probe, as per (Seiff et al., 1998), and the Earth stratosphere to the ISA 
Standard Atmosphere.

Particles are assumed to immediately reach their terminal velocity, given by

   2 8 / 3 .iw b gRT C P  (3)

Particles in bins whose terminal velocity exceeds the upward velocity of the plume are precipitated imme-
diately and removed from the plume, and any remaining particles left over in the plume if it reaches the top 
of the atmosphere are precipitated out at that point. The quantity and size distribution of these precipitating 
particles is recorded at each pressure level, to be included into the electrification model for deeper levels.
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Units

b Radius of a given cloud particle M

b0 Approximate radius of particles in a given bin, = arithmetic mean of its bounds M

C Aerodynamic drag coefficient of a particle, assumed constant –

cP Specific heat capacity of dry air, taken as 14.5 kJ K−1 kg−1 for Jupiter kJ K−1 kg−1

E Electric field at a given pressure level N C−1

Ei Collision efficiency = probability that two colliding cloud particles will merge –

Eq Charging efficiency = probability that two colliding particles will transfer charge –

f Mass fraction of condensate vapor in air, 0.00625 for solar water abundance on Jupiter –

fS Mass fraction of condensate vapor in the air that corresponds to saturation vapor pressure –

g Gravitational acceleration, assumed constant, 24.79 m s−2 for Jupiter m s−2

J Vertical current density at a given pressure level C s−1 m−2

k Slope of the particle density distribution as a function of radius m−5

L Latent heat of vapourization of the condensate (water), assumed constant at 2.257 MJ kg−1 MJ kg−1

M Total mass density of cloud particles within the size range of a bin kg m−3

N Total number density of cloud particles within the size range of a bin m−3

n0 Particle density distribution as a function of radius at the center of a bin m−4

P Pressure level under consideration Pascals

R Universal gas constant 8.314 J K−1 mol−1 J K−1 mol−1

r Radius of the entraining plume M

T Temperature of the ascending air parcel K

Tf Temperature of the dry air surrounding the plume K

tL Time since the last lightning discharge S

w Upward velocity of the entraining plume at a given point m s−1

wi Terminal velocity for a particle of a given size relative to its surroundings m s−1

wrel Average relative velocity of particles in two size bins m s−1

ε Ratio of the molar mass of the condensate (water) to that of dry air, 8.2 for Jupiter. –

μ Molar mass of dry air, assumed constant, 0.0022 kg mol−1 for Jupiter kg mol−1

φ Fraction of the entraining plume replaced with dry air per unit pressure rise –

Table 1 
Definition of Symbols
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From the velocity and the hydrostatic pressure gradient, the time it takes the parcel to ascend through the 
pressure step of 10 pascals can be calculated and used for particle growth calculation. Both liquid water 
droplets and ice particles in the cloud are treated as being spherical with a constant density of 1,000 kg m−3 
for liquid and 400 kg m−3 for ice (graupel). They are divided into 31 bins according to their liquid-equiva-
lent radius (from which their actual radius, mass, and volume immediately follow), with each bin's upper 
boundary being a radius 2  times its lower boundary. The smallest bin stretches from a radius of 10 microns 
to a radius of 14.1 microns, with the largest bin's upper bound being a radius of ∼46.3 cm (not reached in 
practice, but estimated to be near the maximum size of Jovian hail). Particles initially condense with a flat 
distribution of radii in the smallest bin; changing the radius of this bin by a factor of two in either direction 
changes flash rates by less than 10%, demonstrating stability with respect to the choice of size bin. The 
arithmetic mean of these upper and lower bounds, b0, is used as an approximate radius of particles within 
the bin in some of the calculations to follow We describe the size distribution of particles by a piecewise 
linear function F(b) such that the number of particles with radius between b1 and b2 in a region is [the in-
tegral of F(b) from b1 to b2, db]*[volume]. As such, F(b) has values with dimension m−4. In a given size bin, 
it is assumed that F(b) is linear except if this would cause it to be negative, F(b) = max [0, n0 + k (b−b0)], 
defined by two parameters per bin, n0 (with units m−4) and k (with units m−5); for empty bins n0 = k = 0. In 
the largest nonempty size bin, we thus tend to have F(b) be piecewise linear within the bin, with a negative 
slope until F(b) = 0 and constantly zero thereafter. It is assumed that all particles within a bin precipitate 
together, using the terminal velocity of a particle of radius b0. The total volume (and from it the total mass 
M) of particles in a given bin can thus be found by integrating (4π/3)b3F(b) from the lower bound of the 
bin to either its upper bound or the x-intercept of F(b); the average mass can be found by dividing M by the 
integral of F(b) over that range, which is the number density N.

It is assumed that, whenever two cloud particles collide, they will stick together to form a single particle 
with probability equal to Ei. Calculating the frequency of such collisions requires knowing the typical rela-
tive velocities of cloud particles. It is assumed that the velocity is predominantly vertical, with the relative 
velocity of the cloud particles being the difference between the terminal velocity at the upper bound of 
the larger bin and the lower bound of the smaller bin. This ensures that particles from the same bin have 
a nonzero relative velocity and can merge with one another. As such, the number of collisions ncoll (i,j) be-
tween a particle from bin i and a particle from bin j, i ≥ j, per unit time and per unit volume is

            2 2
coll 0 0 rel, , .in i j b i b j w i j N i N j E  (4)

Multiplying by the time step gives a number of collisions per unit volume.

Collisions are assumed to remove a number of particles from the smaller bin equal to the number of colli-
sions, with average mass equal to the average mass of the smaller bin. This mass is in its entirety transferred 
to the larger bin. However, this increase will cause some of the particles in the larger bin to be transferred 
from bin i to bin i + 1. For this calculation, it is necessary to make simplifying assumptions. We define the 
radius bx as the radius of a particle that, when colliding with a particle of radius b0(j), would produce a par-
ticle with radius equal to the upper bound of bin i. Then, it is assumed that exactly the particles with radius 
greater than bx are transferred to bin i + 1 upon collision, so that their total mass and number are transferred 
up a bin, along with the proportionate amount of mass initially from bin j. In this fashion, the total mass 
and number density are updated for each bin. Following this, n0 and k are rederived from M and N, with the 
formula dependent on whether or not F(b) has an x-intercept within the bin, and particle growth is iterated 
for the duration of the ascent through the pressure step.

In an actual storm, there would be a gradient between fully liquid and fully frozen particles. Here, to make 
the calculation tenable, we assume that all particles at a given altitude are either liquid water or ice; the 
boundary between them is set at a specific temperature, as the freezing point of water does not change 
significantly with pressure in this pressure range. This freezing point is set at 273 K or lower, the latter to 
simulate the possible supercooling of water—a complex phenomenon involving multiple microphysical 
effects—down to 233 K (e.g., Pruppacher & Klett, 1997), or a more important depression (possible down to 
173 K) due to the dilution of ammonia into water (Guillot et al., 2020). The difference between liquid water 
and ice lies in the values of Ei and Eq, the charging efficiencies. These efficiencies hold different values for 
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liquid and ice: that is, Ei (liquid) + Eq (liquid) = 1, and Ei (solid) + Eq (solid) = 1. Since ice is assumed to 
satisfy Ei = 0 and thus Eq = 1, as Eq (liquid) decreases, charging and lightning will increasingly be dominat-
ed by that occurring at temperatures below freezing and therefore shift upward. However, this also implies 
that Ei (liquid)—a variable parameter—increases, allowing for faster growth of particle size contrast and 
more lightning overall.

In this fashion, at each pressure level, a particle size distribution is calculated, as well as the sum of the 
size distribution of precipitation coming from above. The rest of the computations to determine electric 
field buildup do not alter this distribution; hence, electrostatic levitation (which might serve to increase 
the mean particle size at which fallout occurs) is not included. Furthermore, particle evaporation (virga) at 
altitudes above the 10-bar level and particle re-lofting (hail) are not considered. The following calculations 
are performed at each pressure level, but using a step size of 1 kilopascal.

First, the precipitation coming from above is weighted by the fraction of time it spends within the range 
of the pressure step. The height of this step is calculated as before, and the particle fall velocity as ter-
minal velocity minus plume velocity. Any precipitating particles with a terminal velocity slower than 
the plume velocity are considered uninvolved in lightning production (in practice they would either 
be re-lifted or precipitate outside the plume area), while the upward-moving plume particles are added 
later. For a set particle radius, the time spent in a certain height range would be equal to height over 
velocity, but this leads to infinite values for particles just large enough to have a terminal velocity equal 
to the plume velocity. As such, each contributing particle radius within the bin is also weighted by the 
difference between its terminal velocity and the updraft velocity. The natural (asymptotic) weighting is 
fbin = wW/(wi−w), where wW is the updraft velocity at the point where the particle was dropped by the 
plume. Instead, we perform the calculation for particles slightly larger than the critical radius by treating 
the bin as if its lower bound was at the critical radius and taking an average velocity for this shrunken 
bin, leading to a weighting fbin = wW [b+ − bm]/[∫wi(b) − w db], where the integration is done from bm to 
bm√2. This yields:

   bin 3 3 / 3 2 2 3 2 2 ,W m m i m m i mf w b b b w w b b w w b
                 (5)

where wW is the plume velocity at the altitude of the precipitation's origin, w the plume velocity at the alti-
tude of the electric field growth, b+ is the bin's upper bound, and bm is the greater of the bin's lower bound 
and the critical levitating radius. The factor of √2 is the factor between the bin boundaries, as near the 
singularities bm approaches b+ and we wish to lower the weight of such bins to reflect that most particles in 
them are being lofted in these conditions.

This creates a weighted precipitation size distribution. Because n0 and k do not in general add linearly, we 
convert from n0 and k to M and N, add the weighted precipitation size distribution to the suspended cloud 
particle size distribution, and generate an overall particle size distribution that is then converted back to n0 
and k. We assume this population is stable in time; in reality particles fall down and similar particles, which 
may have a charging history involving different conditions, fall from above.

Noninductive charge transfer is assumed, with the empirically observed formula for the amount of charge 
transferred between colliding ice particles of Keith and Saunders (1989). It is assumed that a collision be-
tween two particles will lead to charge transfer with probability Eq = 1 − Ei. As a result, particles of equal 
size colliding will have no net effect. As such, wrel (i,j) is calculated simply as the difference between the 
terminal velocities wi (b0(i)) and wi (b0(j)), the arithmetic means of the bin bounds, and collision probability 
is calculated as with particle growth. In this fashion, a rate of charge accumulation per particle is calculated 
for each bin; under the assumptions being made, this rate is constant in time. Since particles are therefore 
charged linearly, the electric current caused by faster fall velocities of larger particles also increases linearly 
in time, and therefore the electric field is quadratic in time,

       2
0 0/ / / 2.i LE N i dQ i dt w b i w t        (6)

The current density is linear in time:

AGLYAMOV ET AL.

10.1029/2020JE006504

6 of 19



Journal of Geophysical Research: Planets

      0/ .i LJ N i dQ i dt w b i w t        (7)

When the electric field reaches its breakdown value, a lightning discharge occurs. This breakdown value is 
taken as (5 m2 C−1)P for hydrogen on Jupiter and (3 m2 C−1)P for nitrogen/oxygen on Earth from S. G. Gib-
bard (1996), based on a combination of theoretical modeling and observational data. The energy released 
per unit volume is equal to this breakdown field, times the total charge transferred per unit area. When 
lightning thus occurs, the charge is assumed to reset to zero at that location and begins building up as be-
fore. Thus, dividing the energy per volume by the time-to-discharge yields a rate of time-averaged energy 
production per unit volume. Integrating over pressure leads to a power per unit area. The calculated power 
is a rate per unit area of updraft; that is, it does not include downwelling regions of the storm, and it does 
not include sections of the atmosphere that do not contain a thunderstorm at a given time.

While the model as described in Equations 1 2 3 4 5 6 7 is based on that in S. G. Gibbard (1996), there are 
substantial differences, the greatest being a different assumption of equilibration. In the Gibbard model, 
convection is modeled separately from particle growth and charging; as such, a plume is modeled without 
considering precipitation, and then particle growth and charging is assumed to happen in a parcel of air 
without new influx of material. Since this would ultimately result in all particles growing large enough to 
precipitate, the particle growth must be limited to an arbitrary time interval; this provides an additional 
tunable parameter, but one that is artificial. We instead assume that water or ice particles grow in a parcel 
of air as it ascends, precipitating out once their terminal velocity exceeds the upward velocity of the plume, 
with the implicit assumption being that the overall vertical structure of the plume is stable in time, with air 
and water circulating through it. While the plume structure evolves during a thunderstorm, in broad terms 
(which a constant entrainment rate implies) this is a reasonable approximation: with model velocities it 
takes 1–2 h for the plume to ascend to the stratosphere, a short time compared to storm lifetimes, which are 
on the order of 3–14 days (Hueso et al., 2002; L. Li et al., 2004).

The calculation for noninductive particle charging was, as in S. G. Gibbard (1996), done separately, follow-
ing the assumption of a stable plume. However, because we calculate the particle size distribution at each 
altitude, we are able to include both precipitation and cloud particles in calculating particle charging. We 
also included a phase change, altered the particle growth algorithm, particularly in calculating collision 
velocities, and targeted the calculation toward obtaining a flash rate per unit area rather than a time to first 
flash.

3. Choice of Parameters
The model involves a number of known parameters, such as the molecular mass of Jovian air and the 
heat capacities of the substances involved, the latter of which were assumed to be the NIST-JANAF values 
(Chase, 1998). Furthermore, values such as the size of each particle radius bin or the time step should not 
affect the calculation so long as they are sufficiently small. However, seven parameters represent genuine 
unknowns about the atmosphere of Jupiter.

The water abundance in Jupiter's atmosphere, below its clouds, is not well known due to spatial variation 
and model dependencies. Given the solar composition as per (Asplund et al., 2009), if all oxygen were in 
the form of water, the water mass fraction in Jupiter's atmosphere would be ∼0.00625; this is referred to 
as 1-solar water abundance. The Galileo probe measured a subsolar oxygen abundance, despite most other 
measured elements being enriched by a factor of 2–3 relative to the solar atmosphere, but this may have 
been an atypical value due to dynamical effects leading to subsidence and drying in the “5-micron hot spot” 
into which the probe fell (Atreya et al., 1999; Orton et al., 1998). Juno's MWR has found a deep-water value 
at a latitude just north of the equator of between one and five times solar (C. Li et al., 2020). Within the 
Great Red Spot, high-resolution 5-µm spectroscopy constrains water to the 1.1–12X solar range (Bjoraker 
et al., 2018). A greater water concentration leads to earlier and more extensive water condensation, and 
therefore greater moist convection and more lightning, although other parameters such as the tempera-
ture profile are also known to have an effect (Yair et al., 1998). As we as yet do not know the deep water 
abundance for regions far from the equator, four values considered for water mass fraction were 0.3-solar, 
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1-solar, 3-solar, and 10-solar, spanning the wide range of values consist-
ent with the Galileo Probe measurement, modeling of the disequilibrium 
CO abundance, and tropospheric gravity waves radiating from Shoemak-
er-Levy 9 impacts (Ingersoll & Kanamori, 1995; Wang et al., 2015; Wong 
et al., 2004). Given the number of other parameters that are uncertain, 
finer water abundance increments are not useful.

The temperature of Jupiter's atmosphere at 10 bars pressure was meas-
ured at 338 K by the Galileo probe (Seiff et al., 1998). Because the probe 
descended in a 5-micron hot spot atypical of most of Jupiter, we consider 
possible temperature values of either 330 K or 350 K, with most calcula-
tions done at the cooler temperature. This may be larger than the plausi-
ble range of 10-bar temperatures, but bounds the problem. Higher tem-
peratures lead to water condensing higher up in the atmosphere, but also 
higher updraft velocities, with differing signs of effect on lightning; over-
all, the temperature profiles lead to similar conclusions. It is possible to 
have the plume begin at a higher temperature than its surroundings, but 
this is not necessary for convection because the difference between moist 
and dry adiabatic creates a temperature contrast between the plume and 
its surroundings with increasing altitude (under our assumption of a dry 
adiabatic environmental temperature structure).

The drag coefficient observed in Earth rain varies depending on raindrop 
size, taking its lowest value at a drop radius near 1 mm and rising for both 
smaller and larger sizes (Spilhaus, 1948). Additional complications are 
added by the state of water, and the history of that state. We assume the 
drag coefficient of a sphere in turbulent flow, which is ∼0.5, for all cloud 
and precipitation particles. Higher drag coefficients correspond to lower 
terminal velocities. While this enables larger particles to be supported by 
the plume, its main effect is to greatly slow particle growth and charging 
due to lower collision velocities, thus leading to lower flash rates.

The collision efficiency and the charging efficiency both affect the generation of lightning, and which 
of them is the greater constraint depends on conditions. Their actual values depend enormously on the 
physical state (shape, stickiness, etc.) of the condensate particles being considered, which for Jupiter are 
unknown even in general. We optimistically assume that their sum is unity, that is, that every collision 
not resulting in particles merging transfers charge. Furthermore, we assume that ice has a collision ef-
ficiency of zero (and so a charging efficiency of unity), because ice particles are unlikely to stick upon 
collision; this explains the need for liquid water in lightning-generating systems. Then, we find that the 
model best fits observed behavior of Earth's atmosphere if liquid water has Ei = 0.8 (and so Eq = 0.2); see 
Table 2 and Figure 1. Jovian calculations for Ei = 0.5 (Eq = 0.5) were also performed, and found to be qual-
itatively similar. A complete absence of charging in liquids would imply Ei = 1 (Eq = 0), but some liquid 
electrification is observed on Earth (Stetten et al., 2019), and liquid charging is experimentally observed 
during drop breakup or inductive charging (C. Saunders,  2008). Furthermore, the equilibrium liquid 
region will still have some solid precipitating particles, as well as melted precipitation that was charged 
while still solid. However, despite these effects, Earth electrification is dominated by solid-state charging; 
therefore, a small but nonzero liquid charging efficiency is a reasonable result. In the case of Jupiter, 
analyses of data from both the Galileo and Cassini spacecraft have found lightning at depths greater than 
5 bars (Dyudina et al., 2004; Little et al., 1999), which have temperatures warmer than 273 K, and there-
fore liquid water for any amount of freezing point depression, for either the Galileo probe temperature 
profile or an adiabatic temperature profile; as such, a nonzero liquid charging efficiency is required to fit 
observations.

The radius of the entraining plume is set by the properties of convection. An overly small plume will en-
train so much material that it stifles itself, whereas a very large plume will break up into smaller plumes 
(Figure 1). In the model, the latter process does not happen, and so it is necessary to choose a plume size 
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Freezing point, 
efficiency

280 K, 
285.5 K

290 K, 
298.5 K

300 K, 
311.5 K

310 K, 
324.5 K

273 K, 0.5 0 0 0.3 2.8

263 K, 0.5 0 0.1 1.2 4.6

253 K, 0.5 0.1 0.5 2.0 5.4

243 K, 0.5 0.4 0.7 2.3 5.6

233 K, 0.5 0.5 0.9 2.4 5.7

273 K, 0.8 0 0 0.4 4.7

263 K, 0.8 0 0.2 2.1 7.1

253 K, 0.8 0.2 0.7 3.0 7.5

243 K, 0.8 0.4 1.0 3.3 7.1

233 K, 0.8 0.5 1.1 3.0 7.0

273 K, 1.0 0 0 0.5 5.5

263 K, 1.0 0 0.2 2.3 6.9

253 K, 1.0 0.1 0.7 2.8 5.7

243 K, 1.0 0.3 0.8 2.1 3.9

233 K, 1.0 0.3 0.6 1.3 2.4
aFirst temperature is plume temperature at 1 bar; second temperature is 
environment temperature at 1 bar. Initial temperature contrast must be 
negative on Earth because water vapor has a lower molecular weight than 
nitrogen and oxygen, and is thus innately buoyant. Values of temperature 
contrast chosen to ensure level of free convection is at ∼0.7 bar for all 
temperatures.

Table 2 
Earth, Electrical Energy Flux (W m−2) versus Temperature, Liquid 
Collision Efficiency, and Liquid Solution Freezing Pointa
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that is big enough to be convective but small enough not to escape the 
atmosphere. For Jupiter, a plume radius of 5 kilometers fits these con-
ditions and is consistent with the results in Yair et  al.  (1995a). Hueso 
et al. (2002) consider storms of 25 km, but refer to this as an upper limit 
beyond which their storms break up. Since storms may consist of mul-
tiple upwelling plumes, our choice is not necessarily inconsistent with 
their upper limit. For Earth, typical thunderstorms have upwelling cores 
that are roughly a kilometer in diameter, though larger upwellings also 
occur (Stolzenberg, 1998).

The energy of a single flash has a strictly inverse linear effect on the flash 
rate: the lightning power per unit area does not in this model depend on 
the flash energy, and thus, for example, doubling the flash energy will 
always halve the flash rate. As such, the flash rate can be calculated for 
multiple values of flash energy without rerunning the model, and we use 
constant values of flash energy for both settings: Given typical total flash 
energies of 1.5 × 109 J as per (Maggio et al., 2009), the peak observed rate 
in updrafts corresponds to an electrical energy flux of 2 W/m2; with the 
chosen parameters for collision efficiency, our model matches this well, 
predicting maximum values 0.1–4 W/m2 depending on temperature. Less 
intense lightning flashes on Jupiter, as observed by Juno, would corre-
spond to higher predicted flash rates. These values refer to the total elec-
trical energy released by the flash, and not to the optical flash energy, 
which may be several orders of magnitude smaller.

4. Results for the Earth and for Jupiter
To calibrate the model, Earth cases were considered with a surface (sea 
level) temperature of 280, 290, 300, or 310 K, 90% humidity, and envi-
ronmental temperature 5.5–14.5 K higher than plume temperature at sea 
level (to prevent immediate buoyancy of the vapor-containing plume), 
for various collision efficiencies with a plume radius of 1 km, consistent 
with observations of terrestrial thunderstorms. Under these conditions, a 
buoyant plume is formed, with maximum upward velocities between 15 
and 40 m/s (Figure 1).

When considering the flash rates of lightning to the depth of 10  bars 
in Jovian conditions, the flash rate is mainly determined by the water 
abundance and the freezing point (Tables 3–8 and Figures 2–7). With in-
sufficient freezing point depression, no lightning occurs; otherwise, the 
flash rate rapidly climbs to a value largely dependent on water abundance 
alone. This value ranges from about 200  W/m2 for 0.3X solar water to 
15,000 W/m2 for 10X solar water, and the minimal amount of freezing 
point depression drops from 60 K to 20 K over that range.

Lightning occurs over a wide range of pressure levels. A substantial frac-
tion of lightning occurs in the 0–2 bar region, where even ammonia-con-
taining water is likely to solidify (Tables 7 and 8). However, when light-
ning occurs in the local absence of liquid, it then relies on advection of 
material from below, as particle growth does not take place without a liq-
uid phase. For a freezing point above 253 K and 3X solar or lower water, 
no lightning at all is observed, due to the absence of liquid above the level 
of free convection. For parameter values near this boundary, electrical 
power is extremely low, and its value and distribution change very rapidly 
compared to the size of the parameter grid.
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Figure 1. Earth profiles of (top to bottom) (a) updraft velocity, (b) plume 
temperature, (c) plume-environment temperature difference, and (d) flash 
rate for freezing point 253 K and liquid collision efficiency 0.8.
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The electrical power rises slightly faster than linearly with water abun-
dance, if the freezing point is sufficiently low. With greater water abun-
dance, convection shifts deeper into the atmosphere, requiring less freez-
ing point depression; but due to greater convective vigor, lightning rates 
increase throughout the atmosphere, and the depth distribution of avail-
able electrical power does not drastically change. Medium and deep light-
ning rates grow faster than shallow lightning rates because the level of 
free convection is deeper, but lightning in the cloud grows more quickly 
with water abundance than below the cloud, and for that reason medium 
and deep lightning rates overall grow at similar speeds with increasing 
water abundance. Similarly, if the freezing point is not far below 273 K, 
a colder temperature profile leads to deeper condensation and greater 
lightning rates, particularly at deep pressure levels.

An extreme freezing point depression of more than 60 K—much greater 
than the 0–40 K drop generally inferred for terrestrial clouds where NH3 
is absent—decreases shallow lightning rates, as the condensate being liq-

uid throughout the plume lowers the efficiency of electric charging at high levels, and little particle growth 
occurs so high up regardless. That is, shallow lightning becomes less frequent due to the lower charging ef-
ficiency of liquid. At these extremely low freezing points, the effect of 10-bar temperature on lightning rate 
lessens and in some cases reverses, because the colder profiles have less vigorous (albeit deeper) convection.

5. Comparison With Observations
For mesoscale convective complexes on Earth, the peak rate of cloud-to-ground discharges has been ob-
served to be on the order of 1.5 × 10−3 flashes per square kilometer per second, which must be doubled 
when restricted to only updrafts; for the system as a whole, though, the maximum rate was observed at 
3.3 × 10−6 flashes per square kilometer per second (Goodman & MacGorman, 1986). For the entire Earth, 
including regions without cloud cover, the often-quoted value is 100 flashes per second, corresponding to a 
flash rate of 2 × 10−7 flashes per square kilometer per second (Orville & Spencer, 1979). More recent space-
based observations have given values a factor of two lower (Christian et al., 2003). Given typical total flash 
energies of 1.5 × 109 J, we find that our model is consistent within a factor of a few with peak flash rates 
observed for Earth within convective storms.

The rate and altitude of lightning flashes and temperature dependence for the model, as applied to Earth 
conditions, best fits observations for a water collision efficiency of 0.8 and a freezing point of 253 K. The 
former constraint is relatively weak, with collision efficiencies of 0.5 or 0.9 producing similar results. A 
collision efficiency of 1.0, however, produces lightning concentrated at overly low pressures. Flash rates 

peak near the 0.5-bar level, higher at lower freezing points; however, 
flashes are observed at a variety of altitudes, down to the ground. While 
the model does not specifically simulate cloud-to-ground flashes, flashes 
in the lowermost atmosphere represent charge transfer to the ground, 
which leads to cloud-to-ground flashes in practice. Greater freezing point 
depression causes flashes to increasingly occur in the stratosphere, and 
also greatly decreases the dependence of flash rate on temperature; for 
comparable levels of free convection, supercooling of 10–20 K leads to the 
flash rate varying by a factor of 4–10 per 10 K base temperature, consist-
ent with observation. Observationally, some supercooled water droplets 
have been observed at temperatures as low as 233 K, but a lower upper 
limit is reasonable for the bulk. This offers a constraint for interpreting 
the Jovian results: freezing point depression greater than ∼20 K cannot, 
within the model, be explained by supercooled water.

Galileo's observations of Jupiter's global flash rate were on the order of 
10 strokes per second (Little et al., 1999), less than Earth over an area 
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Freezing point 0.1X 0.3X 1X 3X 10X

273 K 0 0 0 0 3367.6

253 K 0 0 0 1206.7 13384.4

233 K 0 1.0 322.3 3465.6 14045.6

213 K 2.1 59.6 854.1 4070.3 16060.7

193 K 21.3 213.9 1170.8 4401.4 16641.9

173 K 26.9 241.3 1268.1 4577.7 17038.1

153 K 27.9 250.1 1269.9 4593.3 17100.5

Note. Liquid collision efficiency is 0.8, temperature at 10 bars is 330 K.

Table 3 
Electrical Energy Flux Above 10 Bars (W m−2) Versus Water Abundance 
and Liquid Solution Freezing Point

Freezing point 0.1X 0.3X 1X 3X 10X

273 K 0 0 0 0 1988.0

253 K 0 0 0 754.1 9781.8

233 K 0 1.0 207.6 2061.7 14699.9

213 K 1.9 39.3 472.6 3046.5 19049.9

193 K 17.0 110.2 1055.0 4855.5 20393.6

173 K 29.0 211.0 1212.5 5049.6 21190.4

153 K 32.7 220.1 1298.9 5216.8 21250.3

Note. Liquid collision efficiency is 0.5, temperature at 10 bars is 330 K.

Table 4 
Electrical Energy Flux Above 10 Bars (W m−2) Versus Water Abundance 
and Liquid Solution Freezing Point
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100 times greater; Juno observed a higher flash rate but much optically 
dimmer flashes summing to a lower energy flux, implying that a different 
part of the lightning distribution was being sampled. This sets an absolute 
lower bound of 10−4 watts per square meter for the power flux assuming a 
flash energy of 1012J as per Yair et al. (2008, 1995a). For individual storms, 
an areal lightning analysis for Galileo for three storms found a flash rate 
of 0.2 s−1 for each on average (Little et al., 1999). The sizes of the storms 
have large uncertainties ranging between 105 and 1.4 × 106 km2. The im-
plied flash rate is thus between 1.4 × 10−7 and 2.0 × 10−6 s−1 km−2, and 
likely closer to the lower part of this range. This rate is multiplied by four 
to account for the storm's nonrectangularity and the portion of it taken 
up by downdrafts. This provides a lower bound between 0.9 and 12 W 
m−2 for flash energies as per (Yair et al., 2008), far lower than the bulk 
of model predictions. The reason is that the model is designed to predict 
a peak flash rate, which requires higher resolution that can be achieved 
for Jupiter. However, the prevalence of lightning is sufficient to exclude 
parameter combinations that produce no lightning at all and provide ad-

ditional evidence against 0.1X solar water.

The depth of lightning observed on Jupiter can be estimated, via a model of atmospheric scattering, from 
the half-width at half-maximum (HWHM) of the flash's spatial extent. Such estimates have been reached for 
several flashes by the Galileo Solid State Imager and the Juno SRU (Becker et al., 2020; Dyudina et al., 2002; 
Little et al., 1999). Estimates were also made from Voyager one observations, but given the lower spatial/
temporal resolution, doubts have been raised as to whether some of these recorded flashes were in reality 
overlapping sets of smaller flashes. While the Juno observed flash rate was 15 times higher than the Galileo 
flash rate, average Galileo flash energies were ∼150 times higher, and measured at greater depths. The sign 
of this difference is expected: Galileo's measurements were made with longer exposure time but lower sensi-
tivity than the Juno SRU, meaning that fewer but more intense lightning flashes should be observed, and the 
breakdown field increases with pressure, explaining the higher intensity in deep flashes. In SRU data the 
most intense Juno flashes were almost equal in energy to the weakest Galileo flashes, implying that the two 
energy ranges can be concatenated to find the overall rate; however, if very infrequent flashes more intense 
than the Galileo range were found to occur on Jupiter, these conclusions would be altered.

Quantitative differences suffer from small-number statistics. The Juno SRU observed four flashes with 
HWHM of 40 km or less, corresponding to a pressure level of 0–2 bars (hereafter shallow flashes), and two 
with HWHM between 40 and ∼55 km, corresponding to a pressure level between 2 and 4 bars (hereafter 
medium-depth flashes). The latter were on average more energetic, with 55% of the energy coming from me-
dium-depth flashes and 45% from shallow flashes. The Galileo observed energy flux (flashes per unit area 
times the average flash energy) was 10 times higher, but only three flashes had depths measured, one (25% 

of the energy) a medium-depth flash, and two with half-widths above 
60 km, expected to correspond to pressure levels of 4–10 bars (hereafter 
deep flashes). Dyudina et  al.  (2002) rederived depths and added more 
flashes, generally consistent with the Little et al. (1999) conclusion that 
Galileo observed deep flashes. Some of these flashes might occur below 
the cloud base; this is expected, as precipitation should carry charge dif-
ferential down below cloud level, until the depth at which it evaporates. 
The precise depth at which this occurs is unknown and is unlikely to be 
exactly the 10  bars used in the model, but flash rates below the cloud 
base do not greatly increase with depth, so the effect of this uncertainty 
is limited.

As such, observations show that ∼30% of flash energy is released at 
0–4 bars, and that among those 0–4 bar flashes, 13% of the energy is re-
leased at 0–2 bars. This is reached based on a very small number of obser-
vations, but is most consistent with the model results for a freezing point 
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Freezing point 0.1X 0.3X 1X 3X 10X

273 K 0 0 0 0 4065.6

253 K 0 0 0 1282.1 7361.3

233 K 0 0.6 242.5 1094.8 2740.0

213 K 0.6 22.8 103.3 354.7 690.1

193 K 0.3 3.1 16.2 65.9 165.9

173 K 0.1 0.5 3.6 8.8 19.8

153 K 0.01 0.1 0.5 0.9 2.1

Note. Liquid collision efficiency is 1.0, temperature at 10 bars is 330 K.

Table 5 
Electrical Energy Flux Above 10 Bars (W m−2) Versus Water Abundance 
and Liquid Solution Freezing Point

Freezing point 0.1X 0.3X 1X 3X 10X

273 K 0 0 0 0 1602.1

253 K 0 0 0 586.9 11602.3

233 K 0 0.005 180.1 2810.0 13030.6

213 K 0.7 40.8 781.1 3425.2 14242.3

193 K 4.5 174.6 1079.1 4125.9 15766.4

173 K 8.8 200.7 1125.1 4169.9 15796.5

153 K 11.5 203.5 1149.0 4203.2 15905.0

Note. Liquid collision efficiency is 0.8, temperature at 10 bars is 350 K.

Table 6 
Electrical Energy Flux Above 10 Bars (W m−2) Versus Water Abundance 
and Liquid Solution Freezing Point
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near 213 K. For lightning at 0–4 bars pressure to output a minority of the 
energy, a minimum 40 K of freezing point depression - greater than the 
best fit for Earth—is required. While no clear conclusion on water abun-
dance can be reached, 0.1X or 0.3X solar water require 80 K or greater 
freezing point depression to satisfy this constraint for either temperature 
profile. The upper limit on water abundance is global, as lightning will 
not preferentially form in the absence of clouds; the lower limit, by the 
same reasoning, is local, as lightning may only occur in limited wet re-
gions of Jupiter. Further constraints would require continued measure-
ments of the depth distribution of Jovian lightning, or else information 
on local flash rates.

6. Interpretation
The observation of lightning at altitudes above the 2-bar pressure level by 
Becker et al. (2020) is fully consistent with the model. Lightning power at 
these shallow levels is estimated to be 10–100 times smaller than the total 
lightning power down to 10 bars; however, as conditions in this region 
are more Earthlike, it is expected that such flashes would be lower-energy 

and therefore more common. This is precisely what we see in the combined Juno and Galileo data. While 
the water cloud base is far below this level, the water cloud tops are substantially higher, and lower break-
down fields are required to generate lightning at higher altitudes. The predicted distribution is smooth rath-
er than bimodal, but a bimodal distribution seems unlikely unless lightning is being generated in the pure 
ammonia clouds (which are above the 0.7-bar level), a situation that is unlikely given that the condensate in 
those clouds is low-density solid. Both observation and model thus imply that lightning at Jupiter occurs in 
a broad altitude range, rather than at a singular pressure level.

Conversely, the observed shallow lightning seems to call for liquid water to occur at altitudes where the 
temperature is so far below the pure water freezing point that even supercooling cannot be invoked. There-
fore, freezing point depression such as that caused by ammonia solvation in the liquid seems a plausible 
mechanism. But whether ammonia is necessary to stabilize liquid water for lightning generation depends 
chiefly on the level of free convection. By the nature of both the model and the real Jovian atmosphere, 
particle growth and charging are both required for lightning generation, but they need not happen at the 
same time. If the plume rises from a level where liquid water is stable, allowing particle growth, ice particles 
will still charge one another in the upper reaches of the atmosphere to generate electric fields without the 

need for ammonia at the 1–2 bar level to keep the water liquid. Howev-
er, if it is assumed that ice particles are “nonsticky” and do not grow by 
collisions (or grow at very low efficiency), then this requires very vigor-
ous convection ongoing below the ice line. While the base of the water 
cloud (the lifting condensation level) occurs at depths below the ice line 
for a subset of reasonable Jovian parameters, the level of free convection 
where the plume becomes buoyant is higher. This gap is further increased 
for Jupiter, relative to Earth, because water vapor has a lower molecular 
mass than nitrogen and is therefore buoyant on Earth, whereas in Jupi-
ter's hydrogen-helium atmosphere the compositionally driven buoyancy 
is negative. In our model, the level of free convection typically occurs 
near 4 bars. In what follows, we do not consider additional speculative 
sources of convection such as deep alkali metal moist convection (Lu-
nine et al., 1989) or mechanically forced convection for which we have 
no evidence at this time. A quantitative estimate of the effect this has can 
be gathered from varying the freezing point. Earth observations, as de-
scribed above, require 10–20 K supercooling (Pruppacher & Klett, 1997; 
Rutledge & Hobbs, 1984). For Jupiter, given a 330 K base temperature, 
the water freezing point must be lowered, at the warmest, to 253 K for 
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Freezing point b0.1X 0.3X 1X 3X 10X

273 K –c – – – 13.1, 58.2

253 K – – – 16.6, 88.9 15.1, 56.2

233 K – 34.5,57.4 32.9, 73.9 22.5, 46.1 18.2, 40.1

213 K 50.4,38.0 53.3,49.0 25.7, 40.2 17.7, 37.5 11.9, 35.8

193 K 20.7,24.9 12.3,32.5 8.5, 35.6 8.3, 35.5 6.6, 35.5

173 K 18.7,24.4 11.1,32.3 6.8, 35.3 6.0, 35.0 4.2, 34.4

153 K 18.6,24.4 10.7,32.1 6.6, 35.3 5.6, 34.9 3.8, 34.1
aFor 330 K temperature at 10 bar Liquid collision efficiency is 0.8. First 
number is % of lightning from 0 to 2 bar relative to total in 0–4 bar. Second 
number is % of lightning from 0-4 bar relative to total in 0–10 bar. b0.3X is 
0.3 times solar water, etc. c– indicates no lightning.

Table 7 
Shallow Lightning Fractions (Percent) Versus Water Abundance and 
Liquid Solution Freezing Pointa

Freezing point b0.1X 0.3X 1X 3X 10X

273 K –c – – – 15.1,90.4

253 K – – – 29.8,89.1 22.8,61.6

233 K – 0.0,15.1 58.8,73.1 37.4,47.6 24.9,49.2

213 K 13.8,20.0 68.3,45.1 31.7,36.4 24.9,38.9 15.0,46.4

193 K 38.5,26.0 34.4,29.1 16.0,31.8 14.9,36.5 8.3,45.1

173 K 34.1,24.6 33.6,28.8 14.5,31.4 13.6,36.1 7.5,44.9

153 K 31.5,23.9 33.5,28.8 14.0,31.2 13.1,36.0 7.1,44.7
aFor 350 K temperature at 10 bar. Liquid collision efficiency is 0.8. First 
number is % of lightning from 0 to 2 bar relative to total in 0 to 4 bar. 
Second number is % of lightning from 0 to 4  bar relative to total in 
0–10 bar. b0.3X is 0.3 times solar water, etc. c– Indicates no lightning.

Table 8 
Shallow Lightning Fractions (Percent) Versus Water Abundance and 
Liquid Solution Freezing Pointa
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Figure 2. Velocity profiles for different choices of liquid solution freezing point; from top to bottom, (a) 0.1X, (b) 0.3X, (c) 1X, (d) 3X, and (e) 10X solar water. 
(Environment temperature 330 K at 10 bars).
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3-solar water, to 233 K for 1-solar water, or to 213 K for 0.3-solar water 
to generate observable amounts of lightning; for energetic lightning to 
be mostly deep, even greater freezing point depression is required. These 
depressions are at the limits of supercooling in the terrestrial context, 
implying that water cloud particles on Jupiter have substantial dissolved 
ammonia. The great latitudinal variability in lightning rates may indicate 
that Jupiter is in a region of the phase space where lightning rates vary 
extremely rapidly with changing parameters; this would imply that the 
true ammonia abundance corresponds to between 20 and 40 K freezing 
point depression in addition to supercooling, that is, water cloud droplets 
that contain 10%–25% ammonia by weight relative to the total condensate 
(ammonia plus water). More ammonia is needed for lower deep-water 
abundances, but even for subsolar water abundance, lightning can be 
generated if enough ammonia to create liquid is present, and even for 
supersolar water abundance some ammonia is required.

In order for ammonia to depress the freezing point sufficiently, there 
must be enough of it relative to water to maintain a significant liquid 
fraction. In fact, equilibrium thermodynamics predict that, in Jupiter 
conditions, ammonia and water can mix to form a liquid at pressures be-
tween 1.1 and 1.5 bar and temperatures between 173 and 188 K, as shown 
by Guillot et al. (2020). The consequent growth of these water-ammonia 
particles (“mushballs”) and their fall through the cloud should lead to the 
presence of partially liquid particles in a wider range of pressure levels. 
The distribution of these particles in terms of sizes and pressure levels 
remains an open question. A model run with a separate liquid region 
at 173–188 K in addition to freezing point depression, as would naively 
follow from Guillot et al.'s equilibrium calculations, has been tested, with 
lightning being generated at lower water abundances than with freezing 
point depression alone, but the qualitative conclusions about the water 
abundance remaining the same. Full analysis of the mushball model will 
require modeling time-dependent processes in condensate formation, 
followed ultimately by three-dimensional convective modeling of mixed 
ammonia-water storms. Potentially interesting charge reversal effects as-
sociated with ammonium ions may also be a further avenue for explora-
tion (Workman & Reynolds, 1950).

7. Conclusions
Using a one-dimensional model of moist convection and lightning gen-
eration, we have replicated terrestrial lightning flash rates and altitudes 
with a reasonable choice of parameters. These, in turn, allow us to use 
the model to fit the lightning rates and altitudes observed by Galileo and 
Juno. We find that the presence of relatively abundant shallow lightning 
(1–2 bars), combined with other observations, requires ammonia to act 
as an antifreeze for the water droplets. With a sufficient amount of such 

dissolved ammonia, subsolar water abundances are consistent with the observation of lightning, and the 
bulk ratio of the two species (leaving aside variations as condensation progresses) allows for sufficient melt-
ing point depression. Our model predicts lightning over a wide pressure range, rather than a single “depth 
of lightning”. The values for deep water allowed by the model are consistent with suggestions from interior 
models (Wahl et al., 2017) that bulk water might be severely depleted in the deep interior, and with analysis 
of equatorial MWR data (C. Li et al. 2020). They allow for a wide range of compositions of the planetesimals 
seeding Jupiter during its formation, with the exception of clathrate formed in a nebula with solar oxygen 
abundance (Gautier et al., 2001).
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Figure 3. (a) Charging rate, (b) Condensate mass fraction, and (c) water 
vapor mass fraction. (Environmental temperature 330 K at 10 bars).
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Figure 4. Flash rate profiles for different choices of liquid solution freezing point; from top to bottom, (a) 0.1X, (b) 0.3X, (c) 1X, (d) 3X, and (e) 10X solar water. 
(Environment temperature 330 K at 10 bars).
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Figure 5. Flash rate profiles for alternate choices of temperature profile and liquid collision efficiency; from top to 
bottom, (a) 330K and 0.5, (b) 330K and 1.0, (c) 350K and 0.8. (3X solar water).
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Figure 6. Environment temperature profile; (a) 330 K at 10 bars profile, (b) 350 K at 10 bars profile.

Figure 7. Profile of plume-environment temperature difference. (3X solar water, environment temperature 330 K at 
10 bars).
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Data Availability Statement
Data cited from the Juno and Galileo missions are available online, Juno MWR data at https://pds-atmos-
pheres.nmsu.edu/data_and_services/atmospheres_data/JUNO/microwave.html and Galileo SSI data at 
https://pds-imaging.jpl.nasa.gov/volumes/galileo.html#gllSSIREDR in the Planetary Data System archive 
Atmospheres node. The following data sources in the published literature were used, and are cited in the 
References section: Asplund et al. (2009), Becker et al. (2020), Little et al. (1999), and Seiff et al. (1998).
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