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A B S T R A C T   

On May 31, 2020 a convective storm appeared in one small cyclone in the South Temperate Belt (STB) of Jupiter. 
The storm, nicknamed as Clyde’s Spot, had an explosive start and quickly diminished in activity in a few days. 
However, it left a highly turbulent cyclone as a remnant that evolved to become a turbulent segment of the STB in 
a time-scale of one year. A very similar storm erupted on August 7, 2021 in another cyclone of the STB with a 
similar initial phenomenology. In both cases, the outbreaks started in cyclones that were the result of the merger 
of pre-existing vortices. In a previous paper we presented an observational study of these storms compared with a 
similar cyclonic convective system observed during the Voyager 2 flyby [Hueso et al., Convective storms in closed 
cyclones in Jupiter’s South Temperate Belt: (I) Observations, Icarus, 380, 2022]. Here we present numerical simu-
lations of these vortices and storms with the Explicit Planetary Isentropic-Coordinate (EPIC) numerical model. 
We simulate mergers of cyclones in Jupiter’s STB and investigate the deep structure of the resulting cyclone and 
its capability to uplift material from the water condensation level. Convection is introduced in the model 
imposing heating sources whose vertical extent, horizontal size and duration are free parameters that we explore. 
Our simulations reproduce the cloud field of both storms after short episodes of a few hours of intense con-
vection. The evolution of the morphology of the convective cyclone after the convective pulse stopped shows a 
strong relation between the convective energy released and the initial vorticity in the cyclone. Similar results are 
obtained for the cyclonic storm observed during the Voyager 2 flyby. We also compare our simulations of these 
storms with numerical simulations of a storm that developed in the STB in 2018 inside an elongated cyclone 
known as the South Temperate Belt Ghost [Iñurrigarro et al., Observations and numerical modelling of a convective 
disturbance in a large-scale cyclone in Jupiter’s South Temperate Belt, Icarus, 336, 2020]. In addition, we also 
simulate one of the large-scale storms that develop in the South Equatorial Belt comparing our simulations with 
Voyager 1 observations of one of those events. From these simulations, we establish a relative scale of energies 
associated to these convective storms. As coherent cyclones isolate the local atmosphere from their surroundings, 
we propose that the availability of condensables inside closed cyclones limits the duration of active convection, 
allowing larger convective outbursts in larger cyclones. Our simulations of the short and intense convective pulse 
associated to the 2020 and 2021 STB suggest a minimum local water abundance of 1.0–1.2 times solar at the 
location of the storms. The lower number considers a significant contribution of ammonia condensation, and the 
larger number considers only water moist convection with a negligible role of ammonia.   

1. Introduction 

Moist convection is driven by the release of latent heat. In Jupiter’s 
atmosphere this is a process of paramount importance that occurs pre-
dominantly in regions of cyclonic shear and under a variety of spatial 
scales (Ingersoll et al., 2004; Vasavada and Showman, 2005). Observa-
tionally, large convective storms can transform the visual aspect of 
specific bands (Sánchez-Lavega and Gómez, 1996; Sánchez-Lavega 

et al., 2008, 2017; Fletcher et al., 2017), and strong but short-lived 
convective events can modify entire segments of a band (Iñurrigarro 
et al., 2020; Hueso et al., 2022). Convective storms are proposed to be a 
major contribution of energy to the zonal jets through the creation of 
eddies that interact with the jets (Ingersoll et al., 2000; Vasavada and 
Showman, 2005; Lian and Showman, 2010) following an inverse 
cascade of energy (Young and Read, 2017). However, there is some 
dispute in the origin of the eddies, as both moist convection and 
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baroclinic instabilities seem possible drivers of this activity (Read et al., 
2020). 

In Jupiter, ammonia and water can produce moist convective storms, 
but water condensation releases more energy because of its larger latent 
heat and its expected higher molecular abundance well below the 
observable clouds. Lightning observations at depths of ≥3 bar (Little 
et al., 1999; Gierasch et al., 2000) link moist convective storms to water 
condensation. Lightning activity occurs with different frequency on 
different latitudes and during the early Juno mission (2016–2017) it was 
observed to be higher in the polar regions, absent in the equator and 
very infrequent in the South Temperate Belt (Brown et al., 2018). In 
addition, water moist convection has been proposed to explain the 
global desiccation of tropospheric ammonia below the upper clouds 
observed by Juno at all latitudes except the equator (Li et al., 2017). The 
proposed mechanism is that vertically extended storms can lead to the 
formation and precipitation of large water-ammonia “mushballs” that 
fall down to deep layers desiccating the upper atmosphere (Guillot et al., 
2020a, 2020b). The global effects of convection contrast with observa-
tions of storms at the clouds, where storms powerful enough to produce 
intense convection with high clouds and intense dynamics occur rarely, 
with very strong outbursts occurring cyclically in some latitudes 
(Fletcher, 2017). 

Comparisons of moist convective models with observations of Jovian 
storms should help to understand the processes outlined above. How-
ever, the time and spatial scales in which convective storms operate, and 

the limitations of the observations, generally constrained to the upper 
cloud level, make those comparisons challenging. Some existing com-
parisons relay on the altitude of cloud tops and the predictions from 
convective models (i.e. Stoker, 1986; Hueso and Sánchez-Lavega, 2001; 
Sánchez-Lavega et al., 2008). Other authors examine simulations that 
reproduce the cloud morphologies observed in specific convective 
storms (Hueso et al., 2002; García-Melendo et al., 2005; Sánchez-Lavega 
et al., 2008; Iñurrigarro et al., 2020). Additional models focus on 
studying the global effects of moist convection on the vertical structure 
of the atmosphere (Sugiyama et al., 2014), or in the evaluation of the 
overall frequency of convective activity at different latitudes (Sankar 
and Palotai, 2022). 

Recently, a short-lived mid-size storm (~4600 km at its peak) 
erupting at planetographic latitude − 30.8◦ in the South Temperate Belt 
(STB), was observed in exquisite detail along its life-cycle (Hueso et al., 
2022). The storm started on May 31, 2020 as a bright and compact cloud 
in methane band images erupting in the center of a pre-existing cyclone 
and was known as “Clyde’s Spot” after the name of the observer who 
obtained the first image of the storm (Foster et al., 2020). A combination 
of amateur, Hubble Space Telescope (HST) and Junocam images showed 
how the initial compact cyclone (Fig. 1a) transformed into a double- 
lobed storm system in 2–3 days (Fig. 1b). On August 7, 2021 a new 
storm developed in a similar cyclone in the STB, and its early stages were 
observed by several amateur astronomers with images that also showed 
the double-lobed shape (Fig. 1c). After a very similar start and early 

Fig. 1. Summary of the features discussed in this paper. (a) Clyde’s Spot as observed at the methane-absorption band by HST 2 days after its onset, and (b) by 
Junocam on visible light an additional Jupiter rotation later. (c) The August 2021 convective storm in an amateur observation obtained 2 days after the convective 
eruption. (d) Voyager 2 image of Jupiter showing the development of a convective perturbation at planetographic latitude 38.8◦S in a cyclone also imaged 2 days 
after the start of the convective outburst. (e) The storm in the STB Ghost observed in methane-band 3 days after the start of convection (Iñurrigarro et al., 2020). (f) 
and (g) two of the images of the SEB storm discussed in Hueso et al. (2002) and imaged one and 12 days after the start of convection. 
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development, both features evolved differently. In a time-scale of one 
year, Clyde’s Spot became a large and complex eddy, while the second 
storm transformed into a closed vortex (Hueso et al., 2022). A similar 
double-lobed morphology had been observed previously in a convective 
storm in a cyclone of the South South Temperate Belt (SSTB) observed 
by Voyager 2 in 1979, as the storm transformed into a large eddy in a 
time-scale of a few days (Fig. 1d) (Smith et al., 1979b; Hueso et al., 
2022). 

An additional storm that developed inside a closed cyclone was the 
eruption in the “STB Ghost” in February 2018 described in Iñurrigarro 
et al. (2020), which developed in a large and elongated cyclone (Fig. 1e). 
Numerical simulations of the convective storm in the STB Ghost pre-
sented by Iñurrigarro et al. (2020) reproduced the morphology of the 
evolution of the cyclone. Those simulations considered the interaction of 
convective pulses of different size, intensity and duration with the 
cyclone, and reproduced the overall evolution of the STB Ghost 
considering moist convective water storms with at least 1.0 times solar 
water abundance in the deep atmosphere (~5 bar). A recent study of 
water moist convection in another location in Jupiter with a complete 
implementation of a convective scheme on EPIC suggests water abun-
dances of 2 times solar or less (Sankar and Palotai, 2022). Further 
evaluations of the possible deep water abundance required to drive 
large-scale storms were given by Hueso et al. (2002) from a study of a 
large storm originated in a small cyclone of the South Equatorial Belt 
(SEB) at the time of the Voyager 1 flyby in 1979 (Fig. 1f and g), with a 
possible value of 2.0 times solar water abundance. This range of values is 
consistent with more direct determinations of the deep water abundance 
from spectroscopic observations given by Bjoraker et al. (2018) of 1.1 
times solar abundance near the Great Red Spot, and from Li et al. (2020) 
of 2.7− 1.7

+2.4 for the equatorial latitudes from Juno data. Although Clyde’s 
Spot was a much smaller storm than the storms in the SEB or the 2018 
storm in the STB Ghost, it had an explosive outbreak that made us 
consider that this relatively small storm is a good candidate to gain 
insight into the deep water abundance of Jupiter. 

Fig. 1 shows a summary of the convective systems introduced above, 
including the 1979 SEB outbreak, which was a convective eruption 
developing inside a cyclone but growing to a much larger size than the 
original cyclone. 

Here we perform numerical simulations of Clyde’s Spot and the 
similar storm formed at the same latitude in August 2021. We also 
perform simulations of the storm formed in the SSTB in 1979 and we 
investigate the characteristics of the cyclones and storms that built these 
perturbations exploring different initial vorticities and different values 
of the intensity of convection. These storms had in common their origin 
in a cyclone that survived the development of the convective storm and 
evolved over long time scales after convection ceased. Additional sim-
ulations of the 1979 storm in the SEB are also presented. 

To run these simulations we use the Explicit Planetary Isentropic- 
Coordinate model (EPIC; version 3.81) (Dowling et al., 1998), modi-
fied to include the effects of convection through the addition of a heat 
impulse following García-Melendo et al. (2005). We compare our results 
for these storms with those already published for the STB Ghost 
(Iñurrigarro et al., 2020), and with the analysis of the SEB storm from 
Hueso et al. (2002). In addition, we also consider two alternative ways to 
introduce the effects of convective storms in EPIC with the aim to better 
quantify the energy released by the convective pulses that represent 
each storm. The comparison of our EPIC simulations of these storms 
allows us to establish a comparative scale of the energies associated to 
these convective events. 

In section 2 we describe the EPIC model and our modeled atmo-
sphere, vortex and storm initialization processes. We show the results of 
our simulations of cyclones and storms in the STB in section 3. We 
present our results for the storms observed by the Voyager spacecraft in 
the SSTB and the SEB in section 4. We discuss our results comparing the 
outcomes of our model with simulations presented in Iñurrigarro et al. 
(2020) and the study of the SEB storm in Hueso et al. (2002) in section 5. 

We summarize our results and present our conclusions in section 6. 

2. The EPIC model 

2.1. EPIC and initialization of vortices and storms 

EPIC is the Explicit Planetary Isentropic-Coordinate atmospheric 
model (Dowling et al., 1998), a finite-differences model that solves the 
hydrostatic primitive equations under geostrophic balance using po-
tential temperature, θ, as the vertical coordinate, and computes the 
evolution of potential vorticity, q. The latter is the magnitude used as a 
tracer of the flow, and is the one generally compared to the cloud 
morphology. Potential vorticity is defined as 

q =
ζ + f

ρ
dθ
dz

(1)  

where ζ is the relative vorticity determined by the wind field, f is the 
Coriolis parameter, ρ is the density, θ is the potential temperature, and z 
is the vertical Cartesian coordinate. This definition introduces the effects 
of the static stability of the atmosphere, through the dθ/dz term above. 
The potential temperature employed in EPIC is a mean of the potential 
temperatures of the constituents of the atmosphere, particularly the 
ortho and para hydrogen (see Appendix A in Dowling et al. (1998) for 
details). In addition, the potential temperature and pressure in a layer 
are computed from the values at the layers interfaces, which are 
calculated as the geometric mean over the interfaces with the definition 
in eq. (14) in Dowling et al. (1998). 

The dynamics in EPIC include numerical diffusion with a hypervis-
cosity term used to control numerical instabilities. Here we use version 
3.81 of the EPIC model, which unlike the EPIC implementation 
described by Sankar and Palotai (2022), does not include clouds, con-
densables and convection in an explicit way. 

EPIC uses a longitudinal domain with periodic lateral boundaries in 
the zonal direction. The model domain is vertically bounded at the top 
with one or more sponge layers that attenuate the vertical reflection of 
gravity waves from the top of the atmosphere, and is bounded at the 
bottom with a deep abyssal layer representative of the adiabatic interior. 
The atmosphere is initiated with a vertical temperature profile, which 
determines the vertical stability of the atmosphere, and a zonal wind 
profile. The vertical structure of the winds can be added by imposing a 
multiplicative factor to the winds at different altitudes. From those 
sources of information, EPIC produces a simulated atmosphere under 
geostrophic balance in a configurable number of isentropic layers. 

Vortices can be added in EPIC as Gaussian ellipsoidal perturbations 
of the Montgomery potential M = CpT + gz (Stratman et al., 2001; 
Legarreta and Sánchez-Lavega, 2008; Iñurrigarro et al., 2020), where Cp 
is the specific heat of the atmosphere, T is the temperature, g is the ac-
celeration of gravity and z is the vertical coordinate. To add a vortex 
under geostrophic equilibrium EPIC uses the following perturbation of 
the Montgomery potential. 

ΔM = αfRbsVT exp

{

−

[[(
ϕ − ϕs

as

)2

+

(
φ − φs

bs

)2
]

+

(
ln(P) − ln(Ps)

cs

)2
]}

(2) 

Here f = 2 Ω sin φs is the Coriolis parameter, Ω is the planetary 
angular velocity, R is the local planetary radius, and VT is the tangential 
velocity of the vortex, which is negative for cyclones. The parameters ϕ, 
φ and P are the east longitude, planetographic latitude and pressure 
respectively, and the sub-index s indicates the center of the vortex in 
each parameter. The size of the vortex is given by the semi-major and 
semi-minor axes as and bs, and its vertical extent is measured in scale- 
heights with the parameter cs. The parameter α is a non-dimensional 
number that depends on the distribution of velocities in the vortex 
through a shape-factor n following eq. (3). 
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α =
exp
(
1 − 1

n

)

n
(
1 − 1

n

)1− 1/n (3) 

Low values of n correspond to homogeneous distributions of 
vorticity, and higher values imply vortices with an outer annular 
structure. A standard value of n in most simulations of vortices in EPIC is 
n = 2. 

When introducing vortices or other perturbations, this results in 
changes in the values of q that affect the elevations of the isentropes in a 
way related with the static stability of the atmosphere at each layer. 
Vortices with very large tangential velocities over small areas require 
strong gradients of pressure that are different at different depths. These 
vortices produce vertical motions that occur adiabatically over isen-
tropes. However, this means that strong and small vortices deform the 
isentropic layers to the point where, due to model limitations, isentropes 
can cross each other. This makes the model to collapse due to θ not being 
a monotonic function of altitude and multi-valued variables at the grid 
points where the isentropes cross. For the size of the smaller vortices 
simulated in this work and the tested tangential velocities, this occurs 
for tangential velocities of 100 ms− 1. Also, the initial vortex quickly 
evolves interacting with its environment achieving geostrophic condi-
tions in the environment and the vortex. 

Storms are introduced similarly by adding heating sources with 
Gaussian heat pulses Q̇ that can be active for a prescribed time. 
Following García-Melendo et al. (2005) heating sources are introduced 
as 

Q̇ = Q̇0exp

(

−

(
(ϕ − ϕ0)

2

2a2 +
(φ − φ0)

2

2b2

))

(4)  

where Q̇0 is the intensity of the pulse measured in units of power per 
mass (Wkg− 1) and ϕ0and φ0indicate the east longitude and planeto-
graphic latitude of the storm. In this equation a and b are a measure of 
the longitudinal and latitudinal size of the convective pulse. The com-
bination of storm intensity (Q̇0), size (a, b), and duration of heating are 
related in a direct way with the total energy injected in the storm, and 
the parameters ϕ0and φ0 allow to inject the storm in any location of the 
model domain. Convective pulses deform the isentropes progressively as 
their effects accumulate in time while the storm is active. This means 
that there are practical limits to the maximum intensity of the storms 
that can be simulated. For instance, very intense pulses with values of 5 
Wkg− 1 result in isentropes that cross each other in time-scales of about 
0.2 days rendering the model unstable. Smaller values of Q̇0 prolonged 
over long time-scales can also render the model unstable, but in general 
the upper limit of energy that can be simulated also depends on the size 
of the pulse and vertical resolution of the model. 

Several studies of convective storms following this scheme have been 
done for Jupiter (Sánchez-Lavega et al., 2008, 2017; Iñurrigarro et al., 
2020) and Saturn (García-Melendo et al., 2013; Sánchez-Lavega et al., 
2020). Those studies do not attempt to reproduce how convection starts, 
but rather the response of the atmosphere to different convective events 
introduced in the model. In particular, in our previous study of the 2018 
storm in the STB (Iñurrigarro et al., 2020) we used EPIC to simulate the 
storm onset and its interaction with the elongated cyclone where the 
storm formed using exactly this approach and reproducing the 
morphology of the elongated cyclone after the storm ceased to be 
convective. Realistic simulations that reproduced the observations were 
achieved well below the limit of maximum convection that the model 
can simulate. 

The heating source defined in eq. (4) acts over the interfaces between 
the different isentropes following eq. (31) in Dowling et al. (1998). 
When introducing convective pulses, eq. (4) acts as a mass source that 
locally modifies the vertical structure of isentropes (García-Melendo 
et al., 2005). However, the implementation of that equation in García- 
Melendo et al. (2005) and later works introduces the convective pulse in 

all the interfaces of the model, and so, it introduces energy in all vertical 
layers, except in the abyss where the pulse is not introduced, and in the 
upper sponge layers that quickly dissipate the pulse. This provides sta-
bility to the simulations by modifying similarly the different isentropes 
but it is problematic when comparing to how moist convection operates 
in a real atmosphere. In a water moist convective storm, when water 
condenses at pressures around 5 bar, it warms the local air and produces 
an updraft that ascends until it reaches the upper troposphere where the 
static stability of the atmosphere decelerates and ultimately stops the 
vertical motions (Stoker, 1986; Hueso and Sánchez-Lavega, 2001). The 
result is that convection transports energy from the water condensation 
level to the layers where static stability grows and the updrafts are 
decelerated producing divergent motions. These levels are located from 
around 1 bar to the uppermost levels reached by the storm. When con-
vection ends, the lower levels have similar temperatures to their original 
state, except that they do not have water vapor to feed more convection. 
The result is that the upper atmosphere has been warmed over large 
areas from the divergence at the upper clouds, but not the lower at-
mosphere from where latent heat has been extracted. Thus, observations 
of the upper cloud fields allow basic estimations of energy from the size 
of the expanded cloud system combined with reasonable hypothesis of 
the heating produced by convection (Banfield et al., 1998; Hueso et al., 
2002). Because in EPIC we do not simulate how convection forms, but 
rather how the atmosphere reacts to the consequences of convection, an 
alternative to the way previous EPIC simulations of storms have been 
done is to introduce the heating source only in the interfaces of the layer 
(s) where convection deposits energy in the upper troposphere. We will 
evaluate the impact of both alternatives when initiating convective 
storms. 

2.2. Model atmosphere and model domain 

We use a vertical temperature profile from Voyager that is extrapo-
lated to the lower atmosphere following a pseudoadiabat with ammonia 
and water and assuming an homogeneous deep abundance of condens-
ables of 2.7 times solar values for ammonia, hydrogen sulfide and water. 
These values are used from the recent derivation of deep ammonia in 
Jupiter’s atmosphere at all latitudes and the water abundance in Jupi-
ter’s equatorial region obtained by the Juno mission (Li et al., 2017, 
2020). The vertical gradient of condensables introduces static stability 
in the bottom layers of the model domain. Zonal winds are introduced at 
cloud level using the 2016 HST and amateur zonal wind profiles from 
Hueso et al. (2017) updated with 2017 HST and amateur data, and we 
consider constant winds at all altitudes. An examination of the vertical 
shears expected from thermal winds measured from Cassini data and 
ground-based observations (Fletcher et al., 2016) suggests that vertical 
shears are negligible at the STB above the cloud level, a point that we 
specifically tested and confirmed in numerical simulations of vortices in 
the STB. For simulations of the Voyager storm in the SSTB and the SEB 
we used the Voyager zonal winds from Limaye (1986). The geostrophic 
equilibrium condition requires the model to compute minor corrections 
to the vertical thermal structure, a step that is done by EPIC at model 
initialization after introducing the vertical thermal structure and the 
zonal winds. 

Our simulations of Clyde’s Spot are run over a longitudinal channel 
of 40 or 80◦ and 10◦ in latitude with periodic boundaries in the zonal 
direction. The spatial resolution of these simulations is either 0.04◦ per 
grid point, which are restricted to longitudinal domains of 40◦, or 0.08◦

per grid point in experiments using the longitudinal domain of 80◦. The 
simulations extend from 10 mbar to 7 bar in the vertical direction with 8 
layers, where the 8th layer represents the abyssal atmosphere below 7 
bar considered to be adiabatic. The top two layers are modified to 
behave as “sponge” layers that attenuate reflected gravity waves from 
the top of the model. Fig. 2 shows the vertical structure of the modeled 
atmosphere (the abyssal layer is not shown). Slightly different domains 
are used when simulating other storms and Table 1 gives a summary of 
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the parameters defining the domain and spatial resolutions used in 
different sets of simulations. These are: (i) vortices merger in the STB, (ii) 
storms in cyclones in the STB, (iii) the convective cyclone observed by 
Voyager 2 in the SSTB, (iv) the convective storm observed by Voyager 1 
in the SEB. 

We use an adaptive time step that fulfils the numerical stability 
conditions required by the EPIC model. These include requirements 
given by the hyperviscosity ν6 scheme used in EPIC (Dowling et al., 
1998) and the classical Courant CFL condition. However, when 
exploring the simulated velocity fields we found that minor numerical 
instabilities in the form of a fine-grain structure developed in the 
simulation. This noise was not discernible in the potential vorticity maps 
in simulations with a resolution of 0.08◦ per grid point, but was slightly 
noticeable in the ones with 0.04◦ per grid point, and was a source of 
noise in plots of zonal velocities, u, or meridional velocities, v. These 
small-scale instabilities are eliminated when running the simulation 
with a time step of 0.25 times the Courant CFL condition. This results in 
typical time steps of 6 s for the simulations with a resolution of 0.08◦ per 
grid point and 3 s for the simulations with a resolution of 0.04◦ per grid 
point. 

We do not treat here the possible interaction of the STB cyclones with 
the Great Red Spot described in Hueso et al. (2022) due to limitations of 
the model. The simulation of convective storms in small cyclones re-
quires a combination of high-resolution and small time step and that 
interaction extended over tens of days. For comparison, the 0.04◦ per 
grid point spatial resolution used in many of the simulations of Clyde’s 
Spot presented here, is 4 times smaller than the simulations done to 
study the convective outbreak in the STB Ghost in Iñurrigarro et al. 
(2020) and 4 times smaller than EPIC simulations of the GRS presented 
in Sánchez-Lavega et al. (2021). Time steps used here are 3 times smaller 
than those in Sánchez-Lavega et al. (2021), and simulating the interac-
tion of cyclones, storms and the GRS would require an order of magni-
tude of increased computational power. In addition, similar storms 
observed in closed cyclones, like the ones ocurring in 2018 in the STB 
Ghost and the 1979 storms in the SEB and SSTB observed by Voyager 1 
and 2 did not interact previously with large scale features, and it is 
unclear from an observational point of view if this is an important 
element of the convective storms in the STB. 

3. Numerical simulations of convection in closed cyclones in the 
STB 

3.1. Cyclones mergers in the STB 

Clyde’s Spot developed in a cyclone that had formed from a merger 
of two smaller cyclones. The same occurred with the storm in August 
2021. Since cyclones are regions of low pressure at cloud level, 

(caption on next column) 

Fig. 2. Model atmosphere used in EPIC. (a) Vertical thermal profile and its 
extrapolation to the lower levels following a moist pseudoadiabat assuming 2.7 
solar abundances of condensables. (b) Squared Brunt-Väisällä frequency (N2 =

g/θ dθ/dz) of the atmosphere (green), and values used by EPIC in its 8 layers 
(blue dots; the abyssal layer is not shown) (c) Zonal winds used in the model 
domain are either those from HST and amateur measurements (blue line, 
2016–2017) or those characteristics of the Voyager 1 and 2 flybys for the 
simulations of the Voyager 2 cyclonic storm (orange, Limaye, 1986). The winds 
are considered to be constant at all depths in the simulated domain. The zonal 
winds measured at the time of the Cassini flyby from Porco et al. (2003) (grey 
line) are also shown as a reference. Voyager and HST are shown with their 
respective error bars. Horizontal lines in (c) show the latitudes of the storms 
under study. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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isentropes in cyclones ascend in the deeper layer and descend in the 
upper layers. The ascending structure of their bottom layers may favor 
the development of moist convection, an idea presented in the literature 
several times to relate cyclonic shear and moist convection in Jupiter 
(Dowling and Gierasch, 1989; Thomson and McIntyre, 2016; Fletcher 
et al., 2017). Here we explore if the vertical structure of a cyclone ob-
tained after merging previously existing cyclones can enhance these 
characteristics favoring the development of moist convection. 

We introduce 2 vortices separated in longitude by about 15◦ and in 
latitude by different distances always smaller than 0.15◦, but large 
enough to produce different drift rates for each cyclone. The vortices 
have a semi-major longitudinal size of 0.7◦ and a semi-minor latitudinal 
size of 0.6◦ from values estimated from the sizes of observed STB cy-
clones. The vortices are assumed to extend 3 vertical scale heights above 
and below a vortex mid-plane centered at the cloud level at 680 mbar. 
This vertical extension is taken from previous simulations in Iñurrigarro 
et al. (2020) of Oval BA, the STB Ghost and other features in the STB. 
However, since the zonal winds are assumed to have no vertical wind 
shear below the visible cloud level (also an assumption from extensive 
simulations of features in the STB and other latitudes in Jupiter in pre-
vious works), the simulations are not sensitive to the true vertical 
extension of the cyclones. The radial distribution of velocities in these 
vortices is fixed by using n = 2, which is a standard value for most 
vortices, except for large vortices where rings of vorticity can be 
resolved, like in Oval BA or the GRS. We did not test different values of n 
because of the small size of our vortices. Table 2 shows the range of the 
parameters explored in simulations of vortices merger in the STB. 

The mean tangential velocity of Clyde’s Spot was 30–50 ms− 1 from 
measurements in Hueso et al. (2022). Here we tested values of the 
tangential velocity of the vortices before convection (25, 50 and 75 
ms− 1). Attempts to run simulations with higher tangential velocities 
(100 ms− 1) result in instabilities due to the large vorticities implied in 
such small cyclones. Those high vorticities deform isentropes so 

strongly, that isentropes cross each other making the model to collapse. 
We also run preliminary simulations with different non-zero vertical 
shears of the zonal winds. Small vortices like those simulated here are 
vertically sheared apart by the different winds at different altitudes. This 
result was found even when simulating vortices with strong tangential 
velocities of 75 ms− 1. Thus, we considered no vertical shear in the STB in 
agreement with thermal winds presented in Fletcher et al. (2016), and 
also in agreement with the detailed exploration of parameters of the 
atmosphere at the STB in Iñurrigarro et al. (2020). 

The vortices are introduced at the latitudes measured in Hueso et al. 
(2022) and reproduce the observed drift velocities. In almost all of our 
simulations the two vortices exhibit regular oscillations in latitude 
resulting in non-constant zonal drift rates similarly to the behavior 
observed for the STB cyclones. Fig. 3 shows the results of one of our 
simulations for vortices with a tangential velocity of 50 ms− 1. When the 
two vortices approach closer than ~6◦ they start to interact, modifying 
their previous zonal drift for about 10 days and merging together in a 
stable vortex in a process that lasts about 6 days for an homogeneous 
mixing of the two vortices that does not produce external turbulence. 

Very similar results are obtained when simulating vortices with 
different tangential velocities from 25 to 75 ms− 1 with no major dif-
ferences in the merger process. We conclude that cyclones in the STB 
merge easily, forming stable structures without producing additional 
turbulent patterns. Thus, the capacity of these simulations to provide an 
indication of the cyclones circulation is small, and the case shown in 
Fig. 3 with a tangential velocity of 50 ms− 1 can be considered as fully 
representative of the three simulations. 

The regular decrease of potential vorticity in the simulations 
observed in Fig. 3 from day 1 to 90 is mainly caused by numerical 
diffusion and hyperviscosity, with a slight decay of peak values of the 
potential vorticity of ~20% during the merger of both vortices. 

The new cyclone created by the merge of the two initial vortices is 
larger by about a factor of 1.9–2.1 in area when compared with the 
vortices on day 65. In the case shown in Fig. 3 its outermost tangential 
velocity peaks at 50 ms− 1, suggesting a similar tangential velocity after 
the merger to the initial vortices, and similar but slightly smaller po-
tential vorticity. 

We also used these simulations to explore what are the effects of the 
cyclones merge in their vertical structure through the modification of 
the isentropic surfaces. Fig. 4 shows a comparison of the vertical 
deformation in the isentropes caused by the structure of the cyclones 
through longitudinal cuts on days 60 (with two cyclones separated in 
longitude) and day 110 (well after both cyclones merge). 

Changes in the values of q affect the elevations of the isentropes in a 
way related with the static stability of the atmosphere at each layer (see 
eq. 1). Thus, vertical deformations of the isentropes associated to the 
vortex are small in the upper troposphere and large in the deep atmo-
sphere where static stability drops. The new vortex induces a slightly 
larger perturbation at all levels, but the upper troposphere at 230 mbar 
is not well represented, being close to the sponge layer where significant 
filtering affects the model. The vertical structure of the vortex after the 
merger of the cyclones is enhanced at intermediate layers (620 and 
1700 mbar), where static stability is large or moderate, but changes in 
the lower atmosphere at 5 bar, where static stability is smaller, are not 
particularly noteworthy at the isentrope close to the water condensation 
layer. 

The simulations and the structures shown in Fig. 4 suggest that the 
result of the vortex merger has a limited but non-null capacity to 
enhance the uplift of material from deeper layers, which are potentially 
richer in water. Atmospheric conditions with lower stability at the water 
condensation layer than those here simulated might produce bigger 
perturbations on the isentropes at those levels, further favoring the 
development of vertical motions. 

Table 1 
Domain and resolution used in the simulations of vortices merger, Clyde’s Spot 
in the STB and the 1979 storms in the SSTB and SEB observed by Voyager 2 and 
Voyager 1 respectively.  

Parameter STB vortices 
merger 

STB 
storm 

SSTB 
storm 

SEB 
storm 

Latitudinal range 
(◦) − 35 to − 25 − 35 to − 25 

− 44 to 
− 34 

− 25 to 
− 5 

Longitudinal 
range (◦) 

− 40 to 40 − 20 to 20 or 
− 40 to 40 

− 40 to 
40 

− 40 to 
40 

Altitude range 
(mbar) 

10 to 7000 10 to 7000 10 to 
7000 

10 to 
7000 

Number of layers 8 8 8 8 
Resolution 

(◦/pixel) 0.08 0.04, 0.08 0.08 0.08  

Table 2 
Explored range of the parameter space to model the merger of vortices in the 
STB. ϕs is the east longitude, φs the planetographic latitude, as the longitudinal 
semi-mayor axis, bs the latitudinal semi-minor axis, VT the tangential velocity of 
the vortex, PS the reference pressure level where the vortex center is located, Cup 
the vortex upward extension, Cdown the vortex downward extension, and n the 
shape-factor.  

Parameter Vortex 1 Vortex 2 

ϕs (◦) − 20.0 to − 8.0 0.0 
φs (◦) − 30.40 to − 30.55 − 30.55 to − 30.70 
as (◦) 0.7 0.7 
bs (◦) 0.6 0.6 
VT (m s− 1) − 25, − 50, − 75 − 25, − 50, − 75 
Ps (mbar) 680 680 
Cup (scale heights) 2, 3 2, 3 
Cdown (scale heights) 3 3 
n 2 2  
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3.2. Convective storms in the STB cyclones: Short-term evolution 

We now explore the evolution of small cyclones in the STB when a 
short-lived convective storm develops in their interior. The simulations 
show a complex interplay between the parameters that define the 
vortices and those that define the convective pulse. Tables 3 and 4 
summarize the range of values explored. We also give equivalent pa-
rameters for the simulations of the SSTB and SEB storms observed by 
Voyager 2 and Voyager 1 in 1979 and discussed in section 4. 

We first initialize a cyclone with semi-major axis of 1.5◦ and semi- 
minor axis of 1.1◦. These sizes correspond to the cyclones where 
Clyde’s Spot and the August 2021 STB storm developed. We consider 
tangential velocities of 25, 50 and 75 ms− 1 to initialize the vortex. The 
simulations evolved for 26 days to spread small-scale instabilities from 
the vortex initialization process before introducing a convective pulse at 

the center of the cyclone with different heating intensities. 
The drift rate of the convective pulse was selected to match the cy-

clone’s drift rate. We run simulations with different sizes of the pulses. 
Convective pulses that are sustained over areas that are larger than the 
original cyclone destroy the cyclone quickly, contrarily to what obser-
vations show. Small pulses with radius a = 0.2◦ are not big enough to 
disturb the vortex meaningfully and require very high intensities if they 
are settled to produce an energetic event capable of significantly 
transforming the cyclone. To reduce the number of parameters we fixed 
the size of the convective pulse to a radius of a = 0.5◦, which is slightly 
smaller than the original observation of Clyde’s Spot, and is similar to 
the sizes used in our simulations of the convective storms inside the STB 
Ghost in 2018. 

We considered a single convective pulse of short duration in agree-
ment with the observed evolution of the storm in methane band images, 

Fig. 3. Potential vorticity (q in units of 10− 6 m2Ks− 1 kg− 1) of a simulation of the cyclones merger for two cyclonic vortices with tangential velocities of 50 ms− 1. The 
dark structures around the two vortices on day 0 are small perturbations created in the atmosphere by the artificial introduction of vortices in EPIC and dissipate 
quickly. Left column: vortex drifting and mixing. Right panels: merger and final stable vortex. This simulation had a spatial resolution of 0.08◦ per grid point. 
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with a sudden apparition and less intense bright features in the next 
Jupiter rotation (Fig. 4 in Hueso et al., 2022). We introduced convective 
pulses following the two approaches described in section 2.1. We first 
introduce a heat pulse that affects the full vertical structure of the 

atmosphere (except the deep abyss) with a given value of Q̇0. This 
procedure is comparable to the one used in Iñurrigarro et al. (2020) for 
their study of the 2018 storm in the STB Ghost. We then replicate those 
simulations with a heat pulse that is only introduced in the interface 
between the isentropes at 620 and 1700 mbar. We first describe the 
simulations for a convective pulse affecting the full vertical structure of 
the atmosphere. 

3.2.1. Short-term evolution with vertically extended heat pulses 
Simulations of short convective pulses demonstrated that the initial 

cyclone can be broken in two side-lobes similar to the Junocam obser-
vation 2.5 days after the storm onset. After testing several values of the 
duration of the convective pulse, we fixed this parameter to 0.25 days. 
The rationale for this specific time-scale is that storms that are active for 
a longer period of time (0.75 days or longer) produce long standing 
features that rotate inside the vortex without ever forming a double- 
lobed structure as the one observed by Junocam or the one also 
observed for the August 2021 storm (Fig. 1). This time-scale is also 
supported by the observations that showed a quick apparition and fast 
demise of activity in the methane band images in just a few Jupiter 
planetary rotations (Figs. 4 and 8 in Hueso et al., 2022). 

We performed a battery of simulations with different tangential ve-
locities of the vortex and different intensities of the convective heat 
pulse. We also run simulations with no vortex but similar heat pulses to 
explore the response of the atmosphere to events of pure convection 
with no initial vortex. Fig. 5A shows the vortex-storm structure at the 
isentrope with average pressure of 620 mbar 3 days after the onset of the 
storm, a time-scale comparable to the Junocam images of Clyde’s Spot. 

Fig. 5A is organized with rows showing results for different 
tangential velocities of the vortex and columns showing results with 
different intensities of convection. The upper row in Fig. 5A shows the 
results of simulations of pure convective storms formed without a pre- 
existing cyclone. These simulations produce anticyclonic structures 
that are torn apart by the environment cyclonic winds. If the storm is 
powerful enough, Q̇0=2.0 Wkg− 1, then the anticyclone is stable on time- 
scales of a few days and migrates slightly northward as a consequence of 
its interaction with the environment cyclonic winds. 

The second row in Fig. 5A shows results for weak cyclones with 
tangential velocities of 25 ms− 1. These cyclones confine the region 
affected by weak convection, but can break apart easily in two sides with 
moderate heat pulses (0.5 Wkg− 1), being completely broken for intense 
heat pulses (1.0 Wkg− 1). The long-term evolution of these vortices 
however, shows clear dissipation and they do not seem to reproduce the 
observed characteristics of the long-term evolution of the dark remnant 
of Clyde’s Spot. Simulations of very intense convective pulses inside 
these weak cyclonic vortices (right side of the second row in Fig. 5A) 
with Q̇0=2.0 Wkg− 1 are similar to the storms simulated without first 
introducing a cyclone, and show that an intense convective pulse can 

Fig. 4. Vertical structure of isentropes in the cyclones. Lines represent longi-
tudinal cuts of the cyclones obtained at the central latitude of the vortices. 
Dotted and dashed-lines represent the two cyclones on day 60 of the simulation. 
Continuous lines represent the result of the merge on day 110. The vertical 
extension of the perturbation induced by each cyclone is shown for one of the 
vortices on day 60 and for the result of the merge. Insets show the perturbation 
of pressure ΔP associated to each layer in terms of vertical scale heights H. 
Black insets on the left are for the original vortices, colored insets on the right 
represent those of the merged cyclone. Insets give information on scale heights 
and vertical changes in the structure of the vortices. 

Table 3 
Parameter space of simulated vortices.  

Parameter STB cyclones SSTB cyclone 

φs (◦) − 30.5 to − 30.6 − 38.5 to − 39.1 
as (◦) 1.5 4.05 
bs (◦) 1.1 1.7 
VT (m s− 1) − 25, − 50, − 75 − 30 
Ps (mbar) 680 680 
Cup (scale heights) 2, 3 3 
Cdown (scale heights) 3 3 
n 2 2  

Table 4 
Parameter space of simulated convective storms.  

Parameter STB storm 
(Clyde’s Spot and Aug. 2021 
storm) 

SSTB storm 
(Voyager 2) 

SEB storm 
(Voyager 1) 

φ0 (◦) − 30.5 to − 30.8 − 38.2 to 
− 39.4 

− 16.5 to 
− 15.2 

a (◦) Tested: 0.2 to 0.8, nominal 
= 0.5 

Nominal =
0.8 

0.15 to 1.0 

b (◦) 0.2 to 0.8 0.65 0.15 to 1.0 
Drift rate (m 

s− 1) 
2 7 − 6.9 to 8.5 

Start time 
(days) 

25, 26 30 0 

Time active 
(days) 

0.25, 0.75, 1, 1.5, 2.0 0.5, 0.75, 1.0 4, 7 

Q̇0 (Wkg− 1) 0.2 to 5.0 0.3 to 1.0 0.5 to 3.0  
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break a cyclone completely. 
Intense vortices with tangential velocities of 50 ms− 1 confine the 

effects of the storm better (third row in Fig. 5A). These simulated cy-
clones break apart in two sides, but require more intense convection 
with heat pulses of 0.8–1.2 Wkg− 1. These cases show a better compar-
ison with the observations of the short-term evolution of Clyde’s Spot 
and the August 2021 storm. Among the different cases shown in Fig. 5A, 
convective pulses of 1.0–1.2 Wkg− 1 generate morphologies similar to 
the double-lobed structure observed in the Junocam image of Clyde’s 
Spot (Fig. 1b). 

Finally, very intense vortices with tangential velocities of 75 ms− 1 

are difficult to perturb with convective pulses (fourth row in Fig. 5A). 
The convective pulse forms structures in the cyclone that are reminis-
cent of structures observed in Clyde’s Spot, but they mix together very 
rapidly in spiral patterns that are very different to what the observations 
show only a few days after the active storm dissipates. Very intense heat 
pulses are necessary to break the cyclone in a two lobed structures, but 
the model becomes unstable for heat pulses larger than 1.2 Wkg− 1 in 
these intense vortices. Thus, it seems very unlikely that the original 
cyclone had the intense tangential velocities here used as an initial 
condition for the vortex. 

From the simulations shown in Fig. 5A we considered the case with a 
vortex with a tangential velocity of 50 ms− 1 and a storm with a heat 
pulse of 1.0 Wkg− 1 as our nominal case. This is the most successful in 
terms of its morphological comparison with the Junocam observation of 
Clyde’s Spot (Fig. 1b) and amateur observations of the August 2021 STB 
convective event (Fig. 1c). 

3.2.2. Short-term evolution with vertically limited heat pulses 
Fig. 5B represents the same simulations as Fig. 5A, but now using 

heat pulses that are introduced only in the interface between isentropes 
with average pressures of 620 and 1700 mbar. For the same values of Q̇0 
the amount of energy introduced in the simulation is now smaller, but 
the energy introduced in the observable levels at around 600 mbar are 
similar, making the apparent results of both sets of simulations roughly 
similar. Since the energy is introduced in the interface between two 
isentropes, the vertical structure of the system is strongly affected at 
those two levels and is only slightly modified in the layers above and 
below. For instance, if we just concentrate in the first row of Figs. 5A and 
B showing simulations without an initial cyclone, the convective pulses 
introduced previously are vertically extended through the atmosphere 
and develop vertically coherent anticyclones that interact with the 
cyclonic winds (Fig. 5A). However, when convective pulses are verti-
cally limited, the anticyclonic systems formed by convection are shal-
lower and are easily torn apart by the environment winds (Fig. 5B). 

From the simulations in Fig. 5B we consider that the case with a 
vortex with a tangential velocity of 50 ms− 1 and a storm with a heat 
pulse from 1700 to 620 mbar of 1.2 Wkg− 1 is the closest one to our 
previous nominal case (a convective pulse of the same size and duration, 
with a power of 1.0 Wkg− 1, introduced all the way from the lowest layer 
above the abyss to the sponge layer). 

Fig. 6 compares the vertical structure of the atmosphere at the center 
of the cyclone for the two simulations that have been chosen as the 
nominal ones in which energy is introduced either extended over the 
atmosphere (except the abyss) as in the simulations shown in Fig. 5A, or 
in a single interface between two isentropes as in the simulations in 
Fig. 5B. The figure shows the effects of convection over the free atmo-
sphere (i.e. without a previously existing cyclone), or when introducing 
a convective pulse inside a cyclone. Since energy is introduced as a mass 
source, isentropes above and below the region modified are deformed, 

Fig. 5. A: Exploration of the vortex-storm parameter 
space when introducing vertically extended heat 
pulses. From top to bottom vortices of different 
tangential velocities. From left to right storms of 
different intensities. Subpanels show a small subsec-
tion of the potential vorticity field at the mean 620 
mbar level. The magnitude of the heat pulse that 
represents the storm appears as a number (units of 
Wkg− 1) in each panel. All panels are taken at 3 days 
after the storm initialization. Most of these simula-
tions were run with a spatial resolution of 0.04◦ un-
less otherwise stated in the legend inside individual 
subpanels. 
B: Same as A but for convective pulses introduced as 
vertically limited heat pulses in the interface between 
isentropes with average pressures of 620 and 1700 
mbar.   
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and whether we inject energy in all the model interfaces or in a single 
model interface, all the isentropes are affected. However, in both cases 
the vortex structure is mostly affected at the isentrope with mean 
pressure of 620 mbar, which lies at the top of the interface where we 
introduce our convective pulse in the second convective scheme. Since 
in both convective schemes we introduce similar amounts of energy 
close to the isentrope that represents the upper cloud layer, the outcome 

of the simulations is relatively similar. Thus, the differences in potential 
vorticity at cloud level shown in Figs. 5A and B are relatively small. 
However, the vertical structure of the vortex-storm system is different in 
both sets of simulations and the long-term evolution of both sets of 
simulations can be different too. 

We conclude that both convective schemes (a vertically extended 
pulse or a shallower convective pulse close to the visible cloud level) 
produce similar results in terms of the morphology at the cloud visible 
level. However, a detailed calculation of the absolute energy introduced 
in the model, while numerically possible, might not be physically 
meaningful, since two very different energy inputs can result in similar 
evolutions of the nearest layer to the visible cloud level. This means that 
the simulations cannot directly distinguish how much condensation of 
water should be needed to reproduce Clyde’s Spot and other convective 
storms from the energy introduced in the model (e.g. Iñurrigarro et al., 
2020). However, a relative evaluation of the different energy involved in 
simulations of different storms can be more appropriate. Nevertheless, 
for Clyde’s Spot and the 2021 STB storm, an approximate simple 
calculation of the required local water abundance in these storms could 
be performed considering the heating amplitude and the duration of the 
heat pulse. 

3.3. Mid-term evolution of the nominal case 

Details of the short and long-term evolution of the storm-vortex 
system for the two nominal cases selected above are shown in Fig. 7. 
The leftmost two columns show the evolution of the cyclone with a 
convective pulse of 1.0 Wkg− 1 introduced all through the atmosphere. 
The rightmost two columns show the evolution of the cyclone with a 
convective pulse of 1.2 Wkg− 1 introduced only in the interface between 
the two isentropes with pressures of 620 and 1700 mbar. In both cases, 
the convective pulse is active over 0.25 days and acts as a divergence 
source that separates the inner part of the cyclone in two sides quickly. 
These two sides rotate clockwise with an approximate period of 3 days, 
while the outer part of the vortex is not strongly affected by the storm. 
After ~6 days, patches of strong cyclonic vorticity are concentrated in 
the inner core of the vortex outside of its center and can be seen to rotate 
clearly. We consider that these features (“dark blue” in the image of the 
simulation, and thus, more cyclonic than their environment) compare 
well with dark patches observed in Clyde’s Spot, forming inside the 
vortex in its transition from the bright storm into the dark remnant, and 
possibly representing cloud clearings. A ring of almost unperturbed 
material separates the inside perturbed region from the outside, keeping 
the size of the vortex almost constant. In both cases, 20–30 days are 
needed to homogenize the interior of the vortex, which keeps a very 
different structure to the initial vortex. 

3.4. Mid-term evolution of storms of varying intensity 

We also run the simulations shown in Figs. 5A and B with longer 
times to investigate their mid-term evolution. Results for storms initi-
ated inside cyclones with different initial tangential velocities of 25 and 
50 ms− 1 are shown in Fig. 8 in simulations performed with a spatial 
resolution of 0.08◦. We show results for the two convective schemes 
introduced before. 

The upper two rows of Fig. 8 show results for weak vortices (VT = 25 
ms− 1). Vortices perturbed with weak convective pulses (Q̇0~0.6 Wkg− 1) 
almost do not show inner structures after 25 days. The same vortices 
perturbed with strong convective pulses (Q̇0~1.8 Wkg− 1) are destroyed 
leaving highly turbulent structures. Convective pulses with energy 
distributed vertically over the atmosphere (columns b1 and b2 in Fig. 8) 
are more energetic than convective pulses only affecting the interface 
between two isentropes (columns c1 and c2 in Fig. 8), and so, the latter 
cases are less perturbed for intense pulses and show a coherent vortex for 
a longer time period. However, none of these simulations with a cyclone 

Fig. 6. Vertical structure of isentropes for the two storm initialization schemes. 
(a) Isentropes in a model atmosphere without cyclones and in which a 
convective pulse has been introduced. Solid lines represent the isentropes in the 
initial atmosphere without the convective perturbation. The dashed-lines and 
yellow-shaded area show the isentropes and region perturbed when introducing 
a convective pulse of 1.0 Wkg− 1 vertically extended over the atmosphere. The 
dotted-lines and grey-shaded region represent the effects of introducing a 
convective pulse of 1.2 Wkg− 1 only in the interface between the isentropic 
layers with θ = 175 K and θ = 186 K, equivalent to pressure levels of 620 to 
1700 mbar outside the perturbation. (b) Same as (a) but in a simulation in 
which the convective pulse has been introduce at the center of a cyclone with 
VT = 50 ms− 1. Solid lines show the isentropes for the cyclone only. The dashed 
lines and yellow-shaded area show isentropes for the cyclone after introducing 
a convective pulse of Q̇0 = 1.0 Wkg− 1 extended over the atmosphere. The 
dotted lines and grey-shaded area correspond to a convective pulse of Q̇0 = 1.2 
Wkg− 1 introduced only in the shaded grey region between the two isentropes 
with mean pressures at 620 and 1700 mbar. In both panels the time shown is 
two hours after the convective pulse of 0.25 days ends. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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with an initial weak circulation reproduces the short-term morphology 
observed in Clyde’s Spot. 

The lower three rows of Fig. 8 show results for stronger vortices with 
initial velocity fields with tangential velocities of 50 ms− 1. Convective 
pulses of Q̇0~1.0 Wkg− 1 reproduce reasonably well the initial phases of 
Clyde’s Spot (Fig. 1b) as shown in Figs. 5A and B. However, these 
vortices become quite homogenous after 10 and 25 days, and depart 
from the complex structure and long-term phenomenology observed in 
Clyde’s Spot (Hueso et al., 2022). More intense convective pulses of 
Q̇0=2.0 Wkg− 1 and Q̇0=3.0 Wkg− 1 are needed to form the complex 
structures observed in Clyde’s Spot months and a year after the onset of 
the storm (Fig. 8d), although in these simulations, similar complex 
structures are formed in a matter of a few days. This suggests that the 
complex long-term phenomenology observed requires sustained con-
vection over larger time-scales injecting twice or three times the initial 
energy released during the initial convective pulse but at a much smaller 
pace. 

If we compare the results from the two different convective schemes 
we find that simulations with energy introduced in all vertical layers 
(columns b1 and b2) are more similar to the observations than the sim-
ulations where energy is only introduced in the interface between 620 
and 1700 mbar (columns c1 and c2 in Fig. 8). Fig. 9 shows a larger 
section of two of the simulations shown in Fig. 8 and focuses on the 
differences from using one convective scheme or other. The upper panel 
in Fig. 9 shows the evolution of the cyclone after the short convective 
pulse introduced in all model interfaces ten days after convection is 
switched off. The simulation produces a folded filamentary feature that 
reminds the morphology of Clyde’s Spot months after the storm. The 
same structure is not obtained when introducing convective energy only 
in the limited region between 620 and 1700 mbar, but more intense 
pulses, or additional energy introduced in the model might be needed to 
reproduce those later stages of the observations. 

In addition, simulations of very intense vortices (V = 75 ms− 1) not 
shown in Fig. 8 resulted in fast homogenization of the vortex, and we 
conclude that these strong vortices cannot be perturbed with a strength 
large enough to break the confinement produced by the vortex circu-
lation and are disregarded as possible cases for the development of the 
convective storm. 

4. Convective storms in the SSTB and the SEB 

A similar convective storm inside a cyclone was observed by Voyager 
2 in the SSTB (Smith et al., 1979b), and an image of its first stages is 
shown in Fig. 1d. The storm developed a double-lobed structure very 
quickly and similarly to the STB storms in 2020 and 2021. It later 
evolved in a few days into a complex turbulent area known as a Folded 
Filamentary Region (FFR) remaining as a stable FFR over the rest of the 
Voyager 2 flyby. Further images of this storm are shown in Hueso et al. 
(2022). A very different storm was observed by Voyager 1 in the SEB a 
few months earlier. This was a storm that originated in a small cyclone 
and developed actively over 7 days, quickly and largely exceeding the 
size of the cyclone where it developed and strongly interacting with the 
zonal winds over a longer time-scale (Fig. 1f and g). The storm never 
exhibited the double-lobed structure observed in Clyde’s Spot or the 
SSTB storm. Hueso et al. (2002) present a study of this storm including 
evaluations of the possible energy required to drive such a large 
convective system. Several similar storms were observed in the SEB 
months later by Voyager 2 (Smith et al., 1979a, 1979b). Together they 
represented a spectacular set of storms that did not affect the whole SEB 
as in classical SEB Disturbances (Sánchez-Lavega and Gómez, 1996; 
Fletcher et al., 2017). Here we simulate these storms in the SSTB and 
SEB using the same approach as for the storms in the STB. The ranges of 
values tested to simulate these storms are summarized in Table 3 and 
Table 4. For simplicity, we did not consider vertical wind shears that 
could be associated to the latitudes of any of these two storms. 

4.1. Simulations of the convective storm in the SSTB 

For the storm in the SSTB we considered an initial cyclone with the 
size it had before the convective eruption (semi-major axis 4.05◦ and 
semi-minor axis 1.7◦, making this cyclone significantly larger than those 
in the STB simulated above), and we assumed a cyclonic tangential 
velocity of 30 ms− 1. This value comes from the analysis of Voyager 
images in Hueso et al. (2022). We also used the same model atmosphere 
initialization and vertical extent of the vortex as in the previous sections, 
except for two obvious differences: initializing the storm at its observed 
latitude (− 38.8◦ planetographic), and using the environment winds 

Fig. 7. Detailed evolution of the vortex-storm system at cloud level in two simulations with heat pulses introduced differently. Panels show potential vorticity q in 
units of 10− 6 m2Ks− 1 kg− 1 at a mean pressure of 620 mbar. The domain represented is 10◦ in latitude and 15◦ in longitude. Left panels: Vortex with a tangential 
velocity of 50 ms− 1 and a heat pulse of 1.0 Wkg− 1 active over 0.25 days with a size parameter a = 0.5◦ and introduced in all layers except the abyss. Right panels: 
Same vortex but now perturbed with a convective pulse active for the same time and with the same size but with an intensity of 1.2 Wkg− 1 and introduced only in the 
interface between the layers at 620 and 1700 mbar. The spatial resolution of both simulations is 0.04◦. 
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Fig. 8. Simulations for a variety of vortex tangential velocities and intensity of the convective pulse. Maps represent subsections of the potential vorticity field q in 
units of 10− 6 m2Ks− 1 kg− 1 from the isentrope at an average pressure of 620 mbar and centered over the vortex. The upper two rows show results for cyclones with 
initial tangential velocities of 25 ms− 1. The next three rows show results for cyclones with initial tangential velocities of 50 ms− 1. Column (a) shows the initial 
cyclones. Columns (b1) and (b2) show results for simulations with the convective pulse vertically distributed over the atmosphere. Columns (c1) and (c2) show results 
for simulations with the convective pulse concentrated on a single interface between the isentropes from 620 to 1700 mbar. Times represented are 10 and 25 days 
after the short convective pulse. Details are given in each subpanel. All simulations were computed with a spatial resolution of 0.08◦. Row (d) shows JunoCam and 
HST observations of the evolution of Clyde’s Spot and its remnant at different time instants, from left to right 2.5, 112 and 320 days after the onset of the 
convective storm. 
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retrieved from the analysis of Voyager data (Limaye, 1986). Also, the 
larger size of the initial cyclone let us use a spatial resolution of 0.08◦ per 
grid point. 

We found that convective pulses of 0.3–0.5 Wkg− 1, sizes determined 
from the compact clouds observed in the Voyager sequence with a =
0.8◦ and b = 0.65◦, and durations of 0.5–1.0 days result in a disturbed 
cyclone that develops into an FFR-like feature rapidly in a few days. 
Fig. 10 presents some of these simulations using both types of convective 
pulses, either affecting the whole vertical structure of the vortex, or only 
the interface between the isentropes with averaged pressures of 620 and 
1700 mbar. In this case, we did not attempt to run a full exploration of 
the space of parameters, since our initial simulations were successful in 
reproducing the initial stages of the storm’s evolution, and there is less 
observational information for this storm. The overall transformation of 
the convective cyclone into a FFR is better reproduced in simulations 
where the full vertical structure of the vortex is affected by the 
convective pulse. 

The key differences in this storm compared with the 2020–2021 STB 
storms are the larger size of the cyclone and the weaker intensity of its 
outermost tangential velocity. This results in the possibility in the sim-
ulations of larger convective pulses that are active for a longer period of 
time but with lower intensities. Thus, although the intensity of con-
vection is smaller, the total energy injected in this cyclonic storm system 
is larger than the energy required to reproduce the morphology of 
Clyde’s Spot. The simulations disturb the cyclone and turn it into a 
turbulent cyclonic region that reorganizes similarly to an FFR in a time- 
scale of a few days, similarly to the observations and very differently to 
what was observed for Clyde’s Spot. 

4.2. Simulations of the convective storm in the SEB 

The large storm in the SEB observed by Voyager 1 in 1979 was very 
different and particularly difficult to simulate. We used the same model 
atmosphere as in the rest of this manuscript, except that the storm was 
launched at 16◦ S latitude and we used the Voyager winds (Fig. 2). We 
tested different values of the intensity, size and time duration of the 
convective pulse. We did not introduce an initial cyclone as in the 
simulations presented for the storms above. In this case, the very small 
size of the initial cyclone observed in Voyager images and the fast 

increase of the storm beyond the initial cyclone in a few hours made this 
a reasonable hypothesis. We also made simulations with the two 
convective schemes. Among the combinations of the range of parame-
ters tested in this work to reproduce this SEB storm, the second 
convective scheme in which energy is deposited only in the interface 
between two isentropes produced results much closer to the morphology 
observed than the first convective scheme. 

Our most successful simulation of the evolution of the morphology of 
this storm is shown in Fig. 11, which compares snapshots of the storm 
with the simulation. This simulation used a convective pulse with the 
same size as the one used for Clyde’s Spot, a = b = 0.5◦, had a power 
release of 0.5 Wkg− 1 and was kept active for 7 days. This time duration 
was extracted from the analysis of the divergence of clouds presented in 
Hueso et al. (2002). The spatial resolution of this simulation was 0.08◦/ 
pix. The simulation successfully reproduces the overall shape of the 
cloud field observed by Voyager. Note the anticyclonic motions of the 
central system in the simulation and its interaction with the cyclonic jet. 
Several other simulations were attempted, but only simulations with 
roughly an equivalent amount of energy, and very close to the values of 
the parameters of the convective pulse described above, were able to 
match the morphologies of the clouds observed in the Voyager images. 

The large size of this storm was possible only through sustained 
convection instead of the limited convective eruptions observed in 
Clyde’s Spot and the other storms inside closed cyclones here simulated. 

5. Discussion 

5.1. Analysis of the simulations 

Clyde’s Spot (Fig. 1a and b), the equivalent 2021 STB storm (Fig. 1c) 
and the 1979 storm in the SSTB (Fig. 1d), are similar in some aspects and 
different in others to the 2018 storm in the STB Ghost (Fig. 1e) reported 
in Iñurrigarro et al. (2020). These convective storms occurred inside 
closed cyclones of different sizes and tangential velocities and largely 
disturbed the full cyclone in which they developed. In all cases, the 
consequences of the convective outbreaks were confined to the interior 
of the cyclone that later evolved over months in a complex way. The 
2018 STB storm occurred inside a large elongated cyclone with a ve-
locity in the outer parts of the cyclone of 50 to 80 ms− 1 and displayed 
convection over a time-scale of 2–4 days. Its later evolution seems to 
suggest a break-up of the cyclone in two sides, which required an intense 
energetic perturbation because of the large external tangential velocity 
measured from analysis of Junocam images. The convective eruption in 
the SSTB in 1979 was an intermediate case in terms of the size of the 
cyclonic system and also the duration of convection, here modeled with 
a convective pulse of one day. The convective outbreaks in Clyde’s Spot 
and in the 2021 STB cyclone occurred in smaller cyclones and were 
active for the shortest periods, being modeled here with convective 
pulses of 0.25 days. The convective eruption in the SEB (Fig. 1f and g) 
was very different. While it also started inside a small cyclone, it quickly 
grew to a very large size and stayed active for 7 days from the analysis of 
Voyager observations in Hueso et al. (2002). 

Observations of the storms in the STB and the SSTB discussed in 
Hueso et al. (2022) show that the cyclone-storm system acquired a 
double-side morphology in a time-scale of 2 days that rotated and 
reorganized in turbulent patterns during tens of days (in the SSTB) or 
several months (in the STB) to form in both cases a complex FFR. The 
double-side morphology and the time-scale for its development are well 
reproduced by our nominal numerical simulations of the potential 
vorticity field with the EPIC model and suggest the short convective 
pulses modeled. This double-side feature is also absent in the evolution 
of storms in the SEB. 

In the 2018 storm in the STB Ghost discussed in Iñurrigarro et al. 
(2020), patterns of bright clouds were formed and circulated inside the 
elongated cyclone producing a complex phenomenology that was very 
different to the cases studied here. Three consecutive convective pulses 

Fig. 9. Output of two identical simulations except for the scheme used to 
introduce the convective pulse. The top panel shows results when the convec-
tive pulse is introduced affecting the full vertical structure of the vortex, and the 
bottom panel when energy is only introduced in the region between the isen-
tropes from 620 to 1700 mbar. Maps represent the potential vorticity field (q in 
units of 10− 6 m2Ks− 1 kg− 1) from the isentrope at an average pressure of 620 
mbar and the simulations were computed with a spatial resolution of 0.08◦. 
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were observed, and the size of the STB Ghost was large enough to pro-
duce a recirculation of the cloud material generated in the convective 
outbreak (Fig. 1e). Part of the initial bright features transformed in dark 
patches quickly, and a later stage of turbulence inside the cyclone was 
observed for a long period of time. These dark patches and turbulence 
patterns were also observed in Clyde’s Spot and the 2021 STB storm. 
Numerical simulations of the 2018 storm in the STB Ghost with EPIC in 
Iñurrigarro et al. (2020) similar to those presented here used three 
convective pulses vertically extended over the atmosphere and with 
intensities of 0.4–0.7 Wkg− 1, but those pulses were long with durations 
of 2–4 days. Compared to the simulations presented here for Clyde’s 
Spot, the convective pulses in Iñurrigarro et al. (2020) were activated 
over larger areas and with longer time durations producing a much 
larger convective event. In Clyde’s Spot, numerical simulations suggest 
that a single, short and intense convective pulse of 1.0–1.2 Wkg− 1 

(either introduced distributed over the vertical structure of the vortex or 
only in a single interface) is able to reproduce the observed phenome-
nology. However, the combination of size, intensity and duration results 
in a much lower release of energy in the small storms in the small cy-
clones of the STB in 2020 and 2021 when compared with the larger 

convective outbreaks in the STB Ghost in 2018. 
The 1979 SSTB storm occurred on a different latitude in a weaker 

cyclone with a probable tangential velocity of 30 ms− 1, but with an 
intermediate size from the 2018 STB Ghost and the 2020–2021 STB 
storms. This storm can be simulated with a convective pulse of 0.4–0.5 
Wkg− 1 (either introduced distributed over the vertical structure of the 
vortex or only in a single interface) acting over a time-scale of one day 
over a larger area than in the 2020–2021 STB storms. 

The storm in the SEB here simulated started in a cyclone of unknown 
circulation, and its morphology can be reproduced with a relatively 
weak convective pulse of 0.5 Wkg− 1 active for a long period of 7 days. 

In each of the storms studied in this work the total energy injected in 
the atmosphere in each simulation can be estimated as: 

E = 2Q0πab
Pmax − Pmin

geff
Δt (5) 

Here Δt is the total time the storm is active, πab is the area of the 
convective pulse, the factor 2 is an approximate correction to take into 
account the Gaussian shape of the convective pulse, geff is the effective 
gravity acceleration at the latitude of the storm taking into account 

Fig. 10. Sections of our EPIC simulations of the Voyager 2 SSTB storm showing potential vorticity in units of 10− 6 m2Ks− 1 kg− 1. Left and right panels show the 
evolution of two different simulations with a convective pulse of 0.4 Wkg− 1 introduced in all the vertical structure of the vortex (left) and with 0.5 Wkg− 1 only 
affecting the region between the isentropes at 620 and 1700 mbar (right). 
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Jupiter’s rotation period, and Pmax and Pmin are the maximum and 
minimum pressure of the convective pulse. Depending on which 
convective scheme is used, the values of Pmax and Pmin are 7 bar and 30 
mbar when introducing a vertically extended pulse, or 1700 and 620 
mbar when introducing energy only in the interface closer to the 
observable level. It is important to note that although both types of 
convective pulses result in very different total energies, the amount of 
energy introduced at the levels where moist convection deposits energy 
is similar in both set of simulations. 

If we compare simulations with the same value of Q̇0 but introduced 
in a single model interface instead of vertically through the atmosphere, 
then we find total energies that are roughly 6.4 times smaller. Since 

these simulations are closer to what we expect from a convective storm 
in which energy is transported to the upper troposphere from the deep 
reservoir of water, we will use these values as a very rough estimate of 
the energy implied by our simulations. However, since there are clear 
uncertainties in how much of the energy we introduce in the model can 
be considered as representative of convection, a relative scale of energy 
between the different simulations might be more appropriate than an 
absolute scale. 

Table 5 presents the estimated values of the total energy deposited in 
the simulations following eq. (5) and considering values of Pmin = 620 
mbar and Pmax = 1700 mbar. For the energy values of the 2018 storm in 
the STB Ghost we used energy values obtained by Iñurrigarro et al. 

Fig. 11. A large storm in Jupiter’s SEB. Left panels: Maps of a large storm in Jupiter’s SEB observed by Voyager 1 from Hueso et al. (2002). Right panels: Maps of an 
EPIC simulations showing potential vorticity in units of 10− 6 m2Ks− 1 kg− 1 at the isentrope with mean pressure of 620 mbar. 
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(2020), who considered vertically extended convective pulses. Thus, 
values in Table 5 are corrected from the 6.4 correction factor described 
above. 

5.2. Local water abundance in the 2020 and 2021 STB storms 

The energy released in the 2020 and 2021 STB storms can be 
compared with the amount of water and ammonia condensation that 
would be needed to release that heat. The energy released per unit of 
mass is Q̇0 multiplied by the time the storm is active. Dividing this 
number by the latent heat of water, we can estimate the amount of water 
per unit of mass implied. Using a water latent heat of 2834 J/g and the 
data in Table 5, we obtain 9 g of water per kg of atmosphere in the two 
storms in the STB. Note that a similar calculation for the other storms in 
Table 5 is not immediate, as those storms are active over long time-scales 
with significant divergence in the upper clouds. Those storms are sus-
tained convective phenomena feeding of volatiles from their environ-
ment inside the large cyclone where they arise complicating the 
interpretation of a similar calculation. However, in the short convective 
pulses associated to the 2020 and 2021 STB storms, in which convection 
is local and affects the whole cyclone over the same time-scale, the 
updraft cannot feed from its environment. Thus, the amount of water 
mass per unit of atmospheric mass can be used as a rough estimation of 
the amount of water that would be needed to power convection. The 
value obtained for the 2020 and 2021 STB storms, 9 g of water per ki-
logram of atmosphere, is equivalent to a molar abundance of 1.14 ×
10− 3, or a local water abundance of 1.2 times solar (with the protosolar 
values from Asplund et al. (2009) taken as the solar values). 

The same amount of energy could be released by ammonia only by 
condensing an unreasonably large amount of ammonia. Considering an 
ammonia latent heat of 1836 J/g, about 14 g of ammonia per kg of at-
mosphere should condense in these storms, implying a local ammonia 
abundance of 14 times solar, which is ~5 times larger than the deep 
value measured by the Juno’s MWR experiment (Li et al., 2017). If both 
water and ammonia contribute to the energy budget of a storm like 
Clyde’s Spot, and ammonia is limited to a value of 2.8 times solar 
abundance, as implied by Juno’s measurements, then a 1.0 solar abun-
dance of water is required to form storms like the two events observed in 
2020 and 2021. 

Since condensables can be distributed differently on different Jovian 
locations, this is only a reasonable conjecture on the local value of water 
at the time these storms occurred. Furthermore, these estimates are only 
a lower limit of the abundance of water, since it has been assumed that 
all water in the location of the storms is used in the storms. 

5.3. Relative scales of energies of convective storms 

For a sense of scale the 0.25 × 1021 J attributed to Clyde’s Spot are 
equivalent to 3.4% of the total internal energy flux of 5.5 Wm− 2 over the 
whole planet, ~3.4 × 1017 W, which could be transported by 30 similar 
storms if moist convection was the predominant factor in transporting 
this internal heat. If the energy was calculated heating the atmosphere 
from the water condensation level to the upper troposphere, the energy 

associated to this storm would increase to 22% of the total internal 
energy flux. However, we note that convective storms such as those 
described in this paper are indeed rare. The three consecutive events in 
the STB from 2018 to 2021 shown in Table 5 occurred in a period of 4 
years. However, we do not have a survey of convective storms in Jupiter 
complete enough to quantify the amount of comparable storms that 
could occur in Jupiter. For instance, Hueso et al. (2022) discuss the 
possibility that one additional cyclone in the STB could have developed 
a not observed convective storm in 2019 from its changes in morphology 
from 2019 to 2020. From the existing survey of observations in Jupiter 
including HST and amateur images, it is clear that there are not enough 
strong convective storms active over a year in Jupiter to transport its 
internal heat. Instead, weaker moist convection, not strong enough to 
show intense activity at the upper clouds, but producing deep lightning, 
seem to occur more widely over the planet (Little et al., 1999; Brown 
et al., 2018). Intriguingly, observations of lightning from Juno show that 
lightning activity was particularly infrequent at the STB latitude at least 
in 2016–2017 (Brown et al., 2018). 

While the absolute numbers associated to energy in Table 5 represent 
very rough estimates of the total energy needed to produce the phe-
nomenology observed in each storm, a relative comparison of the energy 
required to reproduce the observed morphologies of the different storms 
can be established. 

The total energy released in the 2018 STB Ghost storm was 18 times 
larger than the energy released in the initial phase of Clyde’s Spot. This 
is larger than the differences in area of the bright clouds observed in 
methane band images 2–3 days after the outburst in both storms (Fig. 1a 
and Fig. 1e). The large energy of the convective eruptions in the STB 
Ghost corresponds to simulations in Iñurrigarro et al. (2020) that broke 
the STB Ghost. This was an observational effect that the simulations 
reproduced. Those simulations considered an outer tangential velocity 
of the STB Ghost of 80 ms− 1 based on wind measurements from Junocam 
images, thus, requiring a strong energy input. Thus, if the winds around 
the STB Ghost were smaller a lower amount of convective energy would 
have also resulted in a similar result. 

The SEB storm observed by Voyager 1 in 1979 had an energy scale 15 
times larger than Clyde’s Spot. Note that, although this was a large-scale 
storm it was not a convective storm leading to a planetary-scale 
disturbance as it occurs in disturbances of the SEB described by 
Sánchez-Lavega and Gómez (1996) and Fletcher et al. (2017). The value 
of energy estimated here for this particular storm in the SEB, 3.8 × 1021 

J, compares reasonably well with the 6.0 × 1021 J value estimated in 
Hueso et al. (2002) for the same event. That value was calculated 
following the scheme presented by Banfield et al. (1998) for storms near 
the GRS. Those estimations come from the size of the convective clouds 
and the expected thermal energy released by water moist convection 
heating the troposphere at the visible cloud level by a given ΔT over a 
scale height (the calculation in Hueso et al. (2002) for the storm in the 
SEB considered ΔT = 5 K from powerful water moist convection). The 
conclusion from Hueso et al. (2002) was that this energy release would 
require a deep water solar abundance of 2 times solar. The lower energy 
estimate here would scale down requiring only 1.2 times water solar 
abundance. The 3.8–6.0 × 1021 J energy range would also translate into 
a power release of 6.3–9.9 × 1015 W, comparable to the convective 
power of 5 × 1015 W obtained by Gierasch et al. (2000) in an analysis of 
convective storms near the GRS observed by Galileo. That power eval-
uation followed essentially the same arguments as in Banfield et al. 
(1998) and was based on the size of the active storm with similar hy-
pothesis on the amount of heating in the troposphere. 

The storm observed in 1979 by Voyager 2 in the SSTB was inter-
mediate in strength, releasing 3 times more energy than Clyde’s Spot 
and the 2021 STB storm. This enhanced energy compared with Clyde’s 
Spot could help to explain the short time evolution of a few days be-
tween the storm’s onset and the formation of a fully formed FFR. In fact, 
simulations of Clyde’s Spot with convective pulses of 3.0 Wkg− 1 (Fig. 9) 
and total energy releases of three times the nominal simulations that 

Table 5 
Heating amplitudes and energies involved by the simulations that reproduce 
each storm.  

Storm Q̇0 
(Wkg− 1) 

a 
(deg) 

b 
(deg) 

Δt 
(days) 

E 
(J) 

1979 SEB 0.5 0.5 0.5 7 3.8 × 1021 

1979 SSTB 0.5 0.80 0.65 1 0.8 × 1021 

2018 STB 0.4–0.7 
(3 pulses) 

(different sizes and durations for the 
three pulses but active convection from 
2 to 4 days) 

4.6 × 1021 

2020 STB 1.2 0.5 0.5 0.25 0.25 × 1021 

2021 STB 1.2 0.5 0.5 0.25 0.25 × 1021  
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reproduce the original outburst reproduced a fast formation of a FFR. 
We remind that a FFR was indeed formed from Clyde’s Spot through a 
slow evolution of several months in which bright filaments were occa-
sionally observed. This supports the idea of sustained weak convection 
in Clyde’s Spot over a long time scale after the original explosive 
outburst. 

5.4. Availability of condensables in different convective storms 

Previous attempts to understand convective storms in Jupiter have 
focused in the large-scale perturbations of certain bands, where con-
vection starts suddenly from a small location and grows over time-scales 
of days interacting with the zonal winds (Sánchez-Lavega et al., 2008; 
Fletcher et al., 2017). For instance, the SEB simulation presented in 
Fig. 11 considered a convective pulse of 7 days consistent with the 
expanding rate of clouds. The storms originated in small cyclones like 
Clyde’s Spot operate in a very different way. Convection in these closed 
cyclones stops in hours to days and the environment vortex circulation 
confines the clouds produced in the convective eruption. The 2018 
storms in the STB Ghost were an intermediate case in which three 
convective storms originated inside a large cyclone and were active 
during 2–4 days. The storm in the SSTB is also an intermediate case in 
size, energy and duration between the storms in the STB Ghost and 
Clyde’s Spot. 

We suggest that the local availability of condensables is the element 
that makes these convective storms different. A vertically coherent 
cyclone isolates the local atmosphere from its environment and limits 
the capacity of the storm to feed on condensables from their environ-
ment outside the cyclone. Convective storms formed outside a vortex 
can acquire condensables from a larger area evolving over much longer 
time-scales. The exception to this are the outbreaks in the SEB, where 
convective sources start from small cyclonic features that are quickly 
broken allowing the storm to gather condensables from their environ-
ment. Convection in small but intense vortices like the cyclones in the 
STB is limited in size and energy. Convective storms in larger cyclones 
like those of the SSTB can feed from condensables over a larger area and 
develop into more energetic events. Convection in much larger cyclones 
like the 2018 storms in the STB Ghost have a larger potential supply of 
condensables and are able to grow over a longer time, releasing more 
energy and developing more intense phenomena. While the short-term 
evolution of Clyde’s Spot can be explained by a short and intense 
release of energy, its long-term evolution discussed in Hueso et al. 
(2022), included the slow growth and formation of a FFR structure. This 
required additional energy, which from the simulations here presented 
was at least three times as intense as the initial outburst but sustained 
over a large time period. The strong circulation at the visible cloud level 
around Clyde’s Spot with tangential velocities of 50 ms− 1 observed in 
September 2020, months after the storm developed, confined the vortex 
efficiently. It is unlikely that ammonia convection could release the 
extra energy required to drive that dynamics. We speculate that slow 
and sustained water moist convection drove the transformation of 
Clyde’s Spot into its FFR stage and that the circulation of the vortex at 
the water condensation level after the initial outbreak could be weaker 
than at cloud level allowing the introduction of water inside the cyclone 
to feed sustained convection. 

6. Summary and conclusions 

In a series of 2 papers we have presented a thorough analysis of the 
convective storm known as Clyde’s Spot and similar storms occurring in 
closed cyclones in Jupiter’s atmosphere. In Hueso et al. (2022) we 
presented the observational analysis, and here we have presented results 
of numerical simulations of these storms using the EPIC numerical 
model and the comparison with results for the convective storm in Ju-
piter’s STB Ghost that occurred in 2018 and analyzed in Iñurrigarro 
et al. (2020). We also provide an additional comparison with one large 

storm in the SEB that was studied in detail by Hueso et al. (2002) from 
Voyager images, and that was one of several convective eruptions that 
did not develop into a full SEB Disturbance. Here is a list of our main 
conclusions from these numerical simulations and comparisons.  

• Clyde’s Spot, a short-lived convective storm that started inside a 
closed cyclone in 2020, and a similar storm observed in the STB in 
2021, originated in cyclones that were the result of the merger of 
smaller cyclones. Numerical simulations of small cyclones in the STB 
show that cyclones merge naturally forming cyclones of larger area 
without resulting in significant changes in their outermost velocities. 
The simulated merger occurs without producing additional activity 
or releasing turbulence to the environment. The merged cyclone has 
a similar vertical structure to the original cyclones and only a limited 
capacity to deepen into the lower atmosphere. It is unclear from our 
simulations if the vortex merger is related with the development of 
moist convection months after the merge. Our simulations do not 
have the capacity to reproduce the possible interactions of the vortex 
where Clyde’s Spot originated with the GRS. 

• A convective storm developing in the center of a closed cyclone de-
velops anticyclonic vorticity forming naturally a double side-lobed 
structure that rotates cyclonically. This double-side structure is 
formed in one to a few days according to observations of the 1979 
storm in the SSTB and the formation of Clyde’s Spot in the STB in 
2020 and a similar storm in the STB in 2021. Compared to other 
simulations, the formation of this double-lobed structure requires an 
intense and short convective pulse. If the convective pulse is too 
intense or too long, the double-lobed structure does not develop and 
the storm can overcome the size of the initial cyclone as in the storms 
in the SEB.  

• The outcome of the evolution of storms in cyclones depends on the 
intensity of the cyclonic circulation and the energy released in the 
storm. In most of the storms here simulated, the vortex circulation 
was strong enough to contain the material spread from the convec-
tive outbursts. This is different to what happens in perturbations in 
the SEB where convective outbursts start in small cyclonic regions 
but break those completely. The mechanism by which these storms in 
closed cyclones erupt remains to be explored and requires a 
dynamical model of cyclones with condensables.  

• Convective storms such as the events in the STB from 2018 to 2021 
are rare. While each one of them has a strong energetic impact 
equivalent to a fraction of Jupiter’s total internal heat (~3.4% ac-
cording to our best estimation), more widely distributed, and less 
intense storms operating regularly under Jupiter’s clouds, should 
have a larger total contribution to the total transport of energy in 
Jupiter’s atmosphere.  

• For the convective storms inside closed cyclones here studied, the 
amount of energy released was very different. The 2018 storm in the 
STB Ghost was ~18 times more energetic than Clyde’s Spot, and the 
storm in 1979 in the SSTB was ~3 times more energetic than Clyde’s 
Spot. We estimate that large storms in the SEB as the one discussed in 
Hueso et al. (2002) release about ~15 times more energy than 
Clyde’s Spot. Full disturbances of the SEB should release an amount 
of energy at least ten times larger, as the 1979 singular storm 
observed by Voyager 1 was followed by several similar events 
observed by Voyager 2 months later. The apparent larger amount of 
energy computed for the storm in the STB Ghost compared with the 
storm in the SEB is a consequence of the intense tangential velocity of 
80 ms− 1 in the STB Ghost where the storm originated. The energy 
estimated in the storm in the STB Ghost could have been smaller if 
the tangential velocity of the STB Ghost was overestimated.  

• For the short convective pulses associated to the 2020 and 2021 STB 
storms, EPIC simulations suggest a local water abundance of at least 
1.0–1.2 times solar in the location of these storms, with the lower 
number implying a substantial role of ammonia condensation when 
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forming the storms, and the larger number implying only water. The 
same calculation cannot be done for the other storms analyzed in this 
work, since their longer times of activity are consistent with sus-
tained feeding of volatiles from their close environment inside the 
large cyclone.  

• The differences in energy of the convective systems here studied can 
be related with the differences in the size of the cyclones where the 
storms developed. The 2018 STB Ghost was ~15 times larger in area 
than the cyclone where Clyde’s Spot originated, and the storm in 
1979 in the SSTB originated in a cyclone that was ~4 times larger 
than Clyde’s Spot cyclone. We propose that the local availability of 
condensables limits the energetic development of storms created in 
cyclones. If the storms are powered by water moist convection, then 
the vortex extends at least to the water cloud base limiting the deep 
feeding region of the storm. Convective systems like the SEB storm 
where the storm expands to larger sizes than their cyclonic source 
have access to larger areas and can feed from condensables supplied 
for a longer period of time.  

• While Clyde’s Spot and the similar convective storm in 2021 were 
the storms systems releasing the smallest energies in the set of 
convective systems here studied, they were also those releasing the 
highest power. Our simulations suggest a fast and short-lived power 
release of 1.2 Wkg− 1 in Clyde’s Spot. This contrasts with the long 
convective pulse of 0.5 Wkg− 1 required to simulate the SEB storm 
observed by Voyager 1. Previous analysis of that storm suggested 
deep water abundances of 2.0 times solar, which from the calcula-
tions here explored could be lowered to 1.2 times solar abundance. 
This is equivalent to the minimum local water abundance of 1.0–1.2 
times solar calculated for Clyde’s Spot.  

• The short-term evolution of Clyde’s Spot can be explained by a short 
and intense release of energy. Its long-term evolution, which 
included the slow growth and formation of a FFR structure, required 
additional energy, which was at least three times as intense as the 
initial outburst. We speculate that the intense circulation of Clyde’s 
Spot at cloud level could be smaller at the water condensation level 
allowing the introduction of additional condensables inside the 
vortex at its base, enabling its long-term slow evolution into a large 
FFR. 

The convective phenomena here examined are generally short-lived 
and affect a limited longitudinal range, not developing into planetary- 
scale disturbances like those that can occur at the SEB (Sánchez-Lav-
ega and Gómez, 1996; Fletcher et al., 2017), or the ones that occur in the 
North Temperate Belt (Sánchez-Lavega et al., 2008, 2017). During those 
events, the plumes that form the disturbances remain active for a time- 
scale of over a month with various outbreaks triggering sequentially at 
different longitudes and disturbing globally the entire latitudinal band. 
Their larger scale and capability to remain active for such long periods 
will require specific simulations that will help to establish a full scale of 
energies associated to the variety of convective events in Jupiter. The 
smaller but intense convective storms here simulated open tantalizing 
questions about the role of moist convection of different scales and 
frequencies in supporting the transport of Jupiter’s internal heat to the 
upper troposphere. An in-depth exploration of the frequency and ac-
tivity of large-scale (NTBD or SEBD-like events), intermediate and short- 
lived storms (such as those in the STB), and small convective storms 
(such as those implied from observations of lightning) might be needed 
to assess the role of moist convection in the global transport of Jupiter’s 
internal heat. 

Data availability 

The EPIC model can be downloaded from the Atmospheres Node of 
the Planetary Data Service at: https://atmos.nmsu.edu/data_and_service 
s/software/epic/epic.htm. Observations discussed in this paper are 
available as documented on Hueso et al. (2022). Additional Voyager 1 

observations are documented on Hueso et al. (2002) and are accessible 
through The PDS Ring-Moon Systems Node’s OPUS search service at 
https://opus.pds-rings.seti.org/opus/. 
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