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Abstract Jupiter's most intense jet at planetographic latitude 23.7°N experiences vigorous planetary-scale
disturbances. The onset consists of the outbreak of 1-3 bright clouds of convective origin developing turbulent
plumes. Observed events between 1970 and 2025 shows a cycle of activity with a period in the range of 3.8—
5.1 yrs interrupted between 1990 and 2007 by a large period of 17.1 yrs without eruptions. The 2020 and 2025
plumes emerged at the anticyclonic and cyclonic sides of the jet, respectively. They undergo meridional
migrations and zonal accelerations during the first 2-3 days of their life, moving toward the jet's peak and
exceeded its maximum speed. We propose that interactions between the plume vorticity, the background flow in
the jet and planetary vorticity force these meridional motions. A combination of solar radiative forcing of the
upper troposphere and convective potential energy build-up at water clouds could generate the cycle.

Plain Language Summary Jupiter's atmosphere periodically undergoes localized eruptions of
superstorms due to moist convection in its deep water clouds. They manifest as plumes that trigger a planetary
disturbance propagating around the latitude circle from the outbreak position, changing the clouds reflectivity
from a zone (high albedo) to a belt aspect (low albedo). Here we study the plumes that take place in the most
intense Jovian jet at latitude 23.7°N, examining data from 1970 to 2025. We show that the disturbance occurs
quasiperiodically with a period of 4.6 yrs except for a 17.1-year length gap where no plumes were observed (the
“plume desert period”). The study of the motion of the plumes of the last two disturbances in 2020 and 2025
shows that they migrated in latitude and accelerated zonally in the first days after their formation, moving
toward the peak jet and exceeding its velocity. This study provides key insights into the quasiperiodic and
dynamic behavior of Jupiter's most powerful jet, revealing how deep convective processes and jet-plume
interactions shape large-scale atmospheric variability. By identifying a quasiperiodic eruption cycle and linking
it to both solar forcing and internal energy buildup, the findings offer critical constraints for modeling Jupiter's
weather and climate system.

1. Introduction

Jupiter's North Temperate Belt (NTB) between planetographic latitudes ~23°N and 31°N contains the highest
speed zonal jet in the planet with peak velocities at upper cloud level ~150-180 ms™! (Garcia-Melendo &
Sanchez-Lavega, 2001; Hueso et al., 2017a; Ingersoll et al., 1981; Limaye, 1986; Maxworthy, 1984; Porco
et al., 2003; Simon, 1999; Tollefson et al., 2017). From time to time the belt exhibits abrupt changes in its global
albedo when transiting from a white zone to a dark belt, through a planetary-scale disturbance initiated by
convective plumes (Fletcher, 2017; Pérez-Hoyos et al., 2020; Rogers, 1995; Sanchez-Lavega et al., 2017, 2023;
Tollefson et al., 2017; Figures S1-S2 in Supporting Information S1). The phenomenon is known as the NTB
Disturbance (NTBD). Albedo changes and dark spot activity in this belt have been documented since 1880
(Peek, 1958; Rogers, 1995). A range of possible periodicities of the NTBD have been reported in the literature,
ranging from ~3.7 to 34.6 yrs, depending on the observation period covered (Fletcher, 2017; Rogers, 1995;
Sanchez-Lavega et al., 2008, 2023). However, it was not until 1970 that the first photographic series of a NTB
Disturbance (NTBD) involving the presence of a very fast moving bright spot (‘“a plume”) was reported
(Reese, 1971). That spot reached the velocity of the peak of the jet as first measured precisely in 1979 by the
Voyager 1 and 2. In this paper we present an analysis of all documented cases of plume outbreaks generating an
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NTBD, starting with the 1970 case and ending with the last one that occurred in January-February 2025 (a 55-year
study), determining their activity cycle. Then we present a detailed analysis of the motions of the plumes of the
last two NTBD outbreaks that took place in 2020 and 2025. Finally, we discuss the mechanisms involved in the
plume motions and on the cyclic behavior of the disturbance.

2. Data and Methodology

The study of the activity of the NTBD from 1970 to 2016 has been carried out from a reanalysis of the available
published data in the visual range (see Table S1 in Supporting Information S1 and references therein). The
detailed study of the 2020 and 2025 eruptions is based on images provided by a network of observers around the
world, contributing to the repositories of planetary images at ALPO Japan, PVOL (Hueso et al., 2017b), L.
Miyazaki's personal archive (see Data Availability) and Hubble Space Telescope (HST) observations (Table S2 in
Supporting Information S1). For the NTBD 2020 we have also used images obtained with the PlanetCam camera
installed in the 2.2 m telescope at Calar Alto Observatory (Mendikoa et al., 2016). We have used the WinJu-
pos (2024) software to navigate the images and locate the positions of the plumes. Measurements of the
photographic records from 1970 to 1990 have position uncertainties in longitude and latitude in the range of £0.5°
to +£1°, (1° in longitude = 1151 km, 1° in latitude = 1125 km) and £0.5° in ground-based digital images (2007—
2025). We analyzed images obtained with the HST in 2019-20 and 2024 (HST, Simon et al., 2015) to obtain the
zonal wind profile of the 23.7°N jet using a two-dimensional image correlator (Hueso, 2020; Hueso et al., 2009).
Navigation errors in HST images is £0.1° and in this work we estimate the velocity errors in the range of

+5 ms™ L

3. The NTBD Quasiperiodic Activity From 1970 to 2025

In Figure 1 we show the timeline of the NTBD outbreaks from 1970 to 2025, the number of plumes in each event
with their mutual spatial distance, and the time separation between each event (cycle period). In Table S1 in
Supporting Information S1 we summarize the main properties of the plume outbreaks and we describe the key
characteristics of each event in the following. The first event was a single bright spot photographed on 12 August
1970 and tracked during a month (Reese, 1971). The next outbreak took place in 1975 and involved two plumes,
being the first very well documented case of an NTBD thanks to high-resolution photographs (Sdnchez-Lavega &
Quesada, 1988) and amateur drawings and data (Gémez-Forrellad, 1978; Rogers, 1976, 1990; Figure S3 in
Supporting Information S1). The next case occurred in May 1980 following the Voyager 1 and 2 flybys in March
and July 1979. It involved two plumes, but the available reports and data are scarce (McKim, 1992; Néel, 1983;
Rogers, 1995; Suggs & Beebe, 1980). Next was a missed outbreak that took place during Jupiter's solar
conjunction period around 14 January 1985. Photographs before conjunction (up to October 1984) do not show
the NTB, but those taken after conjunction (July and August 1985) showed a new and extended, low albedo,
reddish NTB (Rogers, 1988; Sanchez-Lavega & Quesada, 1988). An arbitrary outbreak date was assigned to the
1984/85 event due to lack of observations of the exact time of outbreak, as 1985 + 0.4 with the bounds taken from
the period without observations.

The next outbreak was a well studied double plume event in February 1990 (Sanchez-Lavega et al., 1991).
Following it, Jupiter images showed no NTBD plume eruption up to 2007. We call this long period of 17.1 yrs
without plume outbreaks the “NTBD desert”. Between 1994 and 2001, the NTB was a dark belt populated with
long-lived anticyclones in the equatorward side of the jet at 23.3°N, close to the jet peak (Figure 1¢), moving with
an average velocity of 123.9 ms™', whereas the cyclonic side (poleward) exhibited a complex texture with folded
filaments, tilted dark segments and small spots (Garcia-Melendo et al., 2000, 2005; Garcia-Melendo & Séanchez-
Lavega, 2001; Simon, 1999). Measurements of the jet profile from 1991 to 2000 based on these HST studies and
from Cassini ISS images during its flyby in late 2000 (Porco et al., 2003) showed its peak speed to be low,
~140 ms ~'. In early 2003 the NTB started to fade and the new onset occurred in March 2007 and consisted of two
bright plumes that generated a well-studied disturbance that included the first analysis of changes in the shape of
the jet profile before and after the outbreak (Barrado-Izagirre et al., 2013; Sanchez-Lavega et al., 2008).

The next eruption took place in April 2012 when Jupiter was approaching solar conjunction. This occurred on 13
May and there are very few, low-quality images capturing just one plume and the early development of the
disturbance (Rogers, 2012). The onset of the next disturbance also occurred with Jupiter just 15 days after solar
conjunction on 26 September 2016, and was first imaged by the Junocam instrument on the Juno mission in mid-
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Figure 1. The North Temperate Belt Disturbance (NTBD) plume outbreaks and desert period. (a) The axis show the years (left-y), the periods of the plume cycle (right-
y), and longitude separation between plumes for each outbreak (red dots within the blue lines, x-axis). Within each outbreak, the longitude separations remained
remarkably stable (Figure S3 in Supporting Information S1). The red circle in 2016 indicates the short-lived fourth outbreak that year. The blue dashed lines indicates
uncertainty in the date (1985) and uncertainty in the number of plumes (2012). (b) Image of plume P1 and the westward developing wake of the 2020 NTBD (Hubble
Space Telescope, 24 August); (c) Cassini ISS map for December 2000 showing the family of anticyclones (yellow circles) during the NTBD desert period and the
location of the jet peak (blue horizontal line).

October 2016 (Sanchez-Lavega et al., 2017). The early images showed the presence of four plumes, but one of
them seems to have been short-lived as it was quickly destroyed by the zonal disturbance (the wake) generated by
the closely located preceding plume. Finally, the next two cases of August-September 2020 and January-February
2025 are studied in detail in next section.

According to Figure 1 and Table S1 in Supporting Information S1, for the 10 outbreaks observed between years
1970 and 2025, excluding the 17.1 year “desert”, the NTBD is a quasi-periodic phenomenon with a period range
of 3.8-5.1 yrs. We identify two major modes of activity in the NTB and the 23.7°N jet: (a) Cyclic plume outbreaks
(typically 1-3 in number) triggering the NTBD showing an average period of 4.6 = 0.4 yrs; (b) The “NTBD
desert” epoch, with no plume outbreaks and with the belt and jet populated with families of oval anticyclones and
a variety of cyclonic features (Garcia-Melendo et al., 2000).

4. Plume Dynamics for the NTBD 2020 and 2025

Observations of the plumes at multiple wavelengths from the ultraviolet (0.28-0.38 pm) to the infrared continuum
at 1.7 pm show that their brightness is above that of adjacent clouds (Figure S4 in Supporting Information S1).
The motions of the plumes from the outbreaks in 2020 and 2025 were very well observed with full temporal
coverage of their whole lifetime (Figure 2, Figures S1-S2 in Supporting Information S1). Figures 2a—2d) shows
the early aspect of plume P1 in 2020 (we denote the plumes as P1, P2, P3 according to the dates of each outbreak).
Plume P1 consisted of two bright spots with a morphology that suggests anticyclonic vorticity (clockwise
rotation) (Figure 2d). The aspect of the plumes P1 and P3 in their mature stage is shown in Figures 2e and 2f. The
head has a round aspect with a size ~3,000 km, is covered with patchy clouds and shows a frontal arc-shaped
morphology that strongly suggests clockwise rotation.
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Figure 2. High resolution images of plumes in NTBD2020. The upper file (a—d) shows ground-based images of the very early
stage of plume P1 on 19 August. Images by A. Wesley and P. Miles (wavelength ~ 745-950 nm). (e) Plume P1 on 25 August,
about 1 week after its outbreak. (f) Plume P3 on 20 September, about 3 weeks after its outbreak. Images (e, f) from Hubble
Space Telescope have the brightest parts photometrically saturated (wavelength 889 nm).

The zonal drifts of the 2020 and 2025 plumes relative to System I (rotation period 9 hr 50 min 30 s) is shown in
Figure S3 in Supporting Information S1. In Figures 3a—-3c and 4a—4c, we show the corresponding zonal velocity
for plumes in 2020 and 2025 during their lifetime (Sdnchez-Lavega, 2025), using Jupiter's reference rotation
System III (rotation period 9 hr 55 min 29.711 s, Archinal et al., 2018). The behavior is the same in all six plumes,
regardless of the latitude at which they emerged. Initially, during the first two days, the plumes move with a speed
u ~ 130140 ms™", accelerating rapidly to a speed u ~ 160-170 ms™" that remained almost constant during their
lifetime (~15-60 days). They finally decelerated to speeds u ~ 130-140 ms™" during their demise stage upon
interaction with the wake coming from the preceding plume. In the meridional direction all of them initially
migrated rapidly in latitude, but the direction depended on the latitude at which the plumes emerged (Figures 3d—
3f and 4d-4f). The 2020 plumes outbreak took place between latitudes ~22.4°N and 22.8°N and initially moved
in the first days northward (poleward) with a velocity of +1.6 ms™" whereas P2 and P3 showed a steady drift with
a velocity +0.4 ms™" during a large part of their lifetime. The 2025 plumes emerged at latitude ~24.4°N migrating
during the first 2-3 days southward (equatorward) with speeds of —6.8 ms™', —=7.3 ms™' and —3.7 ms™" (for P1,
P2, P3). This meridional migration during the first days of their life coincided in time with their zonal acceleration
indicated above.

Figure 5 shows the 23.7°N jet profiles and the plumes locations during both outbreaks (Sadnchez-Lavega, 2025).
The onset of plumes P1-P2-P3/2020 was south of the jet peak (where the ambient vorticity is anticyclonic),
migrating poleward and accelerating eastward simultaneously during the first 1-3 days, i. e. in the direction of the
peak of the jet (Figure 5a). Their maximum sustained velocity was u ~ 160-170 ms™", above that of the jet peak
(Figure 5b). Plumes P1-P2-P3/2025 emerged north of the jet peak (where the ambient vorticity is cyclonic),
migrating equatorward and accelerating eastward toward the latitude of the peak of the jet (Figure 5c). As in 2020,
their maximum sustained velocity was u ~ 160-170 ms™", above that of the jet peak (Figure 5d). Wind profiles
and plume latitudes, albeit less precisely, have been also presented for the 2007 and 2016 cases (Sanchez-Lavega
et al., 2008, 2017). In 2007, P1 emerged on the cyclonic side and P2 on the anticyclonic side and both accelerated
and migrated toward the jet peak to reach speeds above the jet peak (Sanchez-Lavega et al., 2008). In 2016, the
plumes evolved in the anticyclone side and they also reached speeds above the jet peak (Sanchez-Lavega
et al., 2017). The conclusion is that plumes migrate meridionally and accelerate zonally during the first days of
their lifetime toward the jet peak, independently if they emerged north or south of it, reaching maximum velocities
above the jet peak speed and converging on a similar location, just south of the jet stream peak. Figure S7 in
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Figure 3. Plume motions (P1, P2, P3) for NTBD2020. (a—c) The zonal velocity for each plume (blue dots) was obtained from the averaged drift rate in blocks of 1-2 days
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of 1-2 days with the error bars being the standard deviation. The red and blue lines are linear fits for selected periods. For (b, ¢) the blue dashed line shows a tentative
equatorward migration of P2 and P3 during their demise.
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Figure 5. Zonal wind profiles of the North Temperate Belt jet and plumes displacements and location in 2020 (a, b) and in
2025 (c, d), green lines. The shaded areas represents the uncertainty in wind velocity (std from the mean). The jet wind
velocity profiles were retrieved from cloud track in Hubble Space Telescope images on 26 June 2019 and 24-25 August 2020
(a, b), and on 19 November 2024 (c, d). The two profiles in panels (a, b) correspond to 2019 and 2020 images, and the three
profiles (c, d) for 2024 correspond to images taken with filters centered at wavelengths 467 nm, 631-638 nm, 889 nm. The
left panels show an enlargement of the jet peak and the plume motions as indicated by their initial position (dot surrounded by
a circle) and final position (dot surrounded by a rectangle) according to the arrow direction. The latitude and wind velocity
errors are indicated in one of the dots by the red cross (2020) and blue cross (2025). The right panels show the full jet profiles
and plumes location for their maximum sustained velocity (circles). Different colors identify plumes P1, P2 and P3.

Supporting Information S1 shows the plumes motions with velocities relative to background zonal winds and
latitude location. They also show an initial acceleration and a final deceleration with a peak speed ~10-30 ms™"

above the mean zonal wind.

5. Discussion

As proposed in previous works a plume is assumed to be formed by a system of thermals triggered by water moist
convection at a depth ~5 bar (Sdnchez-Lavega et al., 2008, 2017). According to the models, the maximum vertical
speed of a single updraft of ~100 km in horizontal extent (~4—5 scale heights) is 100150 ms™", and develops
rapidly in 1-2 hr (Hueso & Sénchez-Lavega, 2001; Hueso et al., , 2002; Sanchez-Lavega et al., 2008). The
compact multi-cell plume emerges in the 23.7°N jet that has a half width L;,, ~ 6,000 km and a peak velocity
~ 0.18 (Coriolis
~ 3,000 km, a geostrophic

u ~ 150 ms™"'. This flow is in geostrophic balance according to the Rossby number Ro = u/fLie

parameter f = 2 Q sing = 1.4 x 107 s™"). Since the plume head has a size L

plume
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adjustment will occur (Li and Ingersoll, 2015). An estimation of the plume vorticity { would be between
f=1.4x10"*s" and the ambient shear ldu/dyl ~ 3 X 105" (Figures S5a and S6a in Supporting Informa-
tion S1). The tangential velocity at periphery of each plume is V, ~ { a/2 ~ 65 ms™', where we use a curvature
plume/2 and ¢ = (f + du/dy)/2 ~ 8 X 10737, with sign according to the ambient vorticity. The
meridional migration of the plumes could be due to advection of the potential vorticity field (5-0°u/dy>) by the

radius a ~ L

plume circulation (Holland, 1983), neglecting vertical shear. The meridional gradient of the planetary vorticity is
B = dfldy = 2Qcos@/R, = 4.6 x 107> m™'s™" at 23.7°N but the flow curvature is highly uncertain (Figure S5b,
S6b in Supporting Information S1). A crude estimation of the meridional velocity of the plume is |[v| ~ fa? ~
10 ms™" (Holland, 1983) that compares well with the measured values. Plumes emerging in the cyclonic side of
the jet move equatorward (v < 0), while plumes emerging in the anticyclonic side move poleward (v > 0). The
initial zonal acceleration (Figures 3,4 and Figure S7 in Supporting Information S1) would be due to the steering
component of the motion that drags the plume as it migrates in latitude toward the stronger zonal winds in the jet
peak. The steady plume velocity is higher than the measured velocity of the jet peak and this can be explained if
the jet has higher speed at deeper atmospheric levels where the plume has its root as previously suggested
(Sanchez-Lavega et al., 2008) and from temperature data and thermal wind balance studies (Fletcher et al., 2021).
A crude estimate suggests increasing winds at depth with a vertical shear in the range 0.06-0.2 ms™' km™" (Figure
S7 in Supporting Information S1). The final plume deceleration is related to its demise (breakdown of the
plumes), caused by the interaction with the propagating disturbance from the preceding plume.

Moist convection by latent heat release in hydrogen-helium atmospheres requires special conditions due to the
large molecular weight of the condensates (Guillot, 1995; Leconte et al., 2017; Li and Ingersoll, 2015; Li,
Ingersoll, Oyafuso, 2018; Li, Jiang et al., 2018; Nakajima et al., 2000; Palotai et al., 2023; Sugiyama et al., 2014).
Models of thermals in Jupiter due to water condensation have been show as a viable mechanism to generate the
plumes (Aglyamov et al., 2021; Hueso et al., 2002; Hueso & Sanchez-Lavega, 2001). The Convective Available
Potential Energy (CAPE) between the level of free convection and the Level of Neutral Buoyancy is given by

ans (Tt T AT
CAPE = dz ~ g|——)Az ~ 17,800 Jkg~",
J () =l ) :

taking AT = 2 K for the temperature difference between parcel and environment, g = 25 ms~2, and Az ~ 100 km.
An estimation of the time required to store this CAPE in Jupiter's weather layer can be obtained from the ther-
modynamic conditions and internal heat flux of the planet (C. Li and Ingersoll, 2015)

C, AP AT

~ 2.1 ,
Fxg years

Tthermo ~

for C, =12.36 x 10’ Jkg™' K~', AP = 5 bar (5 X 10’ Pa), and internal heat flux F = 7.485 Wm > (Li, Ingersoll,
Oyafuso, 2018; Li, Jiang et al., 2018). This period agrees with values estimated by numerical simulations of moist
convection for high water abundances of 3—10 times solar (Sugiyama et al., 2014). The radiative time constant in
Jupiter's upper troposphere (0.1-1 bar pressure level) is t,,q4 ~ 4.15 yrs (Conrath et al., 1990). Maximum changes
in Jupiter's top of the atmosphere insolation at 24°N are ~ 21% relative to the insolation maximum and occur with
a time interval of ~6 yrs (Sanchez-Lavega, 2011; Figure S8 in Supporting Information S1). These time constants
are close to the observed period, therefore a combination of radiative heating/cooling of the upper troposphere
forced by solar radiation and CAPE build-up at the water cloud level could be involved in the NTBD cycle.

The NTBD is not a global, zonal banded moist convection phenomenon, as is for example, Earth's Intertropical
Convergence Zone driven by multiple vigorous cumulus cells (Holton & Hakim, 2013). The outbreak manifests
in the form of discrete and latitudinally localized plumes triggered close to the peak of an intense jet. The jet is
therefore a key player for the disturbance to develop. The jet must favor a localized concentration of water vapor
or modify the thermal structure to overcome critical thresholds to trigger the convective outbreak. Changes in its
three-dimensional velocity structure, for example, in its curvature, peak velocity or vertical shear, may favor the
triggering of the disturbance. The necessary modeling of the relationship of the jet structure and moist convection
(see e. g. Fletcher, 2017; Galperin & Read, 2019; Li et al., 2006; Nakajima et al., 2000; Palotai et al., 2023;
Sanchez-Lavega et al., 2017; Sankar & Palotai, 2022; Sankar et al., 2021, 2025; Sugiyama et al., 2014; Young
et al., 2019a, 2019b), remains open to future research.
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