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Abstract 6 

 7 

The Hubble Outer Planet Atmospheres Legacy (OPAL) program began in 2014 and has 8 

observed Jupiter yearly from 2015 to 2024. Using high spatial resolution imaging from the 9 

Hubble Wide Field Camera 3, brightness trends were investigated focusing on the unique 10 

UV capability and absolute calibration consistency of the Hubble Space Telescope. From 11 

these data, a 4- to 5- year period is observed at 24° N, particularly in the blue (F395N) and 12 

methane gas absorption (FQ889N) filters. Additionally, several wavelengths show a 13 

potential seasonal periodicity, especially at the equator, but more years of data are needed 14 

to confirm this trend over multiple Jupiter years. Variability in Oval BA and the Great Red 15 

Spot brightness is not cyclical, but these two anticyclonic features show changes on a 16 

yearly timescale.  17 
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1. Introduction 18 

Changes in Jupiter’s colored belts and white zones have long fascinated observers 19 

(Peek 1958, Rogers 1995). Historical observers often recorded major changes in the color 20 

of Jupiter’s largest bands, particularly the Equatorial Zone (EZ) and the North and South 21 

Equatorial Belts (NEB and SEB, respectively), sometimes in a sequence of color changes 22 

from band to band in a few-year period, subsequently labeled as a global upheaval (Wacker 23 

1975, Rogers 1995), though it is unknown what drives these changes. It should be noted 24 

that in the oldest records, Jupiter’s typical colors were used to define the latitudes of the 25 

belts (usually dark) and zones (usually bright), and thus their edges could vary; we now use 26 

the zonal wind pattern to define the belt/zone edges, regardless of their coloration (e.g., 27 

Beebe 1994). Although the historical record spans more than 150 years, colors and 28 

features were often described in fanciful terms, and inconsistencies in collection methods 29 

make those data impossible to analyze in terms of absolute color (Peek 1958, Rogers 30 

1995). 31 

From the historical records, major cycles of coloration were identified, but they did 32 

not always occur at regular intervals and the causes were not understood (Wacker 1975, 33 

Rogers 1995). For example, the EZ (7° N to 7° S planetographic latitude) went from bright to 34 

darker every 2 to 5 years in the 1920s to 1970s, changed on a seasonal (~12 year) cycle in 35 

the 1980 to 1990 period, then remained bright for over a full Jovian year in the 1990s 36 

(Rogers 1995). However, the reports are based on visual interpretations of coloration, while 37 

the absolute intensity can be quite variable. 38 

The NEB (~7° to 17° N) and SEB (~7° to 20° S) are more complex to interpret in the 39 

historical record. Observations in the 1800s indicated that both changed coloration on an 40 

~11-year period, but later observations were not as conclusive (Peek 1958). We now know 41 

these regions can be influenced by convective activity, waves, and vortices that cause 42 

these belts to “fade” whiter, undergo a convective “revival” to a darker state, and 43 

sometimes even “expand” outside their normal latitude bands and into the North or South 44 

Tropical Zones (Rogers 1995, Fletcher et al. 2017a, 2017b). Cycles of activity, particularly 45 

the fade/revival stages, can occur on a 3 to 5-year period, but sometimes the period is 46 
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longer, ejectively skipping a cycle. In the late 1800s to early 1900s, the expansion phase of 47 

the NEB into the NTrZ tended to occur a bit more rarely (Rogers 1995), but a further analysis 48 

of ground-based data from 1987 to 2024 indicates a clear 3 to 5-year period for NEB 49 

expansions (Rogers et al. 2017, Fletcher 2017, Rogers 2019).  50 

The most recurrent color change in the historical record occurs a bit farther north, in 51 

the North Temperate Belt, with coloration events every 10 years (Rogers 1995). Starting in 52 

the 1970s, approximately every 5 years bright plumes of activity were also noted, along with 53 

increased cloud speeds on the 24° N wind jet (Rogers 1995). Starting in 2012, the 54 

convective outbreaks occurred every 4 years (Fletcher 2017, Sánchez-Lavega et al. 2017, 55 

Rogers & Adamoli 2019). 56 

Modern telescopic and spacecraft observations have also added to the long record 57 

of Jupiter activity, and with expanded wavelength coverage into the ultraviolet and infrared 58 

(Simon et al. 2022). In this era, an approximately 4-year cycle was found primarily in 59 

stratospheric IR brightness temperatures and dubbed the quasi-quadrennial oscillation 60 

(QQO) (Orton et al. 1991, Leovy et al. 1991). This oscillation is thought to be similar to 61 

stratospheric oscillations on Earth, driven by vertically propagating low latitude waves 62 

(Leovy et al. 1991, Baldwin et al. 2001). After the driving waves break in the stratosphere, 63 

there is a descending temperature pattern that could drive tropospheric cloud and wind 64 

variations (Leovy et al. 1991). However, more recent IR data show that the QQO period is 65 

variable, between 3.9 and 5.7-years, and sometimes disrupted by major planetary-scale 66 

disturbances at these latitudes (Antuñano et al. 2021).  67 

Prior Hubble studies (Simon-Miller et al. 2007, Simon-Miller & Gierasch 2010) 68 

searched for low latitude trends in brightness and winds that might be tied to the QQO or 69 

other cycles. While the brightness variations in ~15 years of Wide Field Planetary Camera 2 70 

(WFPC2) data showed hints of interesting periodicities near the equator, the results were 71 

inconclusive due to uncertainties from long-term drift in WFPC2 detector sensitivity and 72 

calibration, particularly at UV wavelengths (McMaster & Whitmore 2002, Gonzaga et al., 73 

2006, McMaster & Biretta 2008), as well as gaps in data coverage.  74 
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To better understand the underlying causes of Jovian activity requires regular high 75 

spatial-resolution, broad wavelength, absolutely calibrated, data to identify trends in 76 

cloud-level color and convective activity. The Hubble Outer Planet Atmospheres Legacy 77 

(OPAL) program was introduced to provide absolutely calibrated UV to IR data for temporal 78 

studies of the outer planets. Using the Wide Field Camera 3 (WFC3) UVIS channel, OPAL 79 

observes each planet over two full planetary rotations each year, allowing complete 2D 80 

wind mapping, as well as trending in cloud brightness and color, and tracking of long-term 81 

storms (Simon et al. 2015b). Due to guide star lock failures or gyro issues, there are 82 

sometimes gaps that preclude two complete maps, but there is at least one full rotation 83 

captured every year, and maps are posted to the Hubble High Level Science Product 84 

archive (https://archive.stsci.edu/hlsp/opal). The OPAL filters for Jupiter were selected to 85 

give consistent trending of cloud color as well as altitude, using a range of continuum filters 86 

from 275 to 631 nm and the 889-nm methane gas absorption band. OPAL began observing 87 

Jupiter with Hubble WFC3 in 2015, and ten years of coverage have now been obtained.  88 

The OPAL Jupiter data have already been mined in several wind velocity trending 89 

studies. Using both older and OPAL Hubble data, new zonal wind profiles were obtained 90 

over many years using a variety of correlation techniques to search for spatial or temporal 91 

variations (Tollefson et al 2017, Johnson et al. 2018). It was found that there is little 92 

longitudinal variation in the zonal winds, except for the location of the Great Red Spot 93 

(GRS) (Johnson et al. 2018). In temporal space, the zonal winds do not match cloud top 94 

changes, as the jets are largely stable over time and most “changes” can be attributed to 95 

measurement technique and which cloud features are measured (e.g., large waves at 7° N 96 

and S cause dijiculty in defining the underlying wind field, as described in Legaretta et al. 97 

(2016) and references therein). Caution is especially warranted in interpreting wind profiles 98 

from lower resolution data where the smallest cloud features may not be resolved, and in 99 

those measured with older correlation techniques which often missed the peak jet 100 

velocities. A notable exception occurs in the highest velocity wind jet at 24°N latitude, 101 

which does noticeably change velocity during outbreaks of activity (Rogers 1995, Sánchez-102 

Lavega et al. 2008, Asay-Davis et al. 2011, Sánchez-Lavega et al. 2017). A smaller storm 103 
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outbreak series in the SEB (de Pater et al. 2019) also led to a limited change of about 20 104 

m/s in wind speeds between 10° S and 15° S (Wong et al. 2020). Even with the higher 105 

resolution data and consistently mapped wind profiles, there are few periodicities of any 106 

particular wind jet, other than possibly at the equator (Tollefson et al. 2017).  107 

A major remaining goal of the OPAL program is to trend changes in cloud color and 108 

brightness across the four giant planets, as these changes tie to cloud structure and the 109 

unknown deeper circulation. Fry and Sromovsky (2023) previously reported on brightness 110 

data and cloud structure from 2015 to 2020. In this work, we expand the OPAL coverage 111 

with Jupiter data for ~10 years, supplemented with WFC3 data from earlier programs to 112 

extend the temporal coverage to a full Jupiter year, even though full longitudinal coverage 113 

was not typically available. In this manuscript we focus on and analyze Jupiter’s zonal 114 

brightness changes and correlate them with possible seasonal or short-period cycles, as 115 

well report brightness trends in two large anticyclonic vortices, Oval BA and the GRS. 116 

Section 2 describes the data we selected and the processing. Section 3 describes the 117 

analysis of zonal changes. Section 4 looks at longitudinal variations. Sections 5 and 6 118 

analyze the GRS and Oval BA, respectively. Lastly, we discuss our results in the context of 119 

known cycles. 120 

 121 

2. Data Sets and Image Processing 122 

Installed in 2009, the Wide Field Camera 3 (WFC3) has improved spatial resolution 123 

over its predecessors and consistent photometric monitoring (Marinelli and Dressel 2024). 124 

The WFC3 photometry has been much more stable than that from WFPC2 (which sujered 125 

from temporal UV contamination issues, CTE loss), as well as a better characterized 126 

FQ889N filter (WFPC2 sujered from severe vignetting and blue leaks) (Karkoschka and 127 

Koekemoer 2003, McMaster et al. 2008). Although WFC3 also has some time-variable 128 

sensitivity, this is now better accounted for in the calibration pipeline (Marinelli and Dressel 129 

2024). The narrowband long wavelength filters, particularly FQ889N, sujer from optical 130 

etaloning, but this can be reduced in post-pipeline defringing (Wong 2011) – this correction 131 

is applied to all images in the OPAL maps, but was not applied in individual images for this 132 
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study (it represents a few percent eject in the photometric accuracy (Wong 2010)). The 133 

absolute calibration uncertainties are on the order of a few percent for most filters and ~5% 134 

for the FQ889N filter, with relative uncertainties (precision) better than 1% (Marinelli and 135 

Dressel 2024). 136 

We searched the MAST archive for Jupiter WFC3 images across all available dates, 137 

as well as the coverage from OPAL. We chose WFC3 UVIS filters that serve as a proxy for 138 

high altitude clouds (FQ889N) and hazes (F275W), cloud color (F395N), and vertically 139 

integrated cloud deck opacity (F631N). Images were chosen to allow quasi-yearly coverage, 140 

when possible, Table 1. In some years there are additional data sets, but we chose the sets 141 

that best spanned the time coverage rather than having several very close (within a few 142 

months of each other) in time. After selecting images that gave the best temporal coverage, 143 

we retrieved the latest pipeline calibrated images for analysis and all images were 144 

processed identically.  145 

All images were checked for improper background subtraction (this issue was only 146 

found for F275W images in Dec. 2016) and raw values were converted to 8-bit using a 147 

constant scaling factor for each filter. Scaled images were then navigated for planet center 148 

and limb edges using an iterative ellipsoid fit. Next, reflectance (I/F) scale factors were 149 

computed for each image by multiplying images counts/s by the Hubble pipeline-provided 150 

radiance conversion keyword (PHOTFLAM, detector/filter inverse sensitivity in 151 

ergs/cm2/Å/e-) from the pipeline, dividing by the pixel solid angle and by the range-corrected 152 

solar flux over the detector-plus-filter band passes (see Simon et al. 2015b and Wong et al. 153 

2020 for more processing details). 154 

 155 

3. Zonal Trends 156 

For our zonal analyses, singular images were chosen from the available filters for 157 

each year in Table 1, spanning the broadest possible range of dates and avoiding images 158 

where the GRS, a transiting moon, or another major feature was near the central meridian 159 

longitude (CML), Figures 1-4. Over the 2009 to 2024 period, the subsolar latitude varied 160 

between ±3.1° and the subsolar phase angle ranged from 0° to 11.4°. Because the changing 161 
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incidence and emission angles can aject the measured brightness, scans were conducted 162 

after applying a Minnaert correction of 0.52, 0.85, 0.999, and 1.0 to the F275W, F395N, 163 

F631N, and FQ889N images, respectively, derived from empirical center-to-limb fits for 164 

each filter (Simon et al. 2015). Meridional scans were made at the CML ±2.5°, collecting 165 

500 points from -60 to +60° planetographic latitude. However, in the F395N filter, the only 166 

data available before 2014 were acquired in 2010, and there was saturation at some 167 

latitudes on the CML, see Fig. 2. To adjust for this, the meridional scan longitude on this 168 

date was shifted east of the CML by 23°. From each scan, the data were averaged over ±1° 169 

of latitude and binned every 1° to average over any small convective features and to provide 170 

several samples over each zonal wind region. 171 

Lomb-Scargle periodograms were run across each latitude over the full available 172 

time span in each filter using the IDL scargle function (Scargle 1982). The power spectra 173 

were calculated and evaluated against false-alarm probabilities (FAP) of 10%, 5% and 1%, 174 

as seen in Fig. 5-8, right panels. The FAP is a limited measure of the true confidence level, 175 

particularly for sparsely-sampled data at long periods, but is at least instructive for 176 

identifying trends (Scargle 1982). In all filters there is evidence of long timescale changes at 177 

very low latitudes, within a few degrees of the equator. All the filters also showed evidence 178 

of a 4 to 4.5-year period near 24° N latitudes, albeit more weakly in the F275W and F631N 179 

filters. Several filters also show evidence of a 4- to 5- or 8- to 10-year periodicity near 15° to 180 

20° N. Southern latitudes are more complicated to interpret because of large anticyclones, 181 

such as the GRS (~18° to 28° S), Oval BA (~30° to 36° S), and others near 40° S, as well as 182 

the inventing cyclonic cells; any periods below 15° S are further confounded by these large 183 

cloud features, so we do not attempt to analyze these latitudes for periodicities.  184 

 185 

4. Longitudinal Variations 186 

Although we avoided major storm features in choosing the images for the CML 187 

meridional scans, some latitudes still show significant longitudinal brightness variation 188 

due to storm outbreaks, general convection, and vortices. With yearly global OPAL maps, it 189 

is possible to study how longitudinal variation might aject the zonal means presented in 190 
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Section 3. For example, full longitude OPAL maps spanning ±40° of latitude are shown for 191 

several dates in each filter in Figures 9-12; these dates were chosen to span the largest 192 

brightness variations at these latitudes for comparing the cloud morphology and 193 

brightness.  194 

Using the 9 years of OPAL maps, we analyzed the brightness for each date across 195 

360° of longitude, finding the mean and standard deviation over ±1° of latitude, centered 196 

every 1°, as done in the periodogram analyses. Figure 13 plots these values for the latitudes 197 

of interest in each filter: 24° N (the highest velocity wind jet location along the North 198 

Temperate Belt, NTB), 14° N (the nominal NEB), 19° N (the NTrZ or expanded NEB), and 4° S 199 

or 2° N (the equatorial zone, EZ). Although these maps were not recalibrated and can have 200 

limb projection ejects, temporal variations smaller than the standard deviations are less 201 

likely to indicate real periodicities. To test the robustness of our zonal analyses, and their 202 

sensitivity to longitudinal variation, we reran the periodograms from the F395N scans 203 

multiple times, allowing each scan to randomly vary by up to ± 0.1 I/F, about twice the 204 

measured standard deviation in Figure 13. This resulted in no change to the retrieved 205 

significant periods, lending confidence that the results are reliable. 206 

Examining the latitudes in Figure 13, in the F275W (panel A) and FQ889N (panel D) 207 

filters, which are particularly sensitive to upper-tropospheric haze, the 24° N variations are 208 

apparent in the means. The two filters are largely anticorrelated, with the largest deviations 209 

related to superstorm outbreaks in 2016 (Sánchez-Lavega et al. 2017) and in 2020 (Figs. 9–210 

12), preceding the OPAL observations and continuing through 2021. At 19° N variations in 211 

the UV are also apparent, at a higher frequency than at 24° N, but without an inverted signal 212 

in F889N at this latitude. These filters show little variation with longitude (small standard 213 

deviations), with one exception in the 2020 OPAL observation. Figures 9 and 12 show that 214 

the anomalously high standard deviation in 2020 was due to an isolated dijuse region of 215 

reduced haze opacity. In the NEB, at 14° N, the F395N filter, unsurprisingly, show the best 216 

evidence for an expansion cycle into 19° N on the order of 4 years, the power of which may 217 

have been masked in the periodogram analysis due to the relatively large longitudinal 218 

variations; hints of a periodogram peak at 8-10 years could be a harmonic of this period. 219 
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Finally, the EZ, shows a marked era of increased coloration starting in 2017, at the 220 

same time as the haze opacity increases in the UV/methane band. One last region of note 221 

is the 5-micron hotspot latitude, 7° N; these features appear as dark cloud holes in Fig. 11. 222 

While there is no identified periodicity at this latitude, the 5-micron hotspots essentially 223 

vanished in the 2021 OPAL data. Analyzing this latitude, we find that the 2021 F631N 224 

longitudinal mean reflectance was 0.73 with a variation of ±0.04, ~60% of the typical 225 

variation of ±0.07 when averaged over the other epochs in the 2015 to 2024 period. 226 

 227 

5. The Great Red Spot 228 

The GRS has been known to be shrinking and it displayed a deeper red color starting 229 

in the first few years of OPAL data, largely owing to more absorption at blue wavelengths 230 

(Simon et al. 2015b), Figure 14. There was a corresponding change in the F275W and 231 

FQ889N filters with the UV brightness decreasing and methane gas absorption band 232 

brightness increasing; this was interpreted as vertical stretching to higher altitudes to 233 

balance changes in vorticity (Simon et al. 2018). There has also been a small increase in 234 

interior velocities over time (Wong et al. 2021). Dramatic short-term changes in 235 

appearance do occur, however, often due to ingesting small eddies (e.g., Beebe et al. 1989, 236 

Rogers 1995, Sánchez-Lavega et al. 2021).  237 

Looking over a longer time span, Figure 15, top panels, shows Minnaert-corrected 238 

meridional scans taken across the GRS center and averaged over +/-0.5° of latitude in the 239 

F275W, F395N, FQ889N filters. In all three filters, the GRS displays variability in brightness, 240 

particularly in the core, with the substantial changes already noted in the mid 2010s 241 

(Simon et al. 2015b). The average value for two locations, one in the core and one in the 242 

higher velocity collar, were plotted against time, Fig. 15 bottom panels. Despite large 243 

changes in the early dates, neither location shows a continued monotonic brightness trend 244 

in any filter over the longer time interval. The core is darker than the collar in F395N and 245 

F275W, but brighter than the collar in F889N. In each filter, changes in both the core and 246 

collar appear to be correlated over time. The temporal variation in F275W and F889N are 247 

generally anticorrelated. 248 
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 249 

6. Oval BA 250 

Situated near 33°S latitude, three large anticyclonic ovals formed in 1939 and 251 

remained typically very pale or white in appearance (Peek 1958). Oval BA formed from the 252 

merger of those three anticyclones in the late 1990s (Sánchez-Lavega et al. 2001). Oval BA 253 

further gained notoriety in 2006 when it turned distinctly red (Simon-Miller et al. 2006, 254 

Wong et al. 2011), but its color has varied from beige to pale red since then. Figure 16 255 

shows the changing aspect of Oval BA over time; besides color changes, it also shifts by up 256 

to 0.5° in latitude, though there is insujicient data to determine if this is a standing 257 

oscillation as is sometimes seen for large anticyclones on Jupiter and Neptune (e.g., Peek 258 

1958, Solberg 1969, Trigo-Rodriguez et al. 2000, Sromovsky et al. 2002, Wong et al. 2018, 259 

Morales-Juberías et al. 2022). 260 

Figure 17 shows meridional scans acquired across Oval BA, averaged in ±0.25° 261 

latitude bins owing to its much smaller size. Because the central latitude varies, the scans 262 

were shifted to center them in Fig. 17 for comparison and trending. Again, two locations 263 

were chosen, the core and the higher velocity collar. In the F275W and FQ889N filters, the 264 

core is very slightly dijerent than the collar, but there is little variation with time. Contrary 265 

to the GRS, Oval BA’s core is somewhat brighter than the collar in the F395N filter, and the 266 

color changes dramatically over time. However, variations in color seem to be again 267 

correlated across both locations. The outer edge is surrounding by a bright ring in each 268 

observation, though that ring is not as obvious when the surroundings are equally bright, 269 

such as in Fig. 16 in 2019.  270 

 271 

7. Discussion 272 

Periodicities, when present, are dijicult to extract in sparsely sampled data, 273 

especially without many oscillation cycles, due to the inherently turbulent and chaotic 274 

nature of Jupiter’s atmosphere. For example, the 2020 NEB data can be ajected by the 275 

presence of a singular haze anomaly (dark in FQ889N, bright in F275W), in Figs. 9-12. On 276 

many dates convective features are visible across some longitude sections, especially in 277 
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the NEB and in the wakes of the southern anticyclones. Despite the challenges of 278 

extracting long-term trends from data containing variable compact features with significant 279 

reflectivity anomalies, some strong periods did emerge in data spanning a decade or more 280 

of coverage. 281 

First, all of the analyzed filters show at least some evidence of a ~4- to 5-year cycle 282 

at 24° N, though it is most significant in the F395N and FQ889N filters (Figures 6 & 8). The 283 

24° N wind jet velocity is known to be variable, with outbreaks of convective plume activity 284 

traveling with higher wind speeds, and as discussed in the introduction, that event is often 285 

tied to color changes after the event (Beebe et al. 1989, Rogers 1995, Sánchez-Lavega et al 286 

2008, 2017, Tollefson et al. 2017, Fletcher 2017, Pérez-Hoyos et al. 2020, Wong et al. 2020, 287 

Rogers and Adamoli 2021). Infrared studies of the cloud deck and aerosol opacities also 288 

find a similar period in this region (Antuñano et al. 2019, Antuñano et al. 2023). At this 289 

latitude, the changes to the cloud morphology, cloud thickness (optical depth), cloud color, 290 

and wind speeds are likely caused by rapid overturning triggered by the rapid release of 291 

convective energy at depth (Sánchez-Lavega et al. 2008, Sankar et al. 2021). The fact that 292 

the FQ889N and F275W filters, sensitive to higher altitudes, are also ajected indicates that 293 

the changes extend from quite deep to very high in the atmosphere (Sánchez-Lavega et al 294 

2008). However, detailed radiative-transfer modeling of the 2016-2017 convective event 295 

showed that at 24° N there was very little cloud change, even though latitudes on either 296 

side experienced a change in the red “chromophore” particle altitude or optical thickness 297 

(Pérez-Hoyos et al. 2020).  298 

Our brightness trend analyses find cycles with a 3- to 5-year period (or twice that) at 299 

latitudes in the NEB and NTrZ, again in agreement with IR results (Antuñano et al. 2019, 300 

Antuñano et al. 2023), and tied to the expansion events. This cycle begins with the colored 301 

portion expanding northward and later receding, though the cycle is sometimes 302 

incomplete or rapid (Rogers 1995, Fletcher 2017, Fletcher et al. 2017a). In our temporal 303 

analysis of the region, 2020 stands out near 19° N (Figure 13), particularly in the F395N 304 

filter. Figure 18 shows strip maps of the region from 2019 through 2022. In 2019 the region 305 

from 10° to 15° N shows a typical dark NEB appearance with small convective plumes 306 
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equatorward and small cyclonic cells near 15° N. The northern NEB/NTrZ region is lighter 307 

than the southern NEB, which is typical, with an array of small cyclonic and anticyclonic 308 

vortices from 15° to 20° N. An NEB expansion was underway in 2020, with dark coloration in 309 

both the northern and southern parts of the NEB (Rogers and Adamoli 2021). Most of the 310 

NEB then rapidly faded to a very pale appearance in 2021; the cyclonic storms are very 311 

visible as darker ovals. In the narrow-NEB phase in 2021, the typical localized convective 312 

activity in the NEB - visible as compact bright spots with trailing streamers in 2019, 2020, 313 

and 2022 - had completely shut oj, only to gradually return at a single location that drifted 314 

in longitude (Rogers et al. 2022, Brueshaber et al. 2022, Wong et al. 2023). By 2022, the belt 315 

had returned to its normal appearance. 316 

To better compare how the individual brightness variations at these latitudes 317 

correlate with observed cloud properties, we also plot the ratio of FQ889N to F275W 318 

against the ratio of F395N to F631N (Figure 19). Following Sánchez-Lavega et al. (2013), the 319 

ratio of FQ889N to F275W filters represent a measure of aerosol altitude and opacity, AOI, 320 

as they are most sensitive to the presence of the upper troposphere to lower stratosphere 321 

haze; higher or thicker aerosol layers are darker in the UV and brighter in the methane band 322 

(Sánchez-Lavega et al. 2013). At shorter wavelengths, Jupiter’s spectrum shows a steep red 323 

slope with the largest regional color variations occurring due to variations at blue 324 

wavelengths (de Pater et al. 2010, Sánchez-Lavega et al. 2013, Simon et al. 2015b). Thus, 325 

the F395N to F631N ratio serves as a color index, CI, with lower values indicating redder 326 

regions. 327 

 Calculating CI and AOI from the calibrated scan data (Figures 5-8) on the 13 dates 328 

common between all four filters, the NEB (Figure 19a) showed very little temporal variation 329 

in either index. However, the EZ ratios started in the lower right (bluer and thinner or deeper 330 

aerosols) in 2015, progressed almost linearly towards the upper left in the early 2020s, and 331 

returned to less red hazes in 2024 (Figure 19a). These Hubble CI values indicate that the EZ 332 

reddened from 2017 to 2019, and gradually reverted from 2019 to 2023, while the color 333 

change was distinct in amateur data only from 2018 to 2022. In contrast, the NTrZ (19° N) 334 

showed very little variation in AOI, but much more scatter than the NEB in CI, with 2020 335 
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standing out as the reddest date (Figure 19b). Low CI values are consistent with NEB 336 

expansions into the NTrZ in ~2010, 2016, 2020, and 2024, agreeing with ground-based 337 

reports (Rogers 2019, Rogers and Adamoli, 2019, 2021). Lastly, the NTB wind jet latitude 338 

(24° N) shows substantial variation in both indices (Figure 19c), following a similar trend to 339 

that of the EZ but not linearly. After convective outbreaks in 2016 and 2020, the NTB 340 

aerosols became much redder and higher/thicker in ~2017 and 2021, with CI below ~0.55 341 

and AOI above 0.25, before returning to their normal values (Figure 19c). 342 

The key question is how these observed cloud level changes are tied to Jupiter’s 343 

circulation below the cloud tops. With many more decades of data, and sophisticated 344 

modeling, several of these short period variations on Jupiter have been correlated with a 345 

combination of planetary-scale waves, sometimes anchored to deep vortices and 346 

convection. For example, the plume in 2020 (Fig. 9) is bright at UV wavelengths due to 347 

reflective cloud ice particles lofted to high altitudes, while the dijuse bright spot at 15° N, 348 

245° W is likely due to locally depleted UV-absorbing haze (resulting in higher Rayleigh-349 

scattering brightness). A periodic train of dijuse brightness variations seen in the April 350 

2017 map (15°N, 240° to 340° W) is again due to variation in the haze concentration and is 351 

part of an upper tropospheric wave system seen more prominently in infrared imaging data 352 

from January 2017 through July 2018 (Giles et al. 2019). 353 

  Although the 4- to 5-year QQO period was long suspected to be caused by 354 

vertically propagating waves, cloud-level Rossby waves have been confirmed at 7° N and 7° 355 

S, Kelvin waves observed at the equator, and inertia-gravity waves are present all over the 356 

planet (e.g., Flasar and Gierasch 1986, Simon et al. 2015a, Orton et al. 2020). The QQO’s 357 

stratospheric temperature variations peak at 13° N and S, but the eject extends to about 358 

20° N and S (Orton et al. 1994, Cosentino et al. 2017). General circulation models of the 359 

QQO response best match observations with a forced wind jet FWHM of 8° and gravity 360 

wave drag FWHM of 5° (Cosentino et al. 2017). In other words, the dynamical ejects are 361 

largely limited to the equatorial region, though the jet descends at a rate corresponding to a 362 

similar 5- to 10-year lag in the upper troposphere (Giles et al. 2020, Antuñano et al. 2023) 363 

and we do not yet know if the QQO is related to the other changes observed at the equator. 364 
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However, another potential forcing mechanism comes from Jupiter’s magnetic field 365 

exciting magnetohydrodynamic waves deep in the interior Hori et al (2023). Modelling the 366 

field and wind jets, the authors find two modes that intersect with very specific half periods 367 

of 3.2 to 4.7 years at 14° to 23° N latitude, consistent with the variations we observe.  368 

The long timescale variation seen at the equator in most filters is dominated by the 369 

obvious brightness changes that occurred from ~2018 to 2023 and noted in the OPAL data 370 

from 2015-2020 (e.g., Fry and Sromovsky 2023). Studies of infrared data also show 3.5- to 371 

4-year, 6- to 8-year, and seasonal timescales for aerosol opacity and cloud variability at the 372 

equator (Antuñano et al. 2018, 2019, 2023). The historical record also indicates that the 373 

visible wavelength manifestation of this cycle is sometimes seasonal and sometimes not 374 

(Rogers 1995). On a seasonal scale, changing insolation might be expected to aject upper 375 

haze production, but the weak signal we find in the F275W filter, and only near the equator, 376 

does not appear to support that hypothesis, and we do not yet have enough data to 377 

conclusively see seasonal cycles. Additionally, prior radiative transfer study with a 3 -layer 378 

model, did not find that brightness changes were associated with the stratospheric layer, 379 

but rather deeper layers (Fry and Sromovsky 2023). Though the historical record is equally 380 

ambiguous on the presence of any seasonal cycles, the WFC3 data analyzed here barely 381 

cover a full Jovian year; additional years of data would also help to distinguish between 382 

cyclic and chaotic variability. It is also quite possible that several of these wave-driven 383 

mechanisms constructively and destructively interfere which is why the pattern is not 384 

predictable.  385 

The only other evidence of a potential seasonal response is seen in the FQ889N 386 

filter at mid-northern latitudes. This is consistent with upper troposphere/stratosphere 387 

brightness temperature variations, though we find less evidence for an eject at the cloud 388 

deck (Antuñano et al. 2023). While the cause for upper tropospheric variation is unclear, 389 

seasonal ejects may play a partial role. Jupiter receives only small changes in solar 390 

insolation over a Jovian year, caused more by its eccentric orbit than by its axial tilt. 391 

Because of the eccentricity, the eject is asymmetric and the largest amplitude insolation 392 

variations are seen at ~30° to 40° N latitude, though there is still some seasonal change at 393 
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all latitudes (c.f., Fig. 15 of Simon et al. (2022) and others). Additionally, although not 394 

examined here, long-period changes in Jupiter’s polar hoods have been noted in the past, 395 

though primarily at UV wavelengths (Vincent et al. 2000). 396 

Beyond the zonal cycles, we noted much more rapid changes in the appearance of 397 

Jupiter’s large southern hemisphere anticyclones. The GRS showed a dramatic jump in 398 

F395N brightness in 2021 before reverting to the more usual coloration in the next data set. 399 

Oval BA changes even more rapidly from year to year. While Oval BA gets nudged 400 

southward by passing the GRS approximately every two years, it does not seem to be 401 

ajected by this bump (Sánchez-Lavega et al. 2013). There does not appear to be any 402 

correlation in Oval BA’s color/size/latitude to GRS passages evident in our data. Because 403 

other oscillations tend to occur on 85- to 140-day cycles for large anticyclones on Jupiter 404 

and Neptune (e.g., Peek 1958, Smith et al. 1989, Morales-Juberías et al. 2022), more 405 

frequent data are needed to discern any patterns of color tied to such behavior (Simon et 406 

al. 2024). 407 

  We do note that Oval BA sometimes appears to have a smaller footprint in the 408 

UV/methane bands most sensitive to the highest altitude clouds and hazes than in the 409 

troposphere cloud-sensitive continuum bands, Fig. 16. In the thermal infrared, de Pater et 410 

al. (2010) observed persistent 5-micron bright rings around the periphery of small Jovian 411 

anticyclones, which they argued was caused by subsidence surrounding the centrally 412 

upwelling vortex. Infrared-bright peripheral rings around the GRS and Oval BA have since 413 

been recognized to appear sporadically and sometimes incompletely (Bjoraker et al. 2018, 414 

Wong et al. 2020). The continuum brightness of 5-micron emission is influenced by cloud 415 

opacity spanning the 0.5 to 4-bar range (Bjoraker et al. 2022), while the OPAL UV/methane 416 

band data respond to the hazes above the GRS and Oval BA (and its progenitors) lying at 417 

higher altitudes, at pressures near 200 mbar (Banfield et al. 1998, Simon-Miller et al. 2001). 418 

The combined observations of sporadic 5-micron bright rings, as well as variability in the 419 

edges of the overlying haze envelopes from OPAL, may be measurable ejects of variation 420 

in subsidence taking place at multiple altitude levels around the periphery of the largest 421 

anticyclones. 422 
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 423 

8. Conclusions 424 

Long-term data sets are of vital importance for understanding changes on Jupiter. 425 

While ground based data can supplement, the calibrated photometry and UV coverage 426 

from Hubble/OPAL are irreplaceable. Using 10 years of data from OPAL, plus additional 427 

earlier WFC3 data, we have now completed a new analysis of large-scale Jupiter trends. 428 

We find clear evidence of a 4- to 5-year period at 24° N that was only hinted at in prior 429 

Hubble data. There are also suggestions of seasonal cycles, especially at the equator, but 430 

more years of data are needed to confirm. The remaining challenge is to understand why 431 

cycles are not always observed or are incomplete. It is possible that waves are always 432 

present, but just not visible in the clouds, or another mechanism can interrupt the cycles. 433 

Further circulation modeling of atmospheric wave interactions, incorporating multiple 434 

mechanisms and modes, would also be instructive in this area.  435 

Several latitudes show interesting behavior that could benefit from more detailed 436 

radiative transfer and general circulation modeling. Most notable is the plume outbreak 437 

near 24° N that occurred in 2020. This event happened during a NEB fade/revival cycle and 438 

was accompanied by a brief episode of unusual coloration at northern mid latitudes now 439 

confirmed by these data. A detailed examination of all available calibrated data sets during 440 

that time, plus general circulation modeling, would be instructive for understanding how 441 

the events were correlated and the underlying mechanism for the color change. 442 

Future work will study short period variations of the GRS and Oval BA, as well as a 443 

further study of longitudinal variations at latitudes of interest once a full Jupiter year of 444 

OPAL data have been acquired. As OPAL observes all 4 giant planets, analysis of the 445 

brightness periodicities for each of them would also be relevant for comparative studies of 446 

the wave and convective processes in each atmosphere. There is also a need for similar 447 

observation programs with other telescopes, such as the James Webb Space Telescope in 448 

the infrared and with future UV-visible telescopes. 449 

 450 
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Table 1. Observation Years, Filters, and Feature Coverage 602 

Year Filters 

Zonal 

Scan 

Frames1 

Full 

Longitude 

Coverage2 

GRS 

Frames1 

BA 

Frames1 
Program IDs 

Notable 

Activity 

2009 

F275W 1 N 1 - GO11559 

 
FQ889N 1 N 1 1 

GO12003, 

GO11559, 

GO12045 

2010 

F275W 1 

N - - GO12119  
F395N 1 

F631N 1 

FQ889N 1 

2012 F275W 1 N 1 1 GO13067 
24° N 

storm 

2014 

F395N 1 

N 

1 1 

GO13631 

 

F631N 1 1 1 

FQ889N 1 1 - 

2015 

F275W 1 

Y 

1 1 

GO13937 

 

F395N 1 1 1 

F631N 1 1 1 

FQ889N 1 1 1 

2016 

F275W 2 

Y 

2 2 

GO14334, 

GO14661 

24° N 

storm 

F395N 2 2 2 

F631N 2 2 1 

FQ889N 2 2 2 

2017 

F275W 1 

Y 

1 1 
GO14756, 

GO14661 
 F395N 2 2 2 

F631N 1 2 2 
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FQ889N 1 1 1 

2018 

F275W 1 

Y 

1 1 

GO15262, 

GO14661 

Equatorial 

coloration 

F395N 1 1 1 

F631N 2 1 1 

FQ889N 1 1 1 

2019 

F275W 1 

Y 

1 1 

GO15502, 

GO14661 

Equatorial 

coloration 

F395N 2 1 2 

F631N 2 1 2 

FQ889N 2 1 2 

2020 

F275W 1 

Y 

1 1 

GO15929, 

GO16074 

24° N 

storm, 

equatorial 

coloration 

F395N 1 2 1 

F631N 1 2 1 

FQ889N 1 2 1 

2021 

F275W 1 

Y 

1 1 

GO16266 
Equatorial 

coloration 

F395N 1 1 1 

F631N 1 1 1 

FQ889N 1 1 1 

2022 

F275W 2 

Y 

2 1 

GO16913 

GO16790 

Equatorial 

coloration 

F395N 2 2 1 

F631N 2 2 1 

FQ889N 2 2 1 

2023 

F275W 1 

N 

1 - 

GO16790, 

GO17275 
 

F395N 2 1 - 

F631N 2 2 1 

FQ889N 2 2 1 

2024 

F275W 1 

Y 

1 1 

GO16995  F395N 1 1 1 

F631N 1 1 1 
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FQ889N 1 1 1 

Notes. 603 

1. A more detailed index of all analyzed images can be found at: doi.org/10.17909/v0qw-604 

x584  605 

2. OPAL maps are available at: doi.org/10.17909/T9G593 606 

 607 

Figures 608 

 609 

 610 
Figure 1. Images used for latitudinal scans in the F275W filter. All images are scaled over 611 

the same brightness range. 612 

 613 
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 614 
Figure 2. Images used for latitudinal scans in the F395N filter. All images are scaled over the 615 

same brightness range; the June 2010 image shows saturation near the center. 616 

 617 

 618 
Figure 3. Images used for latitudinal scans in the F631N filter. All images are scaled over the 619 

same brightness range. 620 
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 622 
Figure 4. Images used for latitudinal scans in the FQ889N filter. All images are scaled over 623 

the same brightness range; the Jan 2023 image shows a saturated satellite transiting. 624 

 625 

 626 
Figure 5. F275W brightness scans (left) and Lomb-Scargle periodogram (right). 627 
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 629 
Figure 6. F395N brightness scans (left) and Lomb-Scargle periodogram (right). 630 

 631 

 632 
Figure 7. F631N brightness scans (left) and Lomb-Scargle periodogram (right). 633 

 634 

395-nm I/F

2010 2015 2020 2025
Year

-60

-40

-20

0

20

40

60

La
tit

ud
e

395-nm I/F

2010 2015 2020 2025
Year

-60

-40

-20

0

20

40

60

La
tit

ud
e

  
I/F

 
 

.23 .54 .75
I/F

 
 

Lomb-Scargle Results

4 6 8 10 12
Period (yrs)

-60

-40

-20

0

20

40

60

La
tit

ud
e

Lomb-Scargle Results

4 6 8 10 12
Period (yrs)

-60

-40

-20

0

20

40

60

La
tit

ud
e

  
Power

 
 

0.0 3.6 7.2
Power

 
 

.10 .05 .01

631-nm I/F

2010 2015 2020 2025
Year

-60

-40

-20

0

20

40

60

La
tit

ud
e

631-nm I/F

2010 2015 2020 2025
Year

-60

-40

-20

0

20

40

60

La
tit

ud
e

  
I/F

 
 

.6 .8 1
I/F

 
 

Lomb-Scargle Results

4 6 8 10 12
Period (yrs)

-60

-40

-20

0

20

40

60

La
tit

ud
e

Lomb-Scargle Results

4 6 8 10 12
Period (yrs)

-60

-40

-20

0

20

40

60

La
tit

ud
e

  
Power

 
 

0.0 3.6 7.2
Power

 
 

.10 .05 .01



 28 

 635 
Figure 8. FQ889N brightness scans (left) and Lomb-Scargle periodogram (right). 636 
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Figure 9. F275W maps covering all longitudes and +/-40° latitude for 3 dates, contrast 639 

scaled the same. A large active plume was visible in 2020 near 20° N, 100° W and a periodic 640 

train of dijuse brightness variations are visible in the April 2017 map (15° N, 240° to 340° 641 

W).  642 

 643 

 644 
Figure 10. F395N maps covering all longitudes and +/-40° latitude for 3 dates, contrast 645 

scaled the same. Longitudinal structure varies widely with latitude and date. 646 
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 648 
Figure 11. F631N maps covering all longitudes and +/-40° latitude for 3 dates, contrast 649 

scaled the same. Dark regions are cloud clearings, “hotspots” at edge of equatorial zone 650 

are prominent. 651 
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 653 
Figure 12. FQ889N maps covering all longitudes and +/-40° latitude, contrast scaled the 654 

same. Small amplitude residual fringing is apparent, and transiting moons saturate (visible 655 

in 2020 and 2024). The dijuse bright spots in the F275W data (Fig. 9, faint periodic spots in 656 

2017 and a high-intensity, isolated, spot in 2020) appear dark in the methane-band maps. 657 
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 659 
Figure 13. Zonal average reflectivity at select latitudes (i.e., power spectrum peaks in Figs. 660 

5-8) with longitudinal brightness standard deviations as the uncertainty bars. A) F275W 661 

curves display the largest variations above the longitudinal standard deviations at the 662 

equator and NTB (24° N). B) F395N curves showing blue absorption changes at multiple 663 

latitudes. C) F631N curves showing variation, largely due to cloud opacity, is largest in the 664 

NTB and NTrZ (19° N). D) FQ889N curves showing upper troposphere/lower stratosphere 665 

clouds have the largest variations at the equator and NTB (24° N).  666 
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 668 
Figure 14. GRS maps centered at -23°, spanning +/- 7° latitude and +/-15° of longitude. 669 

These maps span the UV to near-IR, using the F275W (top row), F395N (middle, no data in 670 

2009) and FQ889N (bottom) filters. In 2021, the F395N brightness temporarily increased, 671 

even though no ejects were seen in the other filters. 672 

 673 

 674 
Figure 15. Brightness trends in the GRS. Meridional scans across the GRS center. Bottom: 675 

averaging over -22.5 to -23.5° to encompass the core region, and -19.5 to -20.5° for the 676 

collar. 677 
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 679 
Figure 16. Oval BA maps centered at -33°, spanning +/- 7° latitude and +/-15° of longitude. 680 

These maps span the UV to near-IR, using the F275W (top), F395N (middle) and FQ889N 681 

(bottom) filters. In 2021, the F395N brightness temporarily increased, even though no 682 

ejects were seen in the other filters. 683 

 684 

 685 
Figure 17. Brightness trends in Oval BA. Meridional scans across Oval BA center; note 686 

several dates had to be shifted to align the core region, notably 2021. Bottom: averaging 687 

over -33° to -33.5° to encompass the core region, and -32° to -32.5° for the collar. 688 
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691 
Figure 18. The North Equatorial Belt (NEB) from 2019 to 2022. These color strip maps (R: 692 

F631N, G: F502N, B: F395N, with identical scaling between dates) span a limited latitude 693 

range to highlight the rapid changes that occur in the NEB from 10° to 20° latitude. A dark 694 

appearance with convective streamers, such as 2019 and 2020, is common. In 2020, the 695 

overlying haze is darker from ~20° to 35°, perhaps due to the active plume and NEB 696 

expansion. 697 

 698 

 699 
Figure 19. Altitude / opacity (AOI) and color (CI) indices for the latitudes shown in Figure 13, 700 

from the scans in Figures 5-8, using the 13 dates with observations in all four filters. A) The 701 

NEB shows limited changes primarily in CI, while the EZ changed dramatically in both over 702 

the period of this study. B) The NTrZ (19° N) mostly varies in CI, with 2020 has an outlier, 703 
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consistent with Figure 18. C) The NTB jet (24° N) varies in AOI and CI in a manner similar to 704 

the EZ, but with rapid changes occurring after convective outbreaks. 705 
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