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Abstract

We present multi-wavelength measurements of the thermal, chemical, and cloud contrasts associated with the visibly dark

formations (also known as 5-μm hot spots) and intervening bright plumes on the boundary between Jupiter’s Equatorial

Zone (EZ) and North Equatorial Belt (NEB). Observations made by the TEXES 5-20 μm spectrometer at the Gemini North

Telescope in March 2017 reveal the upper-tropospheric properties of 12 hot spots, which are directly compared to measurements

by Juno using the Microwave Radiometer (MWR), JIRAM at 5 μm, and JunoCam visible images. MWR and thermal-infrared

spectroscopic results are consistent near 0.7 bar. Mid-infrared-derived aerosol opacity is consistent with that inferred from

visible-albedo and 5-μm opacity maps. Aerosol contrasts, the defining characteristics of the cloudy plumes and aerosol-depleted

hot spots, are not a good proxy for microwave brightness. The hot spots are neither uniformly warmer nor ammonia-depleted

compared to their surroundings at p<1 bar. At 0.7 bar, the microwave brightness at the edges of hot spots is comparable to

other features within the NEB, whereas they are brighter at 1.5 bar, signifying either warm temperatures and/or depleted NH3

at depth. Temperatures and ammonia are spatially variable within the hot spots, so the precise location of the observations

matters to their interpretation. Reflective plumes sometimes have enhanced NH3, cold temperatures, and elevated aerosol

opacity, but each plume appears different. Neither plumes nor hot spots had microwave signatures in channels sensing p>10

bars, suggesting that the hot-spot/plume wave is a relatively shallow feature.
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Key Points:15

• Gemini TEXES spectral mapping reveals temperature, aerosol, and ammonia16

contrasts associated with plumes and hot spots on Jupiter’s NEB jetstream.17

• Juno microwave measurements are consistent with the infrared mapping, and18

reveals that hot spot ammonia contrasts are confined to pressures less than 8-1019

bars.20

• Hot spots and plumes are primarily contrasts in aerosols, with only subtle upper-21

tropospheric ammonia and temperature variations.22
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Abstract23

We present multi-wavelength measurements of the thermal, chemical, and cloud24

contrasts associated with the visibly dark formations (also known as 5-µm hot spots)25

and intervening bright plumes on the boundary between Jupiter’s Equatorial Zone (EZ)26

and North Equatorial Belt (NEB). Observations made by the TEXES 5-20 µm spec-27

trometer at the Gemini North Telescope in March 2017 reveal the upper-tropospheric28

properties of 12 hot spots, which are directly compared to measurements by Juno using29

the Microwave Radiometer (MWR), JIRAM at 5 µm, and JunoCam visible images.30

MWR and thermal-infrared spectroscopic results are consistent near 0.7 bar. Mid-31

infrared-derived aerosol opacity is consistent with that inferred from visible-albedo32

and 5-µm opacity maps. Aerosol contrasts, the defining characteristics of the cloudy33

plumes and aerosol-depleted hot spots, are not a good proxy for microwave brightness.34

The hot spots are neither uniformly warmer nor ammonia-depleted compared to their35

surroundings at p < 1 bar. At 0.7 bar, the microwave brightness at the edges of hot36

spots is comparable to other features within the NEB, whereas they are brighter at37

1.5 bar, signifying either warm temperatures and/or depleted NH3 at depth. Temper-38

atures and ammonia are spatially variable within the hot spots, so the precise location39

of the observations matters to their interpretation. Reflective plumes sometimes have40

enhanced NH3, cold temperatures, and elevated aerosol opacity, but each plume ap-41

pears different. Neither plumes nor hot spots had microwave signatures in channels42

sensing p > 10 bars, suggesting that the hot-spot/plume wave is a relatively shallow43

feature.44

Plain Language Summary45

To date, our only direct measurement of Jupiter’s gaseous composition came from46

the descent of the Galileo probe in 1995. However, the results from Galileo appeared47

to be biased due to the unusual meteorological conditions of its entry into a dark,48

cloud-free region just north of the equator, known as a hot spot. One of the aims of49

NASA’s Juno mission was to place the findings of the Galileo probe into broader con-50

text, which requires a detailed characterisation of these equatorial hot spots and their51

neighbouring plumes. We combine (a) data from Juno (microwave observations sound-52

ing conditions below the clouds, and visible/infrared observations revealing variations53

in cloud opacity) with (b) observations from amateur observers (to track the hot spots54

over time) and (c) observations from the TEXES infrared spectrometer mounted on55

the Gemini-North telescope. The latter provides the highest-resolution thermal maps56

of Jupiter’s tropics ever obtained, and reveals contrasts within and between the indi-57

vidual hot spots and plumes. We find that the hot spots are distinguishable from their58

surroundings for relatively shallow pressures, but that the deep measurements from59

Juno and Galileo are probably more representative of Jupiter’s North Equatorial Belt60

than previously thought.61

1 Introduction62

Jupiter’s tropical domain is characterised by two eastward jet streams: the jet63

at 6.0◦N (planetocentric latitude) that separates the red-brown North Equatorial Belt64

(NEB, 6.0 − 15.1◦N) from the visibly-white Equatorial Zone (EZ, 6.2◦S-6.0◦N); and65

the jet at 6.2◦S that separates the South Equatorial Belt (SEB, 6.2 − 17.4◦S) from66

the EZ (see review by Sanchez-Lavega et al., 2019). These equatorial belts and zones67

exhibit remarkably different environmental conditions in the upper troposphere: the68

EZ is cold, typically cloud-covered, and exhibits enhancements in ammonia, phos-69

phine, and other disequilibrium tracers such as para-H2, whereas the NEB and SEB70

are warmer, with lower cloud opacities, and evidence for gaseous depletion (see review71

by Fletcher et al., 2020). NASA’s Juno spacecraft (Bolton et al., 2017) and ground-72
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based millimetre/centimetre-wave observations (de Pater et al., 2016; de Pater, Sault,73

Wong, et al., 2019) have revealed that the belt/zone contrast in ammonia extends74

to great depths. In particular, Juno’s first close flyby (perijove 1, PJ1, on 27 Au-75

gust 2016) revealed that a column of enriched ammonia exists below the equatorial76

clouds (Li et al., 2017), consistent with the enriched ammonia observed in the upper77

troposphere (Achterberg et al., 2006; Fletcher, Greathouse, et al., 2016). However,78

the Juno-measured equatorial NH3 abundance was at the lower end (but still within79

the uncertainties) of that derived from the Galileo probe during its descent to 2280

bars in 1995 (Wong et al., 2004), which was itself expected to be depleted compared81

to Jupiter’s bulk abundance due to unique meteorological conditions at the entry site82

(Orton et al., 1998). This begs the question of how representative the Juno and Galileo83

measurements are of Jupiter’s tropics, and whether longitudinal contrasts (or indeed84

temporal variability, Antuñano et al., 2018) might be playing a key role.85

The region surrounding the NEBs jet at 6.0◦N, both in the northern EZ and the86

southern NEB, is one of the most longitudinally variable regions on the planet, owing87

to the existence of an equatorially-trapped Rossby wave on the NEBs jet (Allison, 1990;88

Showman & Dowling, 2000; Friedson, 2005). This has been thoroughly characterised in89

visible light, where a chain of ∼ 10−13 compact (3000×10000 km, Choi et al., 2013),90

quasi-rectangular, and visibly-dark formations (DFs) spread around the full longitude91

circle of the NEBs (Vasavada et al., 1998; Arregi et al., 2006; Choi et al., 2013; Rogers,92

2019). These DFs cover only 0.1-0.5% of Jupiter’s total area (Ortiz et al., 1998), but93

commonly, as in 2017, around 20-30% of the longitude circle near 7◦N. The DFs94

are regions where low tropospheric cloud opacity (Banfield et al., 1998) permit 5-µm95

radiance to escape from the 2-5 bar pressure levels, rendering them as bright ‘hot spots’96

in the infrared (Terrile & Westphal, 1977; Ortiz et al., 1998). The DFs persist for many97

months, but can merge, split, and otherwise evolve with time as they move eastward98

along the NEBs jet at ∼ 103 m/s (Choi et al., 2013). These features are thought to be99

associated with high-level convergence and subsidence, the dry downdrafts maintaining100

conditions that are depleted in clouds and volatiles (Showman & Ingersoll, 1998).101

This pattern is suggestive of a planetary-scale wave with DFs at its troughs102

(Allison, 1990; Ortiz et al., 1998; Showman & Dowling, 2000; Friedson, 2005). In103

between the DFs, at the crests of the planetary wave, the equatorial clouds are or-104

ganised into white and reflective ‘fans’ or ‘plumes’ in the 2 − 6◦N region (Reese &105

Beebe, 1976), extending northeast from the equator to the NEBs where they appear106

to spread longitudinally, sometimes filling the longitudinal gap between DFs. The107

brightest clouds are often seen at the northern edge of a plume, but not all plumes108

are the same, with some being brighter and ‘fresher’ than others (Rogers, 1995). The109

plume latitude is co-located with frequent detections of NH3 ice (Baines et al., 2002)110

and H2O ice signatures (Simon-Miller et al., 2000), consistent with the idea of up-111

lift. The plumes are bordered to the southeast by darker ‘festoons,’ which seem to112

emanate from the southwestern corner of the DFs and stretch southwest, and which113

become more vivid and easier to see during periods of EZ disturbances (cloud-clearing114

events that occur once every 6-7 years, Antuñano et al., 2018). East of the plume, and115

sometimes immediately south of a DF, anticyclonic gyres can be seen in the equatorial116

clouds, another potential manifestation of a Rossby wave (Friedson, 2005) that may117

help to shape the morphology of the plumes and hot spots (Choi et al., 2013).118

If this equatorial wave governs the distributions of temperatures, clouds, and119

gaseous distributions, then both the Juno and Galileo measurements would depend120

upon which portion of the wave (plume, DF, or in between) that it sampled. Indeed,121

the unexpected results from the Galileo probe are often ascribed to it entering the122

southern edge of a hot spot (Orton et al., 1998). The fast eastward motion of the DFs123

and the short-term variation in their shapes, extents, and drift rates, makes it chal-124

lenging for Juno to target a specific location in the wave, so the type of feature at the125
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sub-spacecraft location must be determined a posteriori. Confounding matters is the126

narrow longitudinal swath observed by Juno (around 2◦ longitude at the equator during127

the first year of the mission), and the large time separation (53 days) between adjacent128

Juno measurements. This study attempts to place Juno’s microwave observations at129

tropical latitudes into context, by tracking plumes and hot spots at high spatial reso-130

lution. Thermal infrared observations prior to Juno’s arrival revealed that the plumes131

and dark formations influence the distribution of temperatures, aerosols, and ammonia132

in the troposphere above the clouds (0.4 < p < 1.0 bar), but had limited impact on133

the radiatively-controlled upper troposphere (p < 0.4 bar, Fletcher, Greathouse, et134

al., 2016). However, the spatial resolution of these Cassini and ground-based observa-135

tions was limited, preventing direct comparison to high-resolution Juno observations.136

We therefore performed thermal-infrared spectroscopy from the Gemini-North obser-137

vatory in 2017, providing high-resolution thermal maps for direct comparison with138

Juno’s 2017 observations.139

This article is organised as follows. The sources of Juno and ground-based data140

are described in Section 2. In Section 3 we use a record of DF locations provided141

by amateur observers to predict whether or not Juno’s perijove locations would come142

close to the desired features. We then compare the amateur images to nadir-equivalent143

microwave brightness temperature maps derived from Juno’s first eight perijoves to144

show that contrasts should exist from PJ to PJ in the EZ and NEB. Given that Juno’s145

microwave radiometer (MWR) only samples a narrow longitudinal swath, we also com-146

pare to JIRAM 5-µm observations and JunoCam visible-light observations. The pow-147

erful combination of spectral mapping from TEXES with the diffraction-limited spatial148

resolution of Gemini’s 8-m primary mirror enables mapping of temperatures, clouds149

and composition within the plumes and DFs for altitudes above the ∼ 700−mbar cloud150

deck in Sections 4 and 5. The TEXES results are used to predict the brightnesses in151

Juno’s microwave observations in Section 6. Section 7 shows that these results reveal152

internal contrasts within and between the DFs and plumes, and that (as of October153

2017) Juno had yet to encounter a mature hot spot as depleted as that encountered154

by the Galileo Probe in 1995.155

2 Data156

2.1 Juno Observations157

This study employs three sources of data from the Juno spacecraft to investigate158

Jupiter’s tropical plumes and dark formations (DFs): observations from the Microwave159

Radiometer (MWR, Janssen et al., 2017), JunoCam (Hansen et al., 2017), and the160

JIRAM near-infrared instrument (Adriani, 2017). These will be compared to amateur161

visible-light observations of Jupiter (see Section 3), a record of hot spot locations162

at 5 µm from NASA’s Infrared Telescope Facility (IRTF, Section 3.2), and ground-163

based thermal-infrared spectral maps of Jupiter’s tropics (see Section 2.2). MWR164

observations in six channels from 1.37 to 50 cm (0.6-22 GHz) are acquired as the165

spacecraft spins at 2 pm during its ∼ 2−hour transit from the north to south pole166

(Janssen et al., 2017). This means that the six antennae capture a range of emission167

angles for each latitude, such that the limb-darkening can provide a key constraint on168

Jupiter’s 0.7-to-300-bar ammonia and water abundance. However, the close proximity169

of Juno to Jupiter means that the longitudinal coverage is narrow, particularly at the170

equator, which is why the other data sources are used to provide spatial context.171

The MWR antenna temperatures measured by the six radiometers contain contri-172

butions from the planet in the main beam, the antenna side lobes, Jupiter’s synchrotron173

radiation (mostly affecting the longest wavelengths), and the cosmic microwave back-174

ground. These contributions are deconvolved from the data using the algorithms de-175

scribed by Janssen et al. (2017), producing the brightness temperature at the boresight176
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of the observation. Limb darkening is represented via three coefficients fitted to the177

limb-darkening curve at each latitude, so that TB = c0 + c1(1−µ) + c2(1−µ)2, where178

µ = cos θ and θ is the emission angle. The nadir brightness temperatures are repre-179

sented by c0 and are shown in Fig. 1, where lower brightness temperatures can be180

interpreted as due to excess ammonia absorption or (at least in the short-wavelength181

channels) as reductions in kinetic temperature.182

Uncertainties in the coefficients depend on the spatial grid used for fitting the183

measured limb darkening, and a regularisation process is required as described by184

Zhang et al. (2020). We initially follow Li et al. (2017) in assigning a conservative185

2% uncertainty to the measured brightness temperatures in Fig. 1, representing the186

pre-launch absolute calibration testing of Janssen et al. (2017). However, this is a187

systematic uncertainty in the MWR brightness that is constant with time during a188

PJ, so cannot account for any changes to the latitudinal dependence of the brightness.189

Indeed, the consistency in Fig. 1 from PJ to PJ at many latitudes testifies to the sta-190

bility of both the atmosphere (at some latitudes) and the absolute calibration of MWR191

- we conservatively estimate that MWR instrumental effects contribute variability no192

larger than 0.2%. Variations in Fig. 1 exceeding 0.2% are therefore deemed to be a193

consequence of real spatial or temporal atmospheric variability.194

Although the zonally-averaged brightness in Fig. 1 reveals nothing about the195

nature of the features within the boresight, they do reveal where Jupiter’s atmosphere196

exhibits the most variability from PJ to PJ. At 1.37 cm (sounding ∼ 700 mbar), Fig.197

1 shows that the lowest brightness is not located directly at the equator, but is offset198

to the 2 − 5◦N region (Li et al., 2017). This is seen more clearly at higher pressures,199

and is a result of the column of enhanced ammonia that was first detected during PJ1200

(27 August 2016) (Li et al., 2017; Bolton et al., 2017). The 700-mbar region between201

±4◦ latitude appears to have been relatively stable over the period between December202

2016 and October 2017 (differences < 2 K), but this changes in the 5 − 10◦N range,203

where there are considerable variations from the mean brightness, with a maximum204

difference of 25-30 K between the coolest and warmest brightness temperatures (PJ4205

and PJ5, respectively) measured near 8◦N. This is the largest variability from perijove206

to perijove observed in the ±20◦ latitude range of Jupiter’s tropics, and larger than our207

conservative 0.2% instrumental uncertainty envelope, suggesting that PJ4 (February208

2017) might have sampled a cool, ammonia-rich plume. The pattern is repeated at209

the 1.5-bar level sounded by Channel 5 (3.0 cm), where a ∼ 40-K contrast is observed210

between PJ4 and PJ8 at 8◦N. As we move to the 5-10 bar range (sounded by the 5.5211

and 11.5-cm channels 4 and 3), the 5− 10◦N latitude range still stands out as a region212

of large variability, but the contrasts are more subdued, ±8 K at 5.5 cm and ±5 K at213

11.5 cm. This suggests that the contrasts associated with plumes and DFs becomes214

smaller with increasing pressure, being hard to distinguish as MWR sounds depths215

below ∼ 10 bar.216

At the deepest pressures sounded by MWR at 24 and 50 cm (channels 2 and 1),217

the small-scale variability of the p < 10 bar region is replaced by smoother latitudi-218

nal trends, with PJ8 and PJ9 being notably cooler than the previous measurements219

throughout the 2 − 8◦N domain. Given that this extends over a wider latitude range220

than the plumes/hot spots, we do not associate this trend with those dynamic fea-221

tures, and the analysis of this change will be part of a long-term assessment of MWR222

data. Finally, our discussion so far has been restricted to the northern tropics, but223

some variability is observed in the SEB (albeit with lower contrast), and the PJ7 ob-224

servations of the Great Red Spot are seen as cooler TB for latitudes poleward of 10◦S225

(warmer TB for p > 10 bar).226

Zonally averaged brightnesses present a challenge when trying to understand227

what type of features were present in the main beam of each antenna. In subsequent228

sections, we use the averaged limb-darkening coefficients from multiple perijoves to229
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Figure 1. Zonal-mean brightness temperatures in Jupiter’s tropics measured by Juno MWR

between PJ3 (December 2016) and PJ9 (October 2017) in each of the six radiometers, from

Channel 1 (50 cm) to Channel 6 (1.37 cm). The right-hand column shows the temperature dif-

ference between the individual perijove measurements and the mean of the PJ3-9 measurements.

The horizontal dotted lines in the right-hand column are conservative 2% systematic uncertain-

ties on the mean PJ3-9 brightness (Janssen et al., 2017). However, instrumental contributions to

variability are expected to be an order-of-magnitude smaller (described in the main text).
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Table 1. Juno perijoves considered in this study. The System I and III longitudes are provided

for the equator-crossing time. The difference between the two longitude systems changes by 7.364

deg/day (0.3068 deg/hour) (Rogers, 1995).

PJ Date Equator Crossing UTC Sys III Longitude Sys I Longitude

3 11 Dec 2016 17:05 7.0 5.9
4 02 Feb 2017 12:59 277.0 305.0
5 27 Mar 2017 08:54 187.0 244.0
6 19 May 2017 06:04 142.0 228.3
7 11 Jul 2017 01:58 52.0 167.4
8 01 Sep 2017 21:52 322.0 106.5
9 24 Oct 2017 17:47 232.0 45.7

reconstruct nadir-equivalent brightness temperatures for longitudes within the MWR230

field of view (Zhang et al., 2020), with the caveat that separation of the limb darkening231

from true longitudinal variability is challenging. Furthermore, we attempt to avoid232

synchrotron contributions to the maps by including only forward-look data for the233

southern hemisphere and after-look data for the northern hemisphere (Zhang et al.,234

2020). We only consider MWR observations between PJ3 (December 2016) and PJ9235

(October 2017) in this analysis, as listed in Table 1. These nadir-equivalent maps will236

be compared to visible-light imaging by the amateur community in Section 3.237

2.2 Gemini TEXES238

The TEXES instrument (Texas Echelon Cross Echelle Spectrograph, Lacy et239

al., 2002) has proven to be a powerful means of characterising the atmospheric tem-240

peratures, composition, and aerosols properties on Jupiter during the Juno mission241

(Fletcher, Greathouse, et al., 2016; Cosentino et al., 2017; Melin et al., 2018; Blain et242

al., 2018). This cross-dispersed grating spectrograph provides spatially-resolved spec-243

tral maps in specially selected channels from the M band (5 µm), to the N band (7-13244

µm), and the Q band (17-24 µm). TEXES is typically mounted on NASA’s Infrared245

Telescope Facility (IRTF), where the spatial resolution of the spectral cubes is limited246

by the diffraction pattern from the 3.1-m primary mirror. In March 2017, TEXES247

was relocated to Gemini-North for an observing run capitalising on the improvement248

in diffraction-limited spatial resolution offered by the 8.2-m diameter of the primary249

mirror. At this time, Jupiter was 4.6 AU from Earth, such that the diffraction-limited250

spatial resolution varied across the TEXES settings from 0.14” (470 km or 0.4◦ lati-251

tude at Jupiter’s equator at 4.7 µm) to 0.57” (1880 km or 1.5◦ latitude at Jupiter’s252

equator at 18.6 µm), all sampled with a 0.5”-wide TEXES slit. This high spatial253

resolution comes at the expense of diminished spatial coverage, and the 10-hour long254

programme focused exclusively on mapping Jupiter’s tropics over 360◦ of longitude.255

These observations were made on March 12-14, between Juno’s PJ4 (February 2) and256

PJ5 (March 27), but they cover atmospheric features that are still recognisable in all257

of Juno’s 2017 observations.258

The 15-arcsec-long slit was aligned north-south, parallel to Jupiter’s central259

meridian, and stepped across the planet from east to west. A step size of 0.25 arc-260

sec was used to Nyquist sample the 0.5-arcsec slit width. Given the angular size of261

Jupiter in March 2017, this required approximately 160 steps, each with a 2-second262

integration time. With 140 pixels along the TEXES slit, each scan therefore contains263

approximately 22,400 independent spectra. Each scan was executed twice, consec-264

–7–



manuscript submitted to JGR: Planets

Table 2. Gemini/TEXES Observations. The dates, times, and longitudes (System I and III)

are provided for each of the seven groups of observations.

Date Group Time Range (UT) LCMIII LCMI

2017-03-12 1 10:10-11:18 179.5-220.6 126.8-168.3
2 11:26-12:30 225.5-264.2 173.2-212.2
3 12:39-13:48 269.6-311.3 217.7-259.8

2017-03-13 4 10:14-11:15 332.6-009.5 287.3-324.5
5 11:24-12:16 014.9-046.4 330.0-001.7
6 12:35-13:36 057.9-094.7 013.3-050.5

2017-03-14 7 10:14-12:05 123.3-190.4 085.5-153.0

utively, both to increase the signal-to-noise ratio and to allow the removal of any265

low-quality scan positions. A block of nine spectral settings (listed in Section 4) took266

approximately 75 minutes, so we repeated each setting three times per night during267

a 5-hour observing run (67,200 spectra per night), and then repeated again on the268

next night to cover 360◦ of longitude (with more than a million independent spectra269

in each of the 9 settings). Jupiter scan maps were acquired in seven groups (Table 2)270

over three nights (12-14 March 2017). Radiometric calibration was achieved using the271

difference between an internal flat field source and the sky emission, described in detail272

by Fletcher, Greathouse, et al. (2016), meaning that no standard stars were required273

as divisors. Further details on the reduction process will be provided in Section 4.274

3 Identifying NEBs Features275

The chain of dark formations (DFs) and reflective plumes moves eastwards (with276

respect to longitude System III) along the prograde ∼ 114 m/s NEBs jetstream at277

6.0◦N planetocentric latitude, with a velocity of approximately ∼ 103 m/s1. This278

means that a single feature can move some ∼ 7◦ of longitude in a 24-hour period,279

during which time it can also change shape and evolve. Catching a DF or plume280

within Juno/MWR’s sub-spacecraft field of view, which is limited to some 2◦ in width281

near to the equator, requires a considerable amount of serendipity, and cannot be282

planned in advance. Instead, we seek to reconstruct the atmospheric features beneath283

the perijove location using the record of features from the amateur observer community,284

as described in the following two sections.285

3.1 JUPOS Tracking286

During each apparition, a team of observers from around the world upload their287

near-nightly images of Jupiter to facilities such as the Planetary Virtual Observatory288

and Laboratory2 (Hueso et al., 2018) and the JunoCam website3 (Hansen et al., 2017).289

The team behind the JUPOS project4 use a freely-available software application to290

measure the position of discrete features on Jupiter via point-and-click, which are291

1 This implies a westward-propagating wave in the frame of the prograde jet, approximated by the

System-I longitude system described in the main text.
2 http://pvol2.ehu.eus/pvol2/
3 https://www.missionjuno.swri.edu/junocam/
4 jupos.org
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recorded in large databases subdivided by latitude range. When plotted as a function292

of longitude and time, the locations trace out the lifetimes, motions, and evolution293

of these discrete features, albeit limited to (i) the resolutions afforded by amateur294

facilities (Mousis et al., 2014) and (ii) the ability of the users to identify faint details.295

The rapid motion of the NEBs features across the disc still poses a challenge, so we296

transform from System III longitudes (i.e., the Voyager-defined jovian rotation rate)297

into System I longitudes. The latter system, the first to be defined by jovian observers298

before the space age, is based on the observed motions of low-latitude features such299

as these, and the dark formations and reflective plumes are observed to drift slowly300

westward in this longitude system (Fig. 2).301

Robust detection of an NEBs dark formation can be seen where the clustered302

points in Fig. 2 are at their most dense. We label twelve individual dark formations303

that were identifiable in March 2017, at the time of the TEXES observations. Similarly,304

a reflective white plume or fan is expected to be in between the dark formations.305

The red points in Fig. 2 indicate the System-I longitude of Juno’s equator crossing306

during each perijove (Table 1), and allow us to make a first-order estimate of what307

the microwave radiometer should see. PJ4 (February 2017) appears to be unique, far308

away from any hot spots (in between DF11 and DF12) and potentially coincident with309

a plume. PJ5 and 6 (March and May 2017) occurred just to the west of hot spots DF9310

and DF8, respectively, whereas PJ3 (December 2016, DF2), PJ7 (July 2017, DF5) and311

PJ8 (September 2017, DF3) all could have come close to hot spot features. However,312

the resolution of these comparisons remains too coarse to be certain that Juno did313

encounter a hot spot or plume.314

3.2 IRTF Tracking315

Before proceeding with a comparison to the Juno observations, we first confirm316

that the JUPOS tracking of dark formations is consistent with the distribution and317

evolution of 5-µm hot spots. Fig. 3 superimposes 5.1-µm images of the NEBs hot318

spots acquired by the IRTF/SpeX instrument (Rayner et al., 2003) onto the JUPOS319

tracking. Processes for reducing and mapping the SpeX observations are described in320

Fletcher, Orton, Yanamandra-Fisher, et al. (2009). To the accuracy of the amateur and321

IRTF data, the cloud-free conditions responsible for the enhanced 5-µm brightness are322

co-located with the dark formations in visible light. Nevertheless, these images show323

how the morphology and contrasts of the DFs can change significantly over time, as324

found previously by Choi et al. (2013), meaning that comparisons to Juno observations325

should use images as close as possible in time.326

3.3 MWR Brightness Maps327

In Figure 4, the nadir-equivalent brightness temperature (TB) maps from MWR328

channels 5 (3.0 cm) and 6 (1.4 cm), sensing 1.5 and 0.7 bar, respectively, are superim-329

posed onto amateur observations of Jupiter acquired close in time. We use System-III330

longitudes in the top row to provide context, and System 1 longitudes in the subse-331

quent rows to precisely align features on the NEBs. These maps confirm some of the332

conclusions from Section 3. PJ3 (December 2016) shows (i) higher TB on the left side333

of the map, reaching 155 K at 1.4 cm at 8◦N planetocentric at the eastern edge of a334

dark formation DF2 in the amateur image; and (ii) the coldest TB near 5◦N, associated335

with a visibly-bright ‘gyre’ of clouds in the amateur image. This appears remarkably336

different from the next perijove, PJ4 (February 2017), where the coldest TB ∼ 136 K337

span from 6− 9◦N and could be associated with an NH3-rich and reflective equatorial338

plume, with no signs of any warm emission associated with a DF. The NEB itself339

appears to be broken into warm and cool lanes (often referred to as ‘rifts’), with the340

coolest TB associated with visibly-bright clouds, and the warmest TB co-located with341
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Tracking of Dark NEBs Projections
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Figure 2. Tracking the motions of ‘dark formations’ on the NEBs using the JUPOS soft-

ware. Each black point is the longitude of a dark feature in amateur images of Jupiter, which

are most frequent near opposition on 07 April 2017. We use System-I longitude for ease of seeing

the longevity of the features, and the individual dark formations are given an arbitrary number

(referred to as ‘DFn’ for the nth dark formation). Reflective plumes (not shown) occur in be-

tween dark formations. The System-I longitude of Juno’s equatorial crossing are shown as red

circles, and are labelled to the right. No observations were acquired during PJ2, and only PJ3-9

are considered in this article.
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Figure 3. IRTF/SpeX 5.1-µm observations of Jupiter’s NEBs hot spots (DFs) in System-I

longitudes, superimposed onto the amateur tracking in Fig. 2. The images span 4 − 9◦N planeto-

centric latitude, and observations over 2-3 days were combined to maximise longitudinal coverage.

the deepest red colours5. The PJ5 TB map is much narrower than the previous two,342

spanning no more than a degree at the equator, and yet shows a significant warm re-343

gion (TB ∼ 165 K) near 8.5◦N. This is further north than the typical dark formations344

at 7◦N, but appears to be associated with a dark horizontal band emanating from DF9345

further to the east, near 175◦W (System III), and we might suspect that brightness346

temperatures would have been even higher in the DF itself.347

As inferred from the amateur tracking in Section 3, the track of PJ6 (May 2019)348

occurred just west of DF8. Intriguingly, the dark features near 7 − 10◦N do not show349

high contrast at 1.4 cm, but at 1.5 bar (channel 5) the TB reaches ∼ 207 K near the350

western edge of the DF8. The track of PJ7 in July 2017 (notable for encountering the351

Great Red Spot) shows complex structure over the NEB, and appears to have flown352

over DF5. At 1.4 cm, DF5 does not appear particularly bright when compared to353

other warm features within the NEB. However, at 3.0 cm the dark material associated354

with the DF5 shows up as TB ∼ 213 K, though still not as warm as the hot feature355

encountered during PJ5 at 8.5◦N. Finally, PJ8 (September 2017) occurred as Jupiter356

was nearing the end of the 2016/17 apparition, such that Earth-based imaging was357

considerably challenging. Nevertheless, the IR image from Clyde Foster shows that358

PJ8 encountered the eastern edge of DF3 and saw the 3.0-cm brightness increase359

to TB ∼ 235 K, the warmest encountered in this sequence. Surprisingly, the 1.4-360

cm brightness does not exceed TB ∼ 154 K, still cooler than the NEB hot feature361

encountered during PJ5.362

From the comparisons of MWR and amateur observations, we can draw the363

following conclusions: (i) MWR may have encountered regions within DFs in PJ3, 6,364

7 and 8, with the latter being the warmest in the 1.5-bar region; (ii) at 0.7 bar, the365

TB is often no warmer than the emission associated with other dark and red-brown366

5 PJ4 is also notable for the MWR detection of longitudinal variability associated with a mid-SEB

plume outbreak, as described by de Pater, Sault, Moeckel, et al. (2019)
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features (e.g., NEB streaks), but has a higher contrast at 1.5 bar, and thus (iii) the367

DFs must have a complex vertical structure in the 0.7-1.5 bar range. In the next368

section, we explore whether the DFs and bright MWR-emission are co-located with369

5−µm bright hot spots, and whether we can discern any structure at higher pressures.370

3.4 MWR-JIRAM Comparison371

The complexity of Juno’s orbital track and spinning motion means that the372

JIRAM M-band (5 µm) imager does not always map the same region on Jupiter373

as the MWR instrument. We surveyed JIRAM maps from PJ3 to PJ8, and found374

that only PJ4, PJ7 and (to a lesser extent) PJ8 covered the EZ/NEB region at the375

same longitudes as the MWR scans. Fig. 5 compares the 1.4-cm MWR brightness376

temperatures to M-band maps. We have applied a logarithmic stretch to the latter to377

accentuate fainter features in the EZ, and have employed both System-III and System-378

I longitudes to allow for intercomparisons (JIRAM data were typically taken a few379

hours ahead of the perijove). In general, warm 1.4-cm emission coincides with regions380

that are bright (i.e., cloud-free) at 5 µm (and vice versa), although the structure is381

complex, particularly in the NEB. The PJ7 track did indeed encounter a 5-µm hot spot382

(DF5), but the brightest emission was confined to a small area at its equatorward edge.383

Similarly, the PJ4 track certainly encountered plume PL11 that was dark and cloudy at384

5-µm and cold (i.e., either ammonia-rich or physically cool) at 1.4 cm. Unfortunately385

the M-band map during PJ8 only just encounters the hot spot DF3 at 315◦W, but386

confirms that the MWR scan did indeed encounter the western edge of this feature.387

We note too that the peak brightness at 5 µm (∼ 250 K) is warmer than all of388

the MWR channel 5 observations sounding 1.5 bar (maximum of TB ∼ 235 K during389

PJ8). This either means that the 5-µm observation probes deeper, warmer pressures;390

or that the MWR observations have yet to sample the direct centre of a mature and391

bright 5-µm hot spot.392

3.5 MWR-JunoCam Comparison393

As a final check of the features within Juno’s field of view, Fig. 6 shows Juno-394

Cam visible-light images of the tropics taken near-simultaneously with the MWR scans.395

JunoCam is a push-frame imager, using Juno’s rotation to sweep the four filter strips396

(red, green, blue, and 890-nm) across the target (Hansen et al., 2017). The 58◦-397

wide field of view covers only a narrow longitude range near perijove, resulting in the398

‘hour-glass’ appearance of the mapped products in Fig. 6. We employ an image-399

processing pipeline developed by G. Eichstädt and described by Orton et al. (2017)400

and Tabataba-Vakili et al. (2020), whereby the orientation, optical properties, and ob-401

servation timings are optimised via manual comparison of the observed limb positions.402

However, there could be significant uncertainties in the geometric registration at low403

latitudes - the montage maps on the top row of Fig. 6 required manual co-alignment of404

features observed in overlapping images. Despite these uncertainties, the RGB images405

provide a useful guide for the features at Juno’s sub-spacecraft point taken at the same406

time as the JIRAM and MWR observations.407

The central row of Fig. 6 reveals the NEBs features at high resolution from408

altitudes of 3400-4200 km above the 1-bar level. The images have been divided by a409

fitted fourth-order polynomial to approximately adjust for strong illumination varia-410

tions across the image, and the results should not be taken as true-colour. In Section411

3.3 we suggested that MWR may have encountered the edges of dark formations on412

PJ3, 7 and 8. This is certainly true for PJ8, where the eastern edge of DF3 is visible,413

along with an expanse of bright clouds to the south that may be coincident with an414

anticyclonic gyre. It is also true for PJ7, where a dark and complex region within DF5415

can be seen at 7◦N, but also the dark striations of a festoon between 2 − 4◦N, with416
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Figure 4. Top Row: Nadir-equivalent brightness temperatures in MWR channel 6 (1.37 cm)

compared to amateur visible-light images acquired nearby in time. These images provide con-

text for the MWR observations, and use System III longitudes. However, time separations of a

few hours can lead to substantial differences in location for the NEBs features. Centre/Bottom

Row: To better compare the NEBs features, we transform both the amateur images and MWR

observations to System-I longitudes. Amateur images were acquired by the following observers: I.

Sharp 13 hours before PJ3 (11 December, 06:03UT); C. Foster 10 hours before PJ4 (2 February,

02:10UT); D. Peach within minutes of PJ5 (27 March, 08:52UT); C.Foster 12 hours before PJ6

(18 May, 18:31UT); C. Foster 11 hours before PJ7 (10 July, 15:11UT); and C. Foster 30 hours

before PJ8 (31 August, 15:40UT). Given the 30-hour difference between the PJ8 observations

and the amateur image, the MWR PJ8 map in the top row has been shifted by 9◦ longitude to

approximately account for the motion of the NEBs features.
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Figure 5. M-band (5-µm) maps from Juno/JIRAM acquired in the hours before or after Juno

perijoves for PJ4 (left, 02-Feb-2017, acquired 10-17 hours before PJ), PJ7 (centre, 11-Jul-2017,

acquired 5-17 hours before PJ) and PJ8 (right, 01-Sep-2017, acquired 1-2 hours before PJ and 1-

6 hours after PJ). These are compared with MWR brightness temperatures at 1.4 cm acquired at

each PJ (the legend refers to the temperatures in the MWR scan). System-III maps are adequate

for comparing MWR and JIRAM data away from the equator, but NEBs features move eastward

by approximately 0.3◦/hour, so a proper comparison requires transformation of the JIRAM maps

into System 1, which is shown in the bottom row of this diagram. The JIRAM maps have been

stretched logarithmically to accentuate faint features in the EZ, but the 5-µm brightness temper-

atures range from 165-248 K. JIRAM observations on PJ3, PJ5 and PJ6 did not cover the same

area as MWR.
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Figure 6. JunoCam visible-light imaging of Jupiter’s tropics during PJ3-9. The top row

features a montage of multiple JunoCam images, geometrically registered but then manually

adjusted for optimum fit of cloud features, spanning ±30◦ latitude. The closest-approach image

is then mapped individually in the centre row (4◦S to 12◦N) to reveal the small-scale structure of

the plumes, dark formations, and festoons. The relevant DF is marked, based on Fig. 2. The title

for each panel is in the format YYYYDDD PJCFFFFF, where YYYY is the year, DDD is the

day of the year, PJ is the perijove number, and FFFFF is the file number. Finally, the bottom

row replicates the central row, but overplots the MWR brightness at 1.4 cm.
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attendant small-scale white clouds. But for PJ3, Fig. 6 suggests that Juno observed417

blue-grey festoons emanating from DF2, rather than the centre of the hot spot itself,418

and indeed the whole region in Fig. 4 appears warm. Further festoons are seen for PJ6419

(following DF8) and PJ5 (following DF9), the latter showing considerable structure420

within the blue-grey festoon streaks, along with small scale outbursts of clouds where421

the festoon meets the rest of the EZ. These features are too small to resolve in the422

MWR maps.423

Section 3.3 and Fig. 5 suggested that PJ4 flew over a plume, PL11. This is424

somewhat unclear from Fig. 6, which shows a blend of blue-grey features and ‘floc-425

culent’ white clouds that even cast shadows, but these features must be sufficiently426

opaque to block the 5-µm brightness in Fig. 5. Finally, the complexity of the NEB427

is shown in the 9 − 12◦N range in Fig. 6, displaying white rifts that are stretched428

from northwest to southeast by the meridional shear on the zonal winds. One such rift429

is particularly well defined in PJ8, along with white clouds in PJ4 and 5. This high430

degree of variability, if mirrored in the temperature and ammonia distributions (see431

Section 4), could be responsible for the contrasts in the brightness observed in MWR432

channels 5 and 6 in Fig. 4.433

3.6 Depth of Plumes and hot spots434

Fig. 5 showcases the three best examples of the features of interest to this study435

- a cold plume PL11 in PJ4, the centre of DF5 in PJ7, and the eastern edge of DF3436

in PJ8. We showed in Fig. 4 that the edge of the hot spot showed more contrast in437

Channel 5 (1.5 bar) than it did in Channel 6 (0.7 bar). This is harder to discern for438

the plume in PJ4 due to an absence of longitudinal structure. For PJ7, the hot spot439

lost contrast in Channel 4 (5.75 cm), and was indistinguishable from the surrounding440

NEB by Channel 3 (11.55 cm). For PJ8, the hot spot was still visible in Channel 4441

(5.75 cm) with TB = 270 K, but by Channel 3 (11.55 cm) it could not be reliably442

distinguished from the rest of the NEB.443

From this very small sample, we suggest that the hot spots are indistinguishable444

from the surrounding atmosphere at the depths probed at 11.55 cm (approximately 10445

bar). The ammonia contrasts within the hot spots and plumes are therefore thought to446

be ‘weather-layer’ features restricted to p < 10 bar, although MWR observations with447

wider longitudinal coverage would help to confirm this. This is qualitatively consistent448

with the VLA-derived maps of Jupiter by de Pater et al. (2016) and de Pater, Sault,449

Wong, et al. (2019), which showed evidence for hot spot/plume structures in the ‘radio-450

hot belt’ at the NEBs, at least to depths of ∼ 8 bars sounded by their 4-8 GHz (3.7-7.5451

cm) maps. The shallow depth of the hot spots suggests that both the Galileo and Juno452

measurements of the regions deeper than 10 bar could be more representative of the453

wider NEB than previously thought (see Section 7).454

4 Gemini/TEXES Observations455

The limited longitudinal coverage afforded by the MWR observations presented456

a challenge when trying to compare plume and dark formation (DF) conditions to457

their surroundings in Section 3. In this section, we employ mid-infrared spectroscopic458

mapping to characterise the temperatures, gaseous composition (ammonia, phosphine)459

and aerosol opacity in the upper troposphere (p < 0.8 bar), in the altitude domain460

overlapping with the short-wave MWR Channel 6 (1.37 cm). Although this lacks461

sensitivity to structures beneath the topmost condensation clouds, the ground-based462

maps have the benefit of full longitudinal coverage over a short period of time. As463

described in Section 2.2, the TEXES instrument was temporarily relocated to the464

Gemini-North observatory in March 2017, in between PJ4 and PJ5. Via efficient east-465

west scan-mapping, this generated some of the highest-spatial-resolution mid-infrared466
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(5-20 µm) spectral maps of Jupiter ever obtained. The maps spanned approximately467

30◦N to 30◦S and were acquired in seven distinct groups (a single set of nine TEXES468

settings, Table 2) between March 12 and March 14 2017, and in nine spectral settings469

similar to those listed in Table 1 of Fletcher, Irwin, et al. (2016). The data sound470

tropospheric temperatures using the H2-He collision-induced absorption at 537 − 539,471

585−589 and 742−747 cm−1; stratospheric temperatures using methane emission from472

1245 to 1250 cm−1; tropospheric ammonia and phosphine from 893−911 and 960−978473

cm−1; upper-tropospheric aerosol from 1155 to 1188 cm−1; deep tropospheric aerosol474

from 2132 to 2142 cm−1; stratospheric ethane from 816 to 822 cm−1; and stratospheric475

acetylene from 742 to 747 cm−1.476

4.1 Mapping of spectral cubes477

Assignment of latitudes and longitudes to each pixel is rendered challenging by478

two factors - the exquisite spatial resolution, and the inability to see the planetary479

limb at each step in the scan. Automated mapping software applied in previous IRTF480

observations was found to be accurate to ∼ 3◦ of longitude, but fine-tuning of con-481

secutive scan maps was required to ensure that discrete atmospheric features lined482

up. These adjustments were performed manually on a case-by-case basis - longitude483

shifts were determined for features identified in the South Equatorial Belt that were484

not expected to move during the interval spanned by this dataset. These same shifts485

were applied to the northern hemisphere to check that they did not produce spurious486

results. The shifts were estimated only for groups taken within an hour or two of each487

other in Table 2.488

Once the spectral cubes had been destriped (removal of short-term telluric vari-489

ability in each scan, Appendix A), radiometrically scaled, and re-aligned, they were490

interpolated onto a regular grid for mapping. For spectra that were greatly affected491

by telluric absorption, the difference in Doppler shift between the dawn and dusk492

limbs could be significant, with the consequence that some bright contributions to the493

spectral average might be invisible on one limb, but prominent on the other. This494

sometimes produces east-west asymmetries in a single image cube that can only be495

removed if we discard all spectral regions affected by tellurics. For this reason, we do496

not attempt to show complete 360◦-longitude maps for all filters.497

However, the 1165-cm−1 setting provides the highest-resolution view of the tro-498

pospheric features with minimal telluric contamination, so we constructed a crude499

three-colour image in Fig. 7 to demonstrate the powerful combination of Gemini and500

TEXES. This is compared to visible light imaging from amateur observers acquired501

24-48 hours earlier. The red, green and blue channels were selected to probe from high502

pressures (∼ 0.6 bar) to lower pressures (∼ 0.2 bar). Hot spots appear white in all503

channels, whereas plumes are dark in all channels, indicating structures that persist504

over the full altitude range. Festoons emanating south-west from the hot spots appear505

brighter (i.e., thinner clouds) than the rest of the dark EZ. The fact that we see colour506

in this figure at all shows how the spectrum changes from point to point: for example,507

the dark and cloudy plumes in the SEB between 240 and 300◦W associated with a508

mid-SEB outbreak (Fletcher, Orton, Rogers, et al., 2017; de Pater, Sault, Moeckel, et509

al., 2019), and in the turbulent wake of the GRS between 30 and 90◦W (Fletcher et510

al., 2010), in contrast to spectra with thinner clouds appearing ‘red’ in the rest of the511

SEB. Furthermore, in the NEB there is a notable difference between 150 and 220◦W,512

where prominent rifting activity generated thicker ∼ 600-mbar clouds (white in visible513

light) contrasted to the rest of the cloud-free NEB. These colour contrasts within a514

single TEXES setting demonstrate the information content of these data, which will515

be harnessed via spectral inversions in Section 5.516
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Figure 7. Top: Comparison of Gemini/TEXES 3-colour composite image (March 12-13) to

amateur observations of Jupiter (March 10-11) in System III Longitude. The TEXES image was

constructed by summing radiances in three ranges: B = 1158 − 1160, G = 1160 − 1163, and

R = 1166 − 1168 cm−1. In this scheme, deep features dominate areas that are red and higher fea-

tures dominate areas that are blue. The vertical ‘seam’ near 150◦W is an artefact of the mapping

process. The amateur image was produced by M. Vedovato using observations from T. Olivetti,

T. Kumamori, and E. Martinez7. Bottom: Given the fast System-III motion of NEBs features,

we compare the visible map to radiances averaged over the full 1165 cm−1 (8.6 µm) and 2140

cm−1 (4.7 µm) settings in System I longitudes. A logarithmic scale was used for the latter set-

ting to make low-contrast features visible. The dark formations are labelled using the numbering

scheme from Fig. 2. Latitudes are planetographic.
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Figure 8 showcases maps of a single group (Group 5 in Table 2) for eight of the517

nine spectral settings (maps for all seven groups are available in the online material).518

The appearance of the plumes and hot spots on the NEBs is rather different from519

setting to setting, being undetectable at 539, 587, 745 and 1248 cm−1, thus confirming520

that they are a feature of the atmosphere for p > 300 mbar, with no signature at521

higher altitudes. In some of the groups, particularly sensing the 240 − 330◦W range522

in Fig. 7, a faint thermal wave can be observed over the mid-NEB. This is at a higher523

latitude and distinct from the NEBs features, and has been present at a variety of524

epochs, often during a period of NEB expansion (see Fletcher, Orton, Sinclair, et al.,525

2017, for full details).526

4.2 Zonal mean inversions527

Our goal with the TEXES maps is to invert them to map contrasts in tempera-528

tures, gaseous abundance, and aerosol opacity associated with the NEBs plumes and529

DFs for comparison with the MWR data. But this requires two precursors: (i) modi-530

fications to radiometric calibration for consistency with Cassini spectroscopy; and (ii)531

cross-checking of the zonally-averaged atmospheric properties with previous studies.532

The modelling below uses the radiative transfer and optimal estimation retrieval soft-533

ware, NEMESIS (Irwin et al., 2008), which has been previously applied to TEXES534

mapping of Jupiter by Fletcher, Greathouse, et al. (2016). The precise wavelength535

coverage of the TEXES channels differs between the IRTF and Gemini observations,536

so k-distributions (ranked lists of gaseous line data covering the temperature and pres-537

sure range relevant to Jupiter) were recomputed for each spectral setting, using the538

sources of spectroscopic line data in Table 2 of Fletcher, Greathouse, et al. (2016).539

The calibration cross-check requires the use of the best-fitting atmospheric pro-540

files from Cassini Composite Infrared Spectrometer (CIRS) observations of Jupiter in541

December 2000 (see Appendix B). These are used to forward-model the expected radi-542

ances in each TEXES channel for every latitude and observing geometry. The TEXES543

observations are then scaled so that any ‘pseudo-continuum’ in each channel is made to544

match the Cassini-derived forward model for latitudes < ±30◦. This typically requires545

50-80% reductions in the calibrated TEXES brightness (e.g., see Fig. 8 of Fletcher,546

Greathouse, et al., 2016), and is a known and repeatable feature of TEXES calibra-547

tion in low- and medium-resolution settings, where the detectors exhibit non-linear548

behaviour as a function of brightness (Melin et al., 2018). The largest changes were549

found in the middle of the N-band near 10 µm (1000 cm−1), where the TEXES data550

had to be reduced by 7.8-9.3 K (in terms of brightness temperature). Note that, fol-551

lowing Melin et al. (2018), we do not adjust the measured radiances in the 1248 cm−1
552

channel. The CIRS reference model of Fletcher, Greathouse, et al. (2016) has been553

updated in this work in an attempt to find consistency with the zonally-averaged NH3554

profiles derived from MWR data acquired during PJ1 (27 August 2016) by Li et al.555

(2017) - full details are given in Appendix B. We find that the MWR-derived profiles556

contain too little NH3 in the upper troposphere to explain the depth of the mid-IR557

absorption features (likely due to the choice of T (p) in the early MWR analysis), and558

therefore we continue to use CIRS to guide our prior for the TEXES calibration and559

retrievals.560

With each TEXES group radiometrically scaled, we then proceed with a zonal-561

mean inversion of each group individually, deriving seven different latitudinal profiles562

for each parameter, in Fig. 9. Spectra for each group are binned on a 1◦ latitude563

grid, retaining only those spectra within 10◦ of the minimum emission angle for each564

latitude. A number of tests were performed to decide how to handle the prior imposed565

by the MWR profiles of deep NH3 from Li et al. (2017): (i) fixing the deep NH3 to a566

latitudinally-uniform mean of the MWR profiles and allowing the abundance to vary for567

p < 800 mbar; (ii) fixing the deep NH3 to the latitudinally-varying MWR profiles and568
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Figure 8. An example of a single group (group 5) of TEXES scan maps, in eight of the nine

channels (587 cm−1 is omitted as it looks almost identical to 539 cm−1). This group features

the GRS near 20◦W and several plumes and hot spots on the NEBs near 6◦N. Some residual

striping is evident in the 1248-cm−1 setting, and the narrower slit at 2145 cm−1 cuts off lati-

tudes poleswards of ±18◦. Maps of all seven groups in Table 2 are available in the supplemental

material.
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Figure 9. Zonally-averaged Gemini/TEXES results for temperature, composition, and aerosol

opacity. Each of the seven groups (March 12-14 2017) in Table 2 are included, as indicated by

the key in each panel, each sampling a different central longitude. The formal retrieval uncer-

tainty is shown as the black bar to the right of each panel. Latitudinal profiles at all pressure

levels are available in our supporting material.

allowing the abundance to vary for p < 800 mbar; (iii) simply using the mean MWR569

profile as a prior and allowing it to vary, along with the abundance for p < 800 mbar. In570

the first and second case, we found that the retrieved upper-tropospheric temperatures571

became extremely cold, as this was required to reproduce the deep absorption features572

observed in the TEXES spectra. Following similar experiments with Cassini/CIRS573

fitting (detailed in Appendix B), we elected to go with the third approach, assuming574

that NH3 is well-mixed for p > 800 mbar, and that PH3 is well-mixed for p > 1575

bar (Fletcher, Orton, Teanby, & Irwin, 2009). Scale factors were retrieved for the576

ethane, acetylene, and aerosol distributions, along with a full profile retrieval for T (p).577

Equilibrium para-H2 is assumed everywhere, and we adopt a single compact cloud578

at p = 800 mbar (assumed to comprise NH3 ice crystals with a distribution of radii579

r = 10 ± 5 µm) to represent the cumulative aerosol opacity down to the 1-bar level.580

Note that we omitted the 587-cm−1 setting from the fitting due to excessive water581

contamination.582

Fig. 9 displays the latitudinal distributions of temperature, composition, and583

aerosols for each of the seven groups, and is supplemented by the temperature contours584

in Fig. 10. The key conclusion from this figure is that Jupiter’s meridional profiles are585

highly variable as a function of longitude, such that if we only had a single group we586

would be misrepresenting Jupiter’s true zonal average. The quality of the spectral fit587
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Figure 10. Zonally-averaged Gemini/TEXES temperature contours, as a function of latitude

and pressure. We include six of the seven groups in Table 2 (omitting group 7, as this is simi-

lar to all others), and the locations of Jupiter’s prograde (dotted lines) and retrograde (dashed

lines) jets are indicated, to show how they line up with the strongest dT/dy gradients, and hence

experience the strongest windshear with altitude.
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is shown in Fig. 11 for both the EZ and the NEB, where some regions of the spectra588

were omitted due to telluric contamination. The retrieved parameters share much in589

common with those of Fletcher, Greathouse, et al. (2016) and are briefly discussed590

here (stratospheric temperatures and hydrocarbon results are mentioned briefly in591

Appendix C). Tropospheric temperatures display a cool equator, warm NEB and592

SEB, adjacent cool zones at the NTrZ (North Tropical Zone) and STrZ (South Tropical593

Zone), and the warm belt of the NTB (North Temperate Belt). These dT/dy gradients,594

where y is the north-south distance, are co-located with the peaks of the prograde595

and retrograde winds in Fig. 10, implying a decay in the speed of the tropospheric596

jets into the upper troposphere and lower stratosphere. The temperatures of the597

NEB and SEB are not symmetric, and vary strongly with longitude, implying that598

thermal windshears (and thus the speed of the winds at different altitudes) will also599

be longitudinally variable. Ammonia, phosphine, and aerosol opacity are all elevated600

over the zones (EZ, STrZ and NTrZ) and depleted over the belts (NEB/SEB, and the601

NTB), supporting the canonical view of upwelling (and adiabatic cooling) in zones,602

and subsidence (and adiabatic warming) in belts. The magnitude of the contrast603

depends strongly on the longitude, as expected from the influence of discrete features604

(e.g., plumes and hot spots) on the distribution of these species, necessitating the605

longitudinally-resolved retrievals in the following sections.606

Figs. 9 and 10 clearly demonstrate the strong dependence of the retrieved tem-607

peratures, gases, and aerosols on the longitude. This has significant consequences608

for estimates of the static stability, thermal winds, and the meridional gradients of609

potential vorticity, which are described in Appendix D. These products are derived610

from our retrieved temperatures for each TEXES group, and are made available in our611

Supplementary Material as a constraint on future modelling of Jupiter’s tropics.612

5 TEXES Tropospheric Maps613

In this section we apply the spectral inversion technique of Section 4 to each of614

the seven groups to map NEBs features in the latitude range from 4◦S to 17◦N. Each615

figure in the following sections spans 50◦ of longitude, sufficient to capture 2-3 dark616

formations (DFs) or plume features on the NEBs jet at 6.0◦N. Using the tracking in617

System I longitude in Fig. 2, we match each group to a corresponding Juno perijove618

pass. Despite the significant time that may have elapsed between a specific perijove619

and the March-2017 TEXES observations, almost all the DFs lasted throughout the620

period covered here (December 2016 to September 2017, PJ3 to PJ8), and were tracked621

showing slow westward drifts in System I (Figs. 2-3). The longevity of the DFs and622

plumes allows us to compare the TEXES maps with Juno maps at the time of the623

perijove, but we caution that the DFs could have evolved and changed during the624

interval. We depict temperatures, phosphine, and ammonia at discrete levels - the T (p)625

from a retrieval at all levels in our model, the gases from parameterised vertical profiles626

(a well-mixed abundance at high pressures, and a fractional scale height representing627

the decrease with altitude at lower pressures). Full vertical profiles, plus stratospheric628

temperatures, ethane, and acetylene, are available in our supplementary material.629

5.1 Perijove 4 Region - Group 4630

The potential plume observed by MWR (Fig. 4) and JIRAM (Fig. 5) on 02631

February 2017 was observed in TEXES group 4 on 13 March 2017, 39 days later,632

near 345 − 355◦W. In Fig. 12 we compare this to a visible-light image from Damian633

Peach taken ∼ 20 hours later, where the plume is labelled PL11, and is in between634

two dark formations, DF11 and DF12. A prominent dark festoon extends southwest635

out of DF11 towards the equator, and borders the southeastern edge of PL11. The636

plume is dark at 4.7 µm, partially due to the increased 800-mbar aerosol opacity, but637
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Figure 11. The quality of the TEXES fits for group 1 in seven of the nine spectral channels

(587 and 2145 cm−1 were not used in the retrievals). Data (points) and model fits (solid lines)

are shown for the equator (black) and for 10◦N (blue). The red lines give the telluric transmis-

sion in each setting (registered to the right-hand axis), and serve as a guide to regions of the

spectrum omitted from the fit. Uncertainties (grey bars) and fitting procedures are described in

Fletcher, Greathouse, et al. (2016).
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potentially also due to the cooler physical temperatures at 600 mbar as shown Fig.638

12. The festoon is moderately brighter at 4.7 µm due to aerosol depletion, consistent639

with the lower reflectivity of this feature in the visible-light map. The dark formations640

are bright at 4.7 µm (consistent with their definitions as hot spots), but the physical641

temperatures of DF11 and DF12 at 600 mbar are not notably different from their642

surroundings, consistent with studies of the Galileo probe entry location (Orton et al.,643

1998). Indeed, the warmest physical temperatures appear southwest of the prominent644

bright rift (Ri1 in Fig. 12) in the NEB. The rift itself is cold, reflective (white), and645

enhanced in ammonia, phosphine, and aerosols compared to the surrounding NEB,646

consistent with a vigorous upwelling from within the dry and depleted belt.647

The distributions of phosphine and ammonia are both spatially variable, but648

show neither strong depletion in DF11 and DF12, nor strong enrichment in PL11.649

These features only appear readily in the physical temperature maps (and vary signifi-650

cantly with altitude) and in the aerosol map, suggesting that temperature and aerosol651

contrasts dominate the appearances of the plumes and dark formations, rather than652

the distributions of tropospheric gases. Indeed, the most depleted NH3 is located im-653

mediately south of the bright rift, which was not present during Juno’s PJ4 (see Fig.654

5). The MWR Channel-6 brightness scan from 39 days earlier is approximately placed655

over PL1 in Fig. 12 to show that the coldest emission does co-align with the cold and656

aerosol-enriched plume, but shows less correspondence with the ammonia distribution657

near 440 mbar. Thus far, we might conclude that ammonia gas is not playing a major658

role in the contrasts observed in MWR channel 6, which is more strongly affected by659

physical temperature.660

5.2 Perijove 5 and 6 Regions - Group 3661

The PJ5 MWR footprint on 27 March 2017 was very narrow in longitude (Fig.662

4), and unlikely to have encountered either a plume or hot spot. Nevertheless, a warm663

region associated with cloud-free NEB streaks was encountered, and TEXES observed664

this region on 12 March 2017, 15 days earlier, in group 3. The PJ6 footprint on 19665

May 2017 occurred just to the west of a prominent hot spot (DF8), which was also666

covered in group 3 on 12 March 2017, 68 days before PJ6. The visible-light image667

in Fig. 13 suggests that the dark formations are not particularly prominent in this668

longitude range - once again, DF8-10 appear bright at 4.7 µm, with another plume669

(PL9) appearing dark due to excess aerosol opacity (top right of Fig. 13). And once670

again the physical temperature contrasts associated with the plumes and hot spots671

are extremely subtle, with the coldest 600-mbar equatorial features not necessarily672

co-located with structures at 4.7 µm nor visible wavelengths. At lower pressures (100673

and 300 mbar) we see evidence for a mid-NEB thermal wave in the temperature field674

(as detailed in Fletcher, Orton, Sinclair, et al., 2017) that was not evident in Fig. 12.675

As in the previous example, the hot spots do not notably perturb the ammo-676

nia and phosphine distributions. However, the distribution of ammonia is intrigu-677

ing: the highest abundances are present in the 3 − 5◦N range and may be associated678

with the most reflective features in visible light (e.g., white clouds, particularly near679

300 − 310◦W). Rifts of more reflective material in the NEB near 10 − 12◦N exhibit680

elevated NH3 compared to the surroundings. Superimposing the PJ5 and PJ6 MWR681

channel-6 brightnesses onto the retrieved maps suggest that both physical tempera-682

ture contrasts and ammonia gas contrasts could be modulating the MWR brightness683

- for example the brightest 1.37-emission at 9◦N (PJ5) and 14◦N (PJ6) coincide with684

both warm temperatures at 600 mbar and locations of NH3 depletion within the NEB.685

In summary, the dark formations in this longitude domain are aerosol-depleted, but686

have limited signatures in the temperature and gaseous distributions. Conversely, the687

brightest clouds within the plumes and rifts within the NEB show both temperature688

and ammonia contrasts that could be modulating the MWR brightness scans.689
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Figure 12. Retrieved upper-tropospheric properties from TEXES group 4, 13 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from 20 hours later (D. Peach, 14

March 2017 at 06:24UT, adjusted in longitude to co-align the NEBs features). We label the two

dark formations (DF11/12), plume (PL11), and prominent NEB rift (Ri1). Black vertical lines on

the legend for each figure show the formal retrieval uncertainty. The MWR PJ4 channel-6 (1.37

cm) brightness temperature from 02 February 2017 has been superimposed onto the 4.7-µm map

to provide a qualitative comparison, co-aligned via conversion of the System-I longitudes from

Fig. 2. The System-I longitude range (L1) is added to the 4.7-µ map as a guide.
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Figure 13. Retrieved upper-tropospheric properties from TEXES group 3, 12 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from 10 hours earlier (A. Garbelini

Jr., 12 March 2017 at 04:03UT, adjusted in longitude to co-align the NEBs features). We label

the three dark formations (DF8, 9 and 10), and a plume (PL9). Black vertical lines on the legend

for each figure show the formal retrieval uncertainty. The MWR PJ5 (narrow) and PJ6 (broad)

channel-6 (1.37 cm) brightness temperature have been superimposed onto the 4.7-µm map to

provide a qualitative comparison (using the System-I longitudes from Fig. 2), but were taken

15-68 days after the TEXES observations. The System-I longitude range (L1) is added to the

4.7-µ map as a guide.
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5.3 Perijove 7 Region - Group 7690

The PJ7 pass on 11 July 2017 provided MWR’s closest encounter with an NEBs691

hot spot to date (Fig. 5), although the MWR brightness was similar to the rest of692

the NEB in Channel 6 (sensing 700 mbar), but displayed a higher contrast in Channel693

5 (sensing 1.5 bar). Given that 119 days had elapsed, the PJ7 region (L1 = 167.4◦)694

would have been located near L1 = 110 − 115◦W in March 2017 (the hot spots drift695

westward in System-I longitude, Fig. 2), which was covered by TEXES group 7 in the696

L3 = 147 − 153◦W region, labelled as DF5 in Fig. 14. We see the familiar pattern697

- DF4 and DF5 are bright at 5 µm and depleted in aerosols at ∼ 800 mbar, physical698

temperatures at 600 mbar are elevated, NH3 is generally depleted within the hot spot,699

although no strong signatures are observed in the distribution of phosphine. In this700

instance, the temperature and ammonia contrasts are more closely correlated to the701

aerosol distributions, indicating that each of the hot spots is different. Indeed, the702

hot spots appear to have extensions that that penetrate further north into the NEB,703

mixing with the rifting regions.704

Fig. 14 is most remarkable for the plume of enhanced NH3 between 140−145◦W705

and 6−10◦N, co-located with enhanced aerosol opacity and low 5-µm brightness. This706

plume (PL4) appears as a region of bright, reflective clouds in the visible-light image707

acquired in March 2017. The ammonia enrichment is higher here than over the rest708

of the EZ, and is most similar to the MWR scan during PJ4, where low Channel-6709

brightness temperatures were observed up to 8◦N. Compared with the observations710

throughout this section, it seems that plumes are sometimes (but not always) elevated711

in ammonia gas, and that each plume is different, just like the hot spots.712

5.4 Perijove 3 and 8 Regions - Group 6713

TEXES Group 6 (13 March 2017) covered DFs and plumes in the regions (in714

System I longitudes) observed during PJ3 (11 December 2016, 92 days before the715

TEXES maps) and PJ8 (01 September 2017, 172 days after the TEXES maps). Table716

1 gives the L1 longitude of the perijove, which we adjust for the drift of NEBs features717

in Fig. 2, and find that the putative PJ3 hot spot (DF2) should be near System-718

III longitudes of 60◦W, and the PJ8 hot spot should be near 95◦W (DF3). This is719

confirmed by the 5-µm brightness in Fig. 15, although the PJ8 hot spot (DF3) is more720

elongated and dimmer than the more compact PJ3 hot spot (DF2).721

Group 6 confirms the trends highlighted in the previous sections. DFs are warmer722

and aerosol-depleted compared to the plumes, but whereas DF2 exhibits elevated 600-723

mbar temperatures and a spatially-complex NH3 depletion, the temperatures and am-724

monia of DF3 were indistinguishable from their surroundings in March 2017, even725

though the DF was bright at 4.7 µm (e.g., Fig. 3). The fact that PJ8 did observe en-726

hanced 1.4-cm brightness (i.e., NH3 depletion and/or an increased kinetic temperature)727

over the eastern edge of DF3 in September 2017 implies that the DF evolved in the in-728

tervening 6 months (i.e., the maturity of the DF influences the ammonia/temperature729

distributions). The plume PL2 stands out in the NH3, temperatures, and aerosol maps,730

with some regions of enhanced NH3 and cold temperatures in the 5− 10◦N region be-731

tween the two DFs. Once again, the retrieved aerosol opacity most closely resembles732

the visible albedo and 5-µm brightness, but not the temperatures and NH3 that are733

more important for the MWR observations. Thus we should not expect microwave734

maps to always resemble observations that primarily sense aerosols (Fig. 5 and 6).735

Finally, the PH3 is not perturbed by the hot spots and plumes, instead showing the736

regular enrichment over the EZ (and NTrZ at the top of the map) and depletion over737

the NEB.738

TEXES groups 1, 2 and 5 provided access to some additional prominent hot739

spots and plumes in March 2017, and the retrieved maps are available in Appendix E.740
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Figure 14. Retrieved upper-tropospheric properties from TEXES group 7, 14 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from 20 hours later (D. Peach on 15

March 2017, 07:13UT, adjusted in longitude to co-align the NEBs features). We label the two

dark formations (DF4 and 5) and a plume (PL4). Black vertical lines on the legend for each

figure show the formal retrieval uncertainty. The MWR PJ7 channel-6 (1.37 cm) brightness tem-

perature has been superimposed onto the 4.7-µm map to provide a qualitative comparison (using

the System-I longitudes from Fig. 2), but this was taken 119 days after the TEXES observations.

The System-I longitude range (L1) is added to the 4.7-µ map as a guide.
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Figure 15. Retrieved upper-tropospheric properties from TEXES group 6, 13 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from 2.5 days later (S. Kidd on 15

March 2017, 23:43UT, adjusted in longitude to co-align the NEBs features). We label the TWO

dark formations (DF2 and 3) and a plume (PL2). Black vertical lines on the legend for each

figure show the formal retrieval uncertainty. The MWR PJ3/8 channel-6 (1.37 cm) brightness

temperature has been superimposed onto the 4.7-µm map to provide a guide for DF2/3 (using

the System-I longitudes from Fig. 2), respectively, but note the large time separation between the

MWR and TEXES observations. The System-I longitude range (L1) is added to the 4.7-µ map as

a guide.
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These confirm the DFs as complex objects, spatially inhomogeneous in temperature741

and ammonia from east to west, rather than being uniformly depleted in ammonia742

(even though aerosol depletion/enrichment seems to span the whole hot spot/plume743

feature, respectively). The Juno observations and Galileo probe measurements there-744

fore depend on where in the DF/plume the observations took place, which points to745

the need for MWR scans with broader longitudinal coverage to capture the full extent746

of a dark formation.747

6 Forward Modelling MWR Contrasts748

We can use the TEXES-derived ammonia and temperature distributions (sensing749

p < 800 mbar) to understand whether the ground-based observations can successfully750

predict microwave brightness variations observed by MWR in channels 5 (p ∼ 1.5 bar)751

and 6 (p ∼ 700 mbar). The forward model of Li et al. (2017) was used to simulate752

the expected MWR nadir brightness temperatures based on the TEXES results for753

groups 6 and 7, spanning just over 100◦ of longitude and covering at least four DFs754

(hot spots) and two plumes (PL2 and PL4) in Fig. 16. Despite the separation in755

time between the March 2017 TEXES observations and the Juno MWR maps, we also756

show the channels 5 and 6 nadir-equivalent brightness temperatures for PJ3 (December757

2016), 7 (July 2017) and 8 (September 2017) for comparison. Channel 6 (1.4 cm),758

which sounds pressures near the 700-mbar level, is reasonably well-reproduced by the759

TEXES predictions, allowing for some systematic offsets (the model is a little too760

cool at the equator and at the brightest points in the NEB). Not only does the model761

reproduce the contrasts associated with the DFs, but shows that we should expect low-762

amplitude brightness variability throughout the equatorial zone, which is consistent763

with the MWR observations.764

However, the bright features in channel 5 (3.0 cm) are poorly reproduced. This765

is expected, as the information content for the TEXES spectra drops severely for766

pressures exceeding 800 mbar, meaning that our retrieved profiles relax to the assumed767

priors. The model matches the coolest temperatures (∼ 180 K) but fails to reach the768

210-230 K brightness of the hot spots. The DFs are either physically warmer or much769

more NH3-depleted at 1.5 bar (or some combination of the two) than the TEXES770

inversions can account for. The only thing that we do reproduce in Channel 5 is the771

fact that 6 − 9◦N is the brightest region in this domain, whereas in Channel 6 the772

hot spots are similar to other bright features within the NEB. We also note that one773

of the hot spots, DF3 (which was encountered during PJ8 in September 2017), does774

not show up in our predicted MWR maps for March 2017. We know that the DF775

was present throughout the 2016-17 apparition (Fig. 2), so it cannot be regarded as776

particularly ‘new’ in March 2017. The NH3 and temperature maps in Fig. 15 also777

failed to reveal any prominent contrasts there, which confirms two things: (i) the778

hot spot must have evolved significantly between March and September to create the779

bright emission observed by MWR; and (ii) each DF can show remarkably different780

gaseous and thermal contrasts, highlighting the need to observe them simultaneously781

from different facilities. This also confirms that the 5-µm observations and visible782

reflectivity (most sensitive to aerosols) need not necessarily correlate spatially with the783

temperatures and gases sensed by TEXES and MWR. Thus comparisons to aerosol784

maps (e.g., Fig. 5 and Fig. 6) are not necessarily a good proxy for the expected785

microwave brightness, although they can certainly provide a qualitative guide.786

Ammonia-rich equatorial plumes are observable as the coldest features near 5 −787

10◦N, and are prominent in both channel 5 and 6. Indeed, the low MWR brightness788

extends well into the NEB, as was seen during PJ4, which flew over part of one of789

these plumes. The 20-K contrast between the plumes and the DFs is clear in Fig. 16,790

and is responsible for the large variability from PJ to PJ that was observed in the791

zonally-averaged brightnesses in Fig. 1. Finally, although we find broad consistency792
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Figure 16. Forward-modelled nadir MWR brightness in channel 5 (3.0 cm, bottom row)

and 6 (1.4 cm, top row) based on the TEXES-derived temperatures and ammonia distributions

from group 6 (right, Fig. 15) and 7 (left, Fig. 14). The expected locations of four of the dark

formations (DFs) are labelled. These maps show what MWR might see if it could span the entire

longitude domain. Nadir-equivalent brightness scans during PJ3, 7 and 8 are shown on the right

as examples of the real data, though note that these are separated from the TEXES maps by sev-

eral months. They are plotted on the same colour scale as the models for Channel 6, but different

colour scales for Channel 5 where the model is a poor reproduction of the data.

between TEXES and MWR in the upper troposphere (700 mbar), the next step in793

this research will be a joint inversion of mid-infrared and microwave observations to794

find the atmospheric structure consistent with the deeper-sounding MWR observations795

too.796

7 Discussion and Conclusions797

Gemini TEXES observations, combined with amateur tracking of the locations798

of NEBs plumes and hot spots, provide contextual maps of temperature, aerosols,799

ammonia and phosphine surrounding features observed by Juno’s MWR, JIRAM, and800

JunoCam instruments in Jupiter’s tropics. To our knowledge, these are the highest-801

resolution thermal-infrared spectral maps of Jupiter’s equatorial zone and belts, and802

the first to reveal inhomogeneities within the hot spots themselves. We summarise803

the results section as follows:804

1. Aerosols: The defining characteristic of the NEBs features is their aerosol805

content: bright/dark regions at 5 µm correlate extremely well with the ab-806

sence/presence of aerosol opacity inferred from spectra near 8.6 µm (1165 cm−1),807

and with the visible reflectivity. The trapped equatorial Rossby wave appears808

to primarily modulate the aerosols, which explains why JIRAM 5-µm maps and809

JunoCam visible-light maps match the derived aerosols fields so well. However,810

aerosol maps are not a good proxy for microwave maps (as previously suggested811

by Orton et al., 2017), which are primarily sensitive to temperature and ammo-812

nia.813

2. Temperature and Ammonia: The dark formations are not uniformly warmer814

than their surroundings, nor are they uniformly depleted in NH3 gas in the 500-815
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700 mbar range. Some of the DFs appear to have longitudinal inhomogeneities816

in temperature and ammonia content, implying that the microwave brightness817

sensed by MWR is extremely sensitive to regional variations within the hot818

spots. The same is true of the plumes - they are not uniformly colder than their819

surroundings, and they are not uniformly enriched in NH3. In one extreme case820

(DF6), the whole eastern edge of a DF was hidden by a region of enriched NH3821

gas, stretching from the northern EZ into the NEB. This shows the need for822

broader longitudinal coverage in MWR scans to understand these features.823

3. Low Microwave Contrasts at 700 mbar: The MWR-derived brightness of824

dark formations at 1.37 cm (Channel 6) is not noticeably different from other825

bright features within the NEB. This is supported by the TEXES-derived am-826

monia maps, which often show only subtle contrasts between the NEB and the827

DFs/plumes. It is likely that MWR channel 6 senses contrasts in both temper-828

ature and ammonia. This implies that the Galileo-probe measurements within829

the upper levels of a dark formation (i.e., p < 1 bar) may have been more830

representative of the NEB than previously realised.831

4. Depth of hot spots: NEBs structures appeared to show the largest contrasts832

in MWR Channel 5 (3.0 cm, sounding 1.5 bar), where the hot spots DF3 and833

DF5 provided high microwave brightness. Signatures could still be observed834

in Channel 4, but by Channel 3 (11.5 cm, sensing 10 bar) the hot spots were835

indistinguishable from their surroundings. This implies that any ammonia (or836

water) depletions associated with the DFs are a feature of the atmosphere above837

the p = 10-bar level, rather than extending into the deeper atmosphere. This838

also implies that the volatile depletions observed by the Galileo-probe and Juno839

measurements for higher pressures are representative of the entire NEB, rather840

than being unique conditions due to DF meteorology.841

5. Absence of PH3 Contrast: The TEXES dataset does include some notable842

examples of elevated PH3 associated with vigorous plumes in the NEB and843

SEB, suggesting that these rise from sufficient depths to bring PH3 upwards.844

However, the dark formations and equatorial plumes do not display contrasts in845

the PH3 distribution. This may be further evidence that the NEBs features are846

relatively ‘shallow’ phenomena, having little impact on the distribution of PH3.847

6. Differences between hot spots: The TEXES maps examined the condi-848

tions within all 12 of the dark formations present in March 2017. In some cases,849

warm temperatures and depleted NH3 were coincident with the cloud-free con-850

ditions, but in other cases there were only subtle contrasts observed. No two hot851

spots or plumes were equivalent (see, for example, the different morphologies852

of DFs at 4.7 and 8.6 µm in Fig. 7), perhaps reflecting evolution during their853

multi-month lifetimes (e.g., a sign of their ‘maturity’), or reflecting interactions854

of the NEBs features with the surrounding atmosphere. This may point to the855

uniqueness of the Galileo-probe measurements (and some of the Juno MWR856

scans), at least for p < 10 bars. Extending this survey over the multi-year Juno857

mission would help to disentangle these effects.858

7.1 Static Stability in Hot Spots859

The TEXES inversions showed one feature that we have not yet adequately860

explained - for the hot spots themselves, we see a ‘kink’ in the temperature profile near861

700-800 mbar, represented as a distinct change in the lapse rate dT/dz. The typical862

retrieved lapse rate is ∼ 1.6 K/km near 600 mbar (i.e., about 0.5 K/km smaller than863

the dry adiabatic lapse rate of 2.1 K/km), decreasing to ∼ 1.0 K/km at 300 mbar.864

However, the hot spots displayed 600-mbar lapse rates approaching ∼ 2.5 K/km (i.e.,865

0.4 K/km larger than the dry adiabatic lapse rate, and therefore unstable), which866

causes the temperatures to quickly go from warmer than the surroundings at 600 mbar867

to cooler than the surroundings near 300 mbar. At higher pressures (p > 700 mbar),868
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dT/dz decreased to 0.5-1.0 K/km (i.e., a quasi-isothermal layer exists near 700-900869

mbar, potentially as a result of volatile condensation releasing latent heat to increase870

the static stability). This causes the 1-bar temperatures to be 2-3 K cooler than the871

Galileo-probe derived value of 165 K (Seiff et al., 1998), although we caution that872

this is at the limit of the retrieval accuracy. Comparing the Brunt Väisälä buoyancy873

frequency N (a measure of the stratification, see Appendix D) between hot spots and874

their surroundings, we find that unstable (N2 < 0) regions exist in the 450-700 mbar875

region near the NEBs, but that this extends slightly deeper (to 800-900 mbar, near876

the limit of our vertical sensitivity) within the hot spots. The hot spots were the877

only regions in the entire TEXES maps that displayed this unusual dT/dz and N ,878

suggesting that this is not a general artefact of the retrieval process.879

We explored numerous potential sources for this phenomenon in our retrievals -880

our assumptions for vertical parameterisations of PH3, NH3, and aerosols; potential881

temperature-composition degeneracies; the degree of vertical smoothing applied in the882

retrieval process; we even attempted to remove aerosol opacity from the hot spots en-883

tirely (this prevents us from achieving an adequate fit). Unfortunately neither Voyager884

IRIS nor Cassini CIRS has the spatial resolution to resolve these features, so we were885

unable to validate our cross-calibration for the hot spots, although all other regions of886

Jupiter seemed to be fitted very well. We conclude that these unstable dT/dz profiles887

are a real, if unexplained, feature of the hot spots themselves.888

To examine the validity of this high lapse rate, we looked to Galileo Probe mea-889

surements. The atmospheric structure instrument (ASI) featured different pressure890

sensors that operated in different regimes (Seiff et al., 1998): the p3 sensor (reliable for891

p > 4 bar) recorded questionable spikes in lapse rate up to 3 K/km near 0.5 bar, but892

they were not seen by the p2 sensor (reliable for p < 4 bar). Although the latter saw893

lapse rates approaching 2.5 K/km near 1.7 bar, the validity of these unstable layers was894

questioned by Seiff et al. (1998). Furthermore, using the ASI temperature sensors in-895

stead of the pressure sensors, Magalhães et al. (2002) suggested that the Galileo-probe896

profile was actually stable for p < 10 bar, with small deviations from the adiabat of897

only 0.1-0.2 K/km in the 0.5-1.7 bar region, which they tentatively associated with898

heating due to particulates and aerosols observed by the nephelometer (Ragent et899

al., 1998) and net-flux radiometer (Sromovsky et al., 1998). Maybe the ‘kink’ we see900

near 700-900 mbar is associated with the more stable regions of the profile found by901

Magalhães et al. (2002). However, for the Galileo hot spot in 1995, the existence of902

unstable layers seems doubtful. Nevertheless, this does not rule out the possibility of903

unstable layers at p < 700 mbar within the 2017 hot spots explored by TEXES. The904

absence of aerosols in the column above the hot spot might serve to preferentially cool905

the atmosphere via radiative emission; or the visibly-dark formations might absorb906

more heat than the more reflective surroundings. Both processes might contribute to907

destabilising the atmosphere within one of these features, but we might expect this to908

increase the vigour of mixing, which is not seen within these DFs even with JunoCam909

imaging (Fig. 6). Further progress on precisely measuring the dT/dz may be made via910

better-calibrated space-based mid-IR spectroscopy of hot spots and their surroundings911

from the James Webb Space Telescope in the coming decade.912

7.2 Depth of Hot Spots and Plumes913

As discussed in Section 1, conditions within the equatorial Rossby wave can be914

represented via downward stretching of an atmospheric column within the hot spots915

(Showman & Dowling, 2000; Friedson, 2005). This serves to distort material surfaces916

towards higher pressures, explaining why neither the Galileo-probe measurements of917

the condensable gases (Wong et al., 2004) nor the cloud bases (Sromovsky et al.,918

1998) were in the locations predicted by equilibrium condensation models. Indeed, the919

Galileo probe measurements showed that ammonia began to reach a uniform abun-920
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dance near 8-10 bars (Wong et al., 2004; de Pater, Sault, Wong, et al., 2019), H2S921

near 16 bars (Niemann et al., 1998; Folkner et al., 1998). The implied downwelling922

also forces the clouds to sublimate, rendering the DFs bright at 5 µm. Recently, Li923

et al. (2018) showed how a single stretch parameter approximately reproduced the924

probe measurements, moving the transition pressure (where the abundance becomes925

approximately well-mixed with altitude) for NH3 from 1 bar down to 3-4 bars, and926

for H2S to 10 bars. For NH3, this is consistent with a lack of microwave signatures of927

the hot spots for p > 10 bar (modelling work by de Pater, Sault, Wong, et al., 2019,928

places the ammonia transition near 8 bars), as described above and shown in Fig. 1.929

A pattern is emerging that suggests that the equatorial Rossby wave may be con-930

fined to p < 5−10 bars, and that it can be considered as a ‘weather-layer’ phenomenon931

primarily affecting ammonia abundances (and possibly H2S), cloud opacities, and lo-932

cal temperatures. This is consistent with the absence of plume/hot spot contrasts in933

the microwave brightness at higher pressures (i.e., no NH3 or H2O contrasts in MWR934

channels 1-3), and the absence of strong contrasts in PH3 derived in the upper tropo-935

sphere. Thus Galileo-probe measurements for higher pressures (where winds became936

stable, ammonia well mixed, but water remained depleted) could be representative of937

the entire NEB for p > 5−10 bar, rather than a consequence of the unusual conditions938

within the hot spot. However, one would still have to explain the apparent depletion939

of H2O across the NEB, which is also the site of localised lightning events (Gierasch et940

al., 2000; Ingersoll et al., 2000). Resolving this conundrum requires numerical simula-941

tions with greater vertical resolution, combined with more comprehensive microwave942

measurements of mature hot spot features. Thermal and compositional profiles pro-943

duced by numerical simulations should be forward-modelled for direct comparison to944

mid-infrared and microwave observations. Finally, we note that none of the features945

observed by MWR in 2017 reached the microwave brightness (and thus NH3 deple-946

tion) that one might expect from the Galileo probe hot spot, and work is ongoing to947

correlate microwave brightness measured by Juno during the remaining years of its948

mission with dynamic phenomena observed in Jupiter’s tropical domain.949

Appendix A TEXES image cube destriping950

The Gemini/TEXES slit is shorter (15”) than is typically used on IRTF, meaning951

that the edge of the slit does not overlap with sky background to allow for removal of952

any temporal variations in the water column (and hence the sky background) between953

each step of the scan. The resulting scans therefore exhibit striping in the direction954

parallel to Jupiter’s rotation axis, with the settings with the worst telluric contamina-955

tion (539, 587, 745 and 1248 cm−1) exhibiting the strongest banding. To correct this,956

the image at each wavelength was transformed into Fourier space, where the frequen-957

cies of the vertical striping could be identified and masked out before transforming958

back into the image domain. The mask is applied as a thin horizontal bar near y = 0,959

preserving all other spatial frequencies and making the assumption that only stripe960

artefacts would be correlated over all y-pixels for a particular location, x. Note that961

this bar could not impinge too closely on the central burst (the lowest spatial frequen-962

cies), as this would start to remove the large-scale structure in the images. For each963

setting, a balance had to be identified between removing the stripes and removing real964

jovian information. The reconstructed images from the masked 2D Fourier spectra are965

prone to errors at the edges of the disc, so spectra at high emission angles are omitted966

from the this analysis.967

Appendix B CIRS Radiometric Reference Model968

In order to find a well-calibrated baseline for the TEXES spectra from the IRTF,969

Fletcher, Greathouse, et al. (2016) retrieved temperatures, aerosols, phosphine, am-970
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monia, acetylene and ethane from Cassini Composite Infrared Spectrometer (CIRS)971

observations of Jupiter in December 2000 - specifically the ATMOS02A 2.5-cm−1 res-972

olution map acquired on December 31st 2000 near closest approach to Jupiter. The973

ammonia profile used as a prior for the CIRS inversions came from previous CIRS stud-974

ies (Fouchet et al., 2004; Achterberg et al., 2006; Fletcher, Orton, Teanby, & Irwin,975

2009), which had, in turn, obtained priors from Voyager (Griffith et al., 1992) and ISO976

(Fouchet et al., 2000) measurements. None of these were able to sample significantly977

below Jupiter’s ∼ 500 − 700-mbar aerosols (expected to be NH3 ice, contaminated by978

chemicals that serve as chromophores). Juno arrived at Jupiter in July 2016 (Bolton979

et al., 2017), and the Microwave Radiometer (MWR, Janssen et al., 2017) permitted980

zonally-averaged NH3 measurements to much higher pressures (Li et al., 2017). The981

microwave-derived NH3 distributions from PJ1 (27 August 2016) (Li et al., 2017) could982

therefore be used to provide updated priors for the CIRS retrieval analysis.983

However, an immediate obstacle was identified, in that the retrievals of Li et al.984

(2017) assumed an adiabatically cooled tropospheric temperature right to the top of985

their domain, rather than a radiatively controlled T (p). This meant that their assumed986

upper-tropospheric temperatures (100-800 mbar) were much cooler than reality. When987

the CIRS spectral range (600-1400 cm−1 for the purposes of this study) was modelled988

using the MWR-derived ammonia, it was clear that the CIRS data (sampling p < 800989

mbar) were not being adequately reproduced. As a compromise, we adopt the deep990

NH3 and T (p) structure from Li et al. (2017) in the p > 800 mbar region, and fit a991

fractional scale height (i.e., the ratio of the ammonia scale height to the atmospheric992

scale height) to reproduce the CIRS spectra. We found no significant differences if we993

used 700, 800, or 1000 mbar as the transition point.994

We conducted four specific experiments - (A) including the MWR NH3 profiles995

for each latitude and not varying them during the fitting of temperature, aerosols,996

phosphine, ethane and acetylene; (B) fixing the deep abundance to a latitudinally-997

uniform 277 ppm everywhere for all p > 800 mbar (an average of the MWR results at998

this altitude) and varying the NH3 scale height (along with the other parameters listed999

above); (C) fixing the deep p > 800 mbar abundance to the latitudinally-varying MWR1000

NH3 abundance at 800 mbar for each latitude, and again varying the NH3 scale height;1001

and (D) allowing both the deep NH3 abundance, and the fractional scale height above1002

the 800-mbar level, to vary during the fitting process. For the latter three tests, the1003

December-2000 CIRS spectra require approximately 10-12 ppm of NH3 at 440 mbar1004

at the equator, compared to 2-5 ppm in the NEB and SEB. This contrast between the1005

equator and neighbouring belts is measured irrespective of whether the deep NH3 at1006

p > 800 mbar is variable, or uniform, or fixed to the MWR profiles (Achterberg et al.,1007

2006; Fletcher, Greathouse, et al., 2016). Conversely, the August-2016 NH3 profiles1008

of Li et al. (2017) have only ∼ 3 ppm at the equator at 440 mbar, and ∼ 1.5 − 2.01009

ppm in the belts, meaning that they did not provide sufficient absorption to reproduce1010

the CIRS spectra. We noted a moderate improvement to the fitting quality in the1011

NEB when we assumed a latitudinally-uniform p > 800 mbar abundance (test B), as1012

opposed to taking the exact values from Li et al. (2017) (test C). This is because the1013

800-mbar NH3 abundances from MWR range from ∼ 300 ppm at the equator to ∼ 301014

ppm in the NEB, a factor-of-ten depletion. Although not strictly ruled out by the1015

CIRS spectra, this low NEB abundance produced a poorer fit to the NEB than when1016

we assumed 277 ppm at p > 800 mbar. We caution that we cannot rule out a real1017

temporal change in the NEB NH3 content between December 2000 and August 2016.1018

Test D then ignored the MWR abundances entirely, and varied NH3 both above1019

and below the 800-mbar level. Once again, this produced the 2-12 ppm range of1020

abundances at 440 mbar where CIRS sensitivity peaks. However, CIRS prefers the1021

deep p > 800-mbar volume mixing ratio to vary from 350-400 ppm in the EZ, to 150-1022

200 ppm in the NEB and 250-300 ppm in the SEB. This appears to be systematically1023
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higher than the values of Li et al. (2017). Of the four tests above, test D provided the1024

best fits to the CIRS spectra at all latitudes.1025

Given the caveats above about the assumed temperatures in the MWR inversions,1026

the new zonally-averaged CIRS reference model uses a latitudinally-uniform average1027

of the MWR-derived deep NH3 as a prior for p > 800 mbar, but then allows NH3 to1028

vary both above and below this level to fit the spectra. This is a minor update over1029

that from Fletcher, Greathouse, et al. (2016), and still produces upper-tropospheric1030

NH3 abundances (at the 440-mbar level) of 2-12 ppm, depending on the latitude. The1031

equatorial enrichment is evident, alongside the asymmetric depletion of the NEB and1032

SEB. This new reference model is used to correct the radiometric calibration of TEXES1033

in the main article.1034

Appendix C Stratospheric Results1035

The TEXES equatorial inversions in Fig. 9 and 10 also provide information on1036

the stratospheric temperatures and hydrocarbons. Stratospheric temperatures near1037

1 mbar show an asymmetry between warm southern mid-latitudes and cool northern1038

mid-latitudes, as expected from the bright but variable band of methane emission at1039

1248 cm−1 between 10−20◦S (i.e., above the SEB) in Fig. 8. The equator is cooler than1040

the northern and southern bands, indicating the present phase of Jupiter’s equatorial1041

stratospheric oscillation in March 2017 (Leovy et al., 1991) and consistent with IRTF1042

mapping during the same period (Melin et al., 2018). Stratospheric hydrocarbons1043

ethane and acetylene show variability with longitude and a north-south asymmetry.1044

Both species show a local maximum at the equator that was hard to distinguish in1045

previous IRTF observations (e.g., see Fig. 18 of Fletcher, Greathouse, et al., 2016),1046

and may be indicative of local stratospheric circulation cells associated with the QQO.1047

A further maximum is present over the NTB (21 − 28◦N), previously seen in the1048

acetylene distribution by Melin et al. (2018) and suggestive of strong vertical mixing1049

and/or heating at that latitude.1050

Appendix D Windshear and Vorticity1051

The presence of highly variable plumes and hot spots is responsible for the vari-1052

ability in the microwave brightness in the 5 − 10◦N region in Fig. 1, and the thermal1053

infrared variability in the same region in Fig. 9. Identifying a true zonally-averaged1054

temperature or abundance in the presence of these NEBs features is rather challeng-1055

ing. In our Supplemental Material we provide estimates, for each of the seven TEXES1056

groups, of the thermal lapse rate, heat capacity, equilibrium para-H2 fraction, at-1057

mospheric density, scale height, Brunt Väisälä buoyancy frequency (a measure of the1058

stratification), vertical windshear and thermal wind (i.e., integrating the thermal wind1059

equation in altitude). These 2D profiles (latitude, altitude) are available to those wish-1060

ing to test their numerical simulations of the jovian tropics.1061

The temperatures and winds derived from the seven TEXES groups show signif-1062

icant longitudinal variability, particularly in the 0 − 10◦N range where the hot spots1063

and plumes are located. Fig. D1 compares the temperature inversions from the indi-1064

vidual groups to the mean T (p, θ) (where θ is the latitude). Temperature differences1065

are smallest in the troposphere (∆T < 4 K), but grow larger in the stratosphere1066

(∆T ∼ 10 K in some extreme cases). This is echoed in the buoyancy frequencies (N)1067

shown in Fig. D2, where uncertainties are increased by taking the gradient of the ver-1068

tical temperature profiles. Regions where N becomes imaginary (i.e., N2 < 0) indicate1069

statically unstable locations, whereas regions where N2 > 0 are statically stable. The1070

TEXES inversions suggest that this occurs for pressures exceeding 400-500 mbar at all1071

latitudes, which is near to the location of the radiative-convective boundary.1072
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Figure D1. Difference between the meridional temperatures in each of the seven TEXES

groups (Table 2) and the mean temperature (top left), showing the extent of the longitudinal

variability. The contours go between ±10 K in 1-K steps.
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Figure D2. Difference between the Brunt Väisälä buoyancy frequency derived in each of the

seven TEXES groups (Table 2) and the mean buoyancy frequency (top left), showing the extent

of the longitudinal variability. The contours go between ±2.5 × 10−3 s−1 in steps of ±0.25 × 10−3

s−1.
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Vertical windshears (derived from meridional temperature gradients) are inte-1073

grated with altitude to indirectly estimate the thermal winds in Fig. D3. Given that1074

the temperature profiles lack information content in the 20 < p < 80 mbar range, there1075

is a considerable uncertainty in the stratospheric winds (see Fletcher, Greathouse, et1076

al., 2016, for a full discussion). Indeed, the derived winds are extremely sensitive to1077

the meridional temperature differences shown in Fig. D1, meaning that estimates of1078

winds can vary by up to 20-30 m/s in the troposphere and 100-200 m/s in the strato-1079

sphere, depending on the TEXES group chosen. Longitudinal temperature contrasts1080

can therefore have a significant effect on the integrated wind field, such that winds1081

derived in this manner should be treated with considerable caution.1082

Finally, the curvature of the derived winds with latitude and altitude are used to1083

estimate the meridional gradient of the quasi-geostrophic potential vorticity (known1084

as ‘effective beta,’ or βe, Andrews et al., 1987), which is a powerful diagnostic tool for1085

atmospheric dynamics (please refer to Section 5 of Fletcher, Irwin, et al., 2016, for a1086

detailed description of the equations used in this calculation). Large values of βe are1087

associated with the prograde jets acting as barriers to meridional mixing, and reversals1088

in the sign of βe are associated with the occurrence of atmospheric instabilities (Read1089

et al., 2006). However, given the large differences in the thermal winds from longitude1090

to longitude (Fig. D3), the βe estimates provided in our Supplemental Materials are1091

similarly variable and are only really meaningful as either a zonal average, or associated1092

with an individual discrete feature. These derived products for each TEXES group1093

(winds and their vertical/horizontal derivatives) represent the limit of what can be1094

diagnosed from ground-based facilities.1095

Appendix E Additional TEXES Hot Spots and Plumes1096

In this appendix we provide retrieved maps of dark formations and plumes at1097

locations that were not covered by Juno’s perijoves in 2017 (groups 1, 2 and 5 in Table1098

2, shown in Figs. E1, E2 and E3). Groups 2 and 5 confirm the spatial variability1099

in temperature/NH3 between and within the individual hot spots that have been1100

described in the main text. The hot spot DF6 in group 1 (Fig. E1, on 12 March1101

2017) shows some intriguing structure from east to west: the 5-µm brightness extends1102

from 197◦W to 207◦W, and is coincident with a local minimum in the cloud opacity1103

at ∼ 800 mbar derived from the 8.6-µm observation. This is also the location of the1104

dark formation observed in visible light. However, the physical temperature maximum1105

at 600 mbar, as well as the region of strongest NH3 depletion, are further to the west,1106

located near 203−211◦W. Given that all of the TEXES observations were taken within1107

70 minutes (Table 2), this appears to be a real feature of the data.1108

It is possible that the eastern-most edge of the hot spot DF6 (Fig. E1) is obscured1109

by a notable region of enhanced NH3 gas between 190− 200◦W. Indeed, if the Galileo1110

Probe had encountered a region like this, it would have potentially detected enriched1111

ammonia compared to the surrounding NEB, and we would expect this region to1112

appear dark in the microwave observations (which was not the case by July 2017). This1113

does suggest that the hot spot is spatially inhomogeneous along its ∼ 10◦ longitude1114

extent, and that the composition depends on where in the hot spot the observations1115

are sounding. DF7 is also bright at 5 µm, aerosol depleted, and shows subtle warming1116

and NH3 depletion compared to the surroundings. But plume PL3, which is enriched1117

in aerosols and dark at 5 µm, does not show particularly strong NH3 enrichment.1118

Interestingly, PH3 is enhanced in a localised feature near 215◦W, 7◦N, co-located1119

with the highest aerosol opacity at 800 mbar - this is at the eastern edge of the dark1120

plume PL6 at 5 µm, and might correspond to a source region for the aerosols that1121

then spread westward. However, apart from the enhancement in the EZ and general1122

depletion over the NEB, PH3 shows poor correlation with the discrete features observed1123
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Figure D3. Difference between the thermal wind derived in each of the seven TEXES groups

(Table 2) and the mean thermal wind (top left). Uncertainties on the temperature gradients in

Fig. D1 cause large uncertainties in the integration of the thermal wind equation, meaning that

the contours in this figure go between ±200 m/s in steps of 20 m/s.
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at other wavelengths, and certainly does not show the depletion in the hot spots and1124

enrichments in the plumes that we might have expected.1125

The hot spots and plumes in Fig. E1 are revealed to be complicated objects1126

- spatially inhomogeneous in temperature and ammonia from east to west, rather1127

than being uniformly depleted in ammonia (even though aerosol depletion/enrichment1128

seems to span the whole hot spot/plume feature, respectively). This again points to1129

the need for MWR scans with broader longitudinal coverage to capture the full extent1130

of a dark formation, and may explain why some MWR scans (which covered dark1131

formations) did not necessarily show high brightness temperatures.1132
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Figure E1. Retrieved upper-tropospheric properties from TEXES group 1, 12 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from 20 hours earlier (T. Kumamori,

11 March 2017 at 15:15UT, adjusted in longitude to co-align the NEBs features). We label the

TWO dark formations (DF6 and 7) and a plume (PL6). Black vertical lines on the legend for

each figure show the formal retrieval uncertainty. The System-I longitude range (L1) is added to

the 4.7-µ map as a guide.
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Figure E2. Retrieved upper-tropospheric properties from TEXES group 2, 12 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from A. Soares taken 18 hours later

(14 March 2017 04:42UT, adjusted in longitude to co-align the NEBs features). We label the

two dark formations (DF7 and 8) and a plume (PL7). Black vertical lines on the legend for each

figure show the formal retrieval uncertainty. The System-I longitude range (L1) is added to the

4.7-µ map as a guide.
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Figure E3. Retrieved upper-tropospheric properties from TEXES group 5, 13 March 2017.

Temperatures at 100, 300, and 600 mbar are shown on the left, compared to the brightness at 4.7

µm (bottom left), which has been stretched logarithmically to reveal fainter features. Retrieved

aerosol opacity (cumulative optical depth to the 1-bar level) and ammonia and phosphine mole

fractions are shown on the right, with a visible-light image from A. Garbelini Jr taken 30 hours

earlier (12 March 2017 06:16UT, adjusted in longitude to co-align the NEBs features). We label

the two dark formations (DF12 and 1) and a plume (PL12). Black vertical lines on the legend for

each figure show the formal retrieval uncertainty. The System-I longitude range (L1) is added to

the 4.7-µ map as a guide.
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