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Abstract

We obtained the first maps of Jupiter at 1-3 mm wavelength with the Atacama Large Millimeter/Submillimeter
Array (ALMA) on 2017 January 3-5, just days after an energetic eruption at 16°5S jovigraphic latitude had been
reported by the amateur community, and about two to three months after the detection of similarly energetic
eruptions in the northern hemisphere, at 22°2-2320N. Our observations, probing below the ammonia cloud deck,
show that the erupting plumes in the South Equatorial Belt bring up ammonia gas from the deep atmosphere. While
models of plume eruptions that are triggered at the water condensation level explain data taken at uv—visible and
mid-infrared wavelengths, our ALMA observations provide a crucial, hitherto missing, link in the moist convection
theory by showing that ammonia gas from the deep atmosphere is indeed brought up in these plumes.
Contemporaneous Hubble Space Telescope data show that the plumes reach altitudes as high as the tropopause.
We suggest that the plumes at 2272-23°0N also rise up well above the ammonia cloud deck and that descending
air may dry the neighboring belts even more than in quiescent times, which would explain our observations in the
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1. Introduction

Numerous ground-based and space-borne telescopes have
monitored Jupiter closely during the past few years, being
motivated to provide support to NASA’s Juno mission, in
particular during close encounters of the spacecraft with
Jupiter, referred to as Perijoves (PJs). Although Juno data are
not included in this paper, the observations discussed were
similarly motivated. They were carried out in early 2017
January, near Juno’s originally planned PJ8 (which was 2017
January 11). Contributing uniquely to this campaign, observa-
tions were obtained with the Atacama Large Millimeter/
Submillimeter Array (ALMA). This is the first time that ALMA
observed Jupiter’s atmosphere at 1.3 and 3mm (233 and
97 GHz), probing 40-50 km below the visible ammonia-ice
cloud (down to 3—4 bar). Data at these wavelengths comple-
ment the Very Large Array (VLA) Jupiter maps of 2013-2014
in the centimeter wavelength range (de Pater et al. 2016, 2019;
henceforth dP16 and dP19, respectively).

Fortuitously, the timing of the ALMA observations was just
a few days after amateur astronomer Phil Miles announced the
onset of an “outbreak” in Jupiter’s South Equatorial Belt (SEB;
7°-20°S"?): a small bright white plume at 16°5S that signified

3 All latitudes are referred to as planetographic latitudes.

planets and satellites: atmospheres — radiative transfer — radio continuum:

the start of a large-scale disruption in the SEB (Figure 1). The
last full fade and revival cycle of the SEB took place in
2009-2011 (Fletcher et al. 2011, 2017a), where the word
“fading” is used when the SEB loses its brown color and turns
white (like a lighter-colored axisymmetric band, referred to as a
“zone”). Although the present outbreak was not preceded by a
period of fading, there are many similarities between this
outbreak and the revival cycle following the 2009-2011 fade,
as shown in this paper. While outbreaks in the SEB occur at
irregular intervals of a few years, periods between faded states
can be over three decades long (Rogers 1995; Fletcher 2017).

Meanwhile, in the northern hemisphere, three months prior
to our observations, four extremely bright white plumes had
been discovered at 2292-23°0N, i.e., just south of the North
Temperate Belt (NTB; 24°-31°N). Over the next few months,
this led to a planetary-scale disturbance in the NTB, resulting in
a uniform orange belt by the end of 2016 November, at
latitudes spanning 22°8-26°7N (Sdnchez-Lavega et al. 2017).
Such NTB outbreaks occur on timescales =5 yr.

Radio observations at millimeter to centimeter wavelengths
are unique because they probe below the visible cloud deck
(dP19). Therefore, our ALMA data give a unique perspective
on the SEB outbreak and the aftermath of the NTB revival
because these are the only data that let us trace these events
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Figure 1. Images in visible light spanning the origin of the SEB outbreak. A pre-outbreak image on 2016 December 28, discovery image on 2016 December 29, and
subsequent images on 2016 December 31 and 2017 January 8, 10 and 17. The source of the outbreak remains fixed near 208° System II, and the disturbance
propagates to the east, as shown by the sequence of images. (Courtesy of S. Yockey, Ohio, USA; Phil Miles, Australia).

below the ammonia cloud deck. In the case of the NTB, our
data were acquired after the entire belt had “revived,” but in
case of the SEB, the data were taken during the period when
plume eruptions were in progress.

We present the observations in Section 2, the results in
Section 3 with models in Section 4, concluding with a
discussion and a possible explanation in the context of moist
convection theory in Section 5. A brief summary is provided in
Section 6.

2. Observations

Jupiter was observed with ALMA on 2017 January 3-5,
when the array was composed of 40 antennas, and placed in a
relatively compact configuration (C40-2). Observations were
obtained in Band 3 (3 mm, 90-105 GHz) and Band 6 (1.3 mm,
223-243 GHz). The observations are summarized in Table 1.

Quasi-simultaneous observations were obtained at several
other telescopes on January 10-14. Specifically, observations at
a spatial resolution 3.5—4 times higher than that of the 1.3 mm
ALMA data were obtained with the VLA in the X band
(~3.5 cm, 8-12 GHz); although the spatial resolution in these
maps is exquisite, the large-scale structure is poorly mapped.
We used the Hubble Space Telescope (HST) WFC2/UVIS
camera at multiple wavelengths to map the visible cloud
structure, including bright plumes. With the Gemini telescope,
we imaged the planet at a wavelength of 5 um using the NIRI
instrument, while we simultaneously obtained 5 pym spectro-
scopic data with the Keck telescope using the NIRSPEC
spectrometer, both probing down to 7-8 bar in cloud-free
regions. To diagnose thermal effects of the SEB outbreak on
the upper troposphere and stratosphere, we used mid-infrared
detectors on the Very Large Telescope (VLT), VISIR, and
Subaru telescope, COMICS. Table 2 provides a summary of all
observations taken in addition to the ALMA data. In the
following subsections, we describe each of the observations in
more detail.

2.1. ALMA

We obtained five to six observations (or “‘executions”) with
ALMA (program 2016.1.00701.S) on each of the first two days
(2017 January 3 and 4), interleaving Band 3 (3 mm, 90-105 GHz)
and Band 6 (1.3 mm, 223-243 GHz); one additional observation
was taken on January 5. Because Jupiter is large, roughly 35”
across during the observing period, we used the mosaicking
method to map the entire planet. A total of five pointings were
used in Band 3, and 17 in Band 6, so that the majority of time was

spent in Band 6. In each setup, we had four spectral windows,
each 2 GHz wide.

The basic data received from an interferometer array, such as
the VLA or ALMA, are (complex) visibilities, formed by
correlating signals from the array’s elements. These are
measured in the u—v plane, where the coordinates u and v
describe the separation, or baseline, between two antennas (i.e.,
an interferometer) in wavelength, as projected on the sky in the
direction of the source. We refer the reader to de Pater et al.
(2019) for a summary of this technique.

The initial flagging and calibration were done using the
ALMA pipeline in the Common Astronomy Software Applica-
tions package, CASA. Unfortunately, the absolute flux density
of Jupiter in the various observations was obtained using
different flux calibrators, which resulted in slightly different
flux scales between executions. For all observations
J1256-0547 was used as phase calibrator. We modified the
flux densities so that all scans were referenced to Callisto, for
which we used the internal model in CASA."'* We modified the
phases of Jupiter to take out its motion across the sky. The
MIRIAD software package (Sault et al. 1995) was used to
create maps of the planet.'> ALMA’s primary beam was
assumed to be a Gaussian with FWHM 1.13\/D radians
(A = wavelength; D = diameter ALMA dish, which we
assumed to be 12m). The procedures to produce longitude-
smeared and longitude-resolved maps were then similar to
those used in earlier VLA observations, including self-
calibration (Sault et al. 2004; dP16, dP19). However, the
techniques were generalized to account for beam effects and
mosaicking. Due to the excellent u—v coverage in ALMA data
compared to the VLA, the maps are essentially devoid of
instrumental artifacts.

As in the previous papers, in order to best assess small
variations on Jupiter’s disk, a limb-darkened disk was
subtracted from the u—v data with a brightness temperature
and limb-darkening parameter that produced a best fit (by eye)
to the data (i.e., “best fit” means parameters such that there is
no planet after imaging the residual u—v data). Limb-darkening
was modeled by multiplying the brightness temperature at disk
center, 7,’, by (cos 6)?, with 0 the emission angle on the disk
(i.e., the angle between the surface normal vector and the line-
of-sight vector to Earth) and ¢ a constant that provides a best fit
to the data. Although more complex limb-darkening models

14 https: //science.nrao.edu /facilities /alma/aboutALMA / Technology /
ALMA_Memo_Series/alma594 /memo594.pdf

15 The CASA software package at the time did not produce reliable mosaicked
images; this has been remedied in CASA 5.4.0 (NAASC_117).
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Table 1
ALMA Observations

Date (UT) ALMA Array Band  Frequency v  Wavelength A # Pointings  # Scans A R (equ) R (pol) Obs-lat Obs-long
year/month/day:hrrm—hr:m  Configuration Range (GHz)  Center (mm) (au) (@) @) ©) CML Range (°)
2017 Jan 3:07:20-12:50 C40-2 3 89.5-105.5 3.1 5 6 5510  17.890 16.729 —3.21 275-115
2017 Jan 4:08:56-12:49 C40-2 3 89.5-105.5 3.1 5 5 5.493 17.945 16.781 —3.22 124-265
2017 Jan 5:08:24-08:26 C40-2 3 89.5-105.5 3.1 5 1 5477  17.998 16.830 —3.23 254

2017 Jan 3:07:51-13:43 C40-2 6 223-243 13 17 6 5510  17.890 16.729 —3.21 294-148
2017 Jan 4:09:11-14:24 C40-2 6 223-243 1.3 17 6 5.493 17.945 16.781 —3.22 133-323
2017 Jan 5:08:40-09:03 C40-2 6 223-243 1.3 17 1 5477  17.998 16.830 —3.23 265-279

Note. A = geocentric distance, R = radius (equator and polar), Obs-lat and Obs-long are the observer’s (or sub)latitude and (sub)longitude.

could be used instead of our simple algorithm, our main goal is
to subtract the large bright smoothly varying structure that is
Jupiter’s disk, so we can produce reliable maps of the residuals.
The subtracted disk is added back before we model the data
with radiative transfer calculations (see also dP19).

Disks which provided a best fit to the Band 3 (7, = 131 K
with ¢ = 0.10) and Band 6 (7, = 115 K with ¢ = 0.08) data
revealed brightness temperatures that were only of order 60%—
70% of what we expected. Although our data lacked short
spacings, (in Cycle 4 it was not possible to simultaneously use
the Atacama Compact Array (ACA) and the 12 m array), this
was not the reason for the low observed brightness tempera-
tures. These appear to be caused by errors in the ALMA
observations and pipeline reduction software. Based on an
ALMA memo on calibration,16 we conclude that the system
temperature, Tsys, is usually determined on blank sky. This is
reasonable for a source that does not contribute significantly to
Tsys. However, this approach is not appropriate for very bright
sources. For example, for ALMA observations of the Sun, Tsys
is determined on the disk of the Sun.'” A similar approach
should be used when observing the bright planets as well.

In order to remedy this shortcoming, we assumed disk-
averaged brightness temperatures based on the best model fits
to dP19’s disk-averaged brightness temperature spectrum
(Figure 4 in dP19, with the Karim et al. 2018 model) and
scaled the data accordingly. The values used are listed in
Table 3, T,(adopt). We then calculated the brightness
temperature at disk center, 7j(cent), which would provide
T,(adopt) when using the limb-darkening parameter g, and after
subtracting the cosmic microwave background (7,,,) to mimic
the observations. After putting the originally subtracted disk
back, we multiplied the maps by Tj(cent)/T,’” and added Temp
to match the observations as closely as possible to Jupi-
ter’s disk.

2.2. VLA

Jupiter was observed with the VLA (program 16B-048) on
2016 December 11 and 2017 January 11. Observations were
obtained in the X band (8—10 GHz in 2016; 8-12 GHz in 2017),
while the VLA was in its most extended (A) configuration. The
VLA data were processed using the standard pipeline; the data
were averaged in time (10 s) and in frequency (eight channels),
and remaining noisy baselines were removed manually. The
data set was reduced using the full 2 or 4 GHz bandwidth, and

16 hitp: //library.nrao.edu/public/memos /alma/main/memo318.pdf

'7 hitps:/ /almascience.nrao.edu /alma-data /science-verification /sunspot-

calibration

additionally, the data were split spectrally into 1 GHz wide sets
and each set was self-calibrated once on a limb-darkened model
with brightness temperature and limb-darkening coefficient
obtained from dP16. After subtracting the aforementioned
model, longitude-resolved images were formed using the
MIRIAD software package (Sault et al. 2004; dP16; dP19).
Details on the observations are provided in Tables 2 and 3.

2.3. HST

Images in the UV /visible /near-IR range were taken on 2016
December 11 (program GO-14661) and 2017 January 11
(program GO-14839 ) with the UVIS detector of the WFC3
instrument aboard the HST (Dressel 2019, see their Table 6.2
for filter properties). Raw data are available from the Hubble
MAST archive, and processed data are available from https://
archive.stsci.edu/prepds/wfcj.

Corrections were applied for fringing at long wavelengths
(Wong 2011), and cosmic-ray hits were removed based on their
sharpness (van Dokkum 2001). The images were navigated by
aligning the data to a synthetic limb-darkened disk, as
described in Lii et al. (2010).

24. VLT

Thermal-infrared observations in eight narrowband filters
between 7 and 20 ym were acquired by the VISIR instrument,
with a ninth band covering the 5 um window (Lagage et al.
2004) on the VLT on 2016 December 15-17 (program 098.C—
0681(C)) and on 2017 January 10-11 (program 098.C-0681
(D)), continuing the sequence of Juno-supporting observations
that had started in 2016 February (described in Fletcher et al.
2017b). The eight filters are selected to provide constraints on
upper tropospheric (8—600 mbar) and stratospheric (10-20 mbar)
temperatures, along with distributions of 500 mbar aerosols and
ammonia gas. Although these observations were not global in
extent, they were designed to capture two separate hemispheres
on two separate nights. VLT’s 8 m primary mirror provided
diffraction-limited spatial resolutions of 0725-0”8. Standard
image reduction procedures were used (Fletcher et al. 2009),
including despiking and destriping to remove detector artifacts,
limb fitting to assign geometric information to each pixel,
cylindrical reprojection, and absolute radiometric calibration via
comparison to Cassini Composite Infrared Spectrometer (CIRS)
observations.

2.5. Subaru

Images of Jupiter at 7-20 um were acquired using the
COMICS instrument at the Subaru telescope between 2017


https://archive.stsci.edu/prepds/wfcj
https://archive.stsci.edu/prepds/wfcj
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Table 2

Observations in Addition to ALMA
Date (UT) Telescope Wavelength A R (equ) Obs-lat Comments
year/month/day Center (au) ™ ©)
2016 Dec 17 VLT 4.9-19.5 pm 5.77 171 —3.08 VISIR
2017 Jan 10 VLT 4.9-19.5 pm 545 18”1 —-3.27 VISIR
2017 Jan 11 HST 400-900 nm 5.38 18.3 —3.28
2016 Dec 11 HST 400-900 nm 5.86 16.8 -3.02
2017 Jan 11 Gemini 5 pm 5.38 18.3 —3.28 NIRI, Lucky Imaging
2017 Jan 11-12 Keck 5 pm 5.38-5.36 18.3-18.4 —-3.28 NIRSPEC, Spectroscopy
2017 Jan 11-14 Subaru 8.7, 10.3 ym 5.38-5.33 18.3-18.5 —3.28 to —3.29 COMICS
2017 Jan 11 VLA 3cm 5.38 18.3 -3.28 VLA A configuration
2016 Dec 11 VLA 3cm 5.86 16.8 -3.02 VLA A configuration
2013 Dec 23 VLA 3cm 4.24 233 1.85 VLA B configuration; dP16, dP19

Note. A = geocentric distance, R = radius (equator and polar), and Obs-lat is the observer’s (or sub-)latitude.

January 11 and 14 (Kataza et al. 2000). Subaru’s 8 m primary
aperture provides a similar spatial resolution as the VLT at the
same wavelengths. A 2 x 1 dithering of the COMICS field of
view (~45" x 32") was performed in order to map the entire
Jovian disk (~37") while avoiding detector artifacts at the
edges of the field. The reduction of images was performed
using the same procedures as described above for the VLT/
VISIR data. Images recorded over the four consecutive nights
were stitched together to produce an image over 360° in
longitude.

2.6. Gemini

Thermal-infrared images were taken with the NIRI instru-
ment at Gemini North Observatory in the 5 um wavelength
range (Hodapp et al. 2003). We use the M’ filter, with a central
wavelength of 4.68 um, and the f/32 camera with its 2274
square field of view. Data were acquired on 2017 January 11
(program GN-2016B-FT-18) and are available from the Gemini
archive at https://archive.gemini.edu/.

Images were mapped into the latitude/longitude coordinate
space by aligning the data with a synthetic wireframe disk, and
stacked in the latitude/longitude coordinate space to avoid
errors that would be introduced by coadding images of a
rotating planet. A “lucky imaging” approach was used, taking
many 0.3s exposures and coadding only the sharpest
individual frames. The full data reduction pipeline is described
by M. H. Wong et al. (2019, in preparation).

2.7. Keck

We obtained 5 pm spectra of Jupiter using NIRSPEC, which
is an echelle spectrograph on the Keck II telescope, with three
orders dispersed onto a 1024 x 1024 InSb array (McLean et al.
1998). A 074 x 24" slit was aligned north—south on Jupiter at
two longitudes east of the SEB source outbreak, resulting in
spectra with a resolving power of 20,000. The spectra were
obtained on 2017 January 11 (program 2016B_NO45NS). The
geocentric Doppler shift at this longitude was —31.5 kms™ .
The water vapor abundance above Maunakea was 2.5
precipitable mm along the line of sight to Jupiter, or 1.7
precipitable mm in a vertical column. This was derived from
fitting telluric lines in both stellar and Jupiter spectra.

3. Results
3.1. Longitude-smeared ALMA Maps

Figure 2 shows longitude-smeared maps of Jupiter (panel B),
averaged over the entire Band 3 (3 mm) and (separately) Band
6 (1.3 mm). Similar to the longitude-smeared VLA maps taken
in 2013 December (top image), we see numerous bright and
dark bands across Jupiter’s disk, in particular at 1.3 mm where
the spatial resolution in the north—south direction is similar to
that of the 2013 VLA data (Table 3). The radio-hot belt at
8°5—11°N latitude, near the interface between the North
Equatorial Belt (NEB; 7°-17°N) and the equatorial zone
(EZ; 7°S-7°N) is prominent, as well as the minimum in brightness
temperature (7},) near a latitude of 4°N, i.e., in the EZ.

We reprojected each 2 GHz wide spectral window map on a
longitude/latitude grid, and constructed north-south scans
through each of the maps, which are shown in panel A of
Figure 2, together with a VLA scan from 2013 at 2.6cm
(dP19), which probes similar depths to the ALMA scans (see
below). The background level curves upwards at higher
latitudes, because the poles are less limb-darkened than east—
west scans along the planet, as shown before from VLA maps
(de Pater 1986; dP19) and Cassini radiometer data (Moeckel
et al. 2019). The topmost green curve is the wind profile as
measured from the HST data (2017 January 11), using the
methodology of Asay-Davis et al. (2011) and Tollefson et al.
(2017). A strip through the HST map (Section 3.2) is shown at
the top of the figure.

Ammonia gas is the dominant source of opacity over the
entire millimeter to centimeter wavelength range, so our maps
can be used to derive the three-dimensional distribution of this
gas (as in dP16, dP19). Because the 1-3 mm and 2.5-3 cm
spectral ranges are on opposite sides of the NH; absorption
band and have a similar absorption strength, the two
wavelength ranges probe the same depths in Jupiter’s
atmosphere (~0.5—4 bar) as shown by disk-averaged spectra
(Figure 4 in dP19) and the weighting functions (Figure 3).
Despite the 3 yr separation between the 2013 VLA and ALMA
data, the similarity between the VLA 2.6cm and ALMA
1.3 mm scans (at a similar spatial resolution) is striking. The
contrast between the minimum (EZ) and maximum (radio-hot
belt; i.e., NEBs) brightness temperatures in the ALMA maps
varies from 22 to 27 K from 3 mm down to 1.3 mm (Figure 2),
which is the same as measured with the VLA at 2.5-3cm
(Figure 7 in dP19). In addition, the zone-belt structure in the
southern hemisphere shows an excellent match between the
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THE ASTRONOMICAL JOURNAL, 158:139 (17pp), 2019 October de Pater et al.

Table 3
Details on the ALMA and VLA Longitude-smeared Maps
Date (UT) Band A v Bandw. HPBW HPBW HPBW HPBW PA HPBW HPBW Ty(adopt)  Ty(cent) q Temb
year/month/day—day (mm) (GHz) (GHz) Major (") Minor () Major (km) Minor (km) ©) NS (") NS (km) (K) (K) (K)
2017 Jan 3-5 3 3.1 97.3 8 1.98 1.26 7925 5027 66.5 1.32 5266 178.54 183.2 0.10 1.02
2017 Jan 3-5 3 3.32 90.5 2 2.46 1.50 9830 5994 60.6 1.64 6553 177.6 182.5 0.10 1.11
2017 Jan 3-5 3 3.24 924 2 2.41 1.48 9631 5915 60.7 1.61 6435 177.9 182.8 0.10 1.08
2017 Jan 3-5 3 293 102.5 2 2.19 1.34 8752 5355 60.5 1.46 5835 179.1 185.6 0.10 097
2017 Jan 3-5 3 2.87 104.5 2 2.16 1.31 8632 5235 60.4 1.44 5755 179.2 185.9 0.10 095
2017 Jan 3-5 6 1.29 2328 8 0.84 0.51 3357 2038 66.5 0.54 2158 178.8 184.4 0.08 0.19
2017 Jan 3-5 6 134 2240 2 0.98 0.56 3916 2238 67.7 0.59 2358 178.7 184.4 0.08 021
2017 Jan 3-5 6 133 226.0 2 0.97 0.55 3876 2198 67.4 0.58 2318 178.7 184.4 0.08 021
2017 Jan 3-5 6 1.25  240.0 2 0.92 0.52 3677 2078 68.0 0.55 2198 178.6 184.4 0.08 0.17
2017 Jan 3-5 6 123 2420 2 0.91 0.53 3636 2118 66.6 0.55 2197 178.5 184.3 0.08 0.17
2013 Dec 23* X 26 11.5 1 0.8 0.8 2480 2480 — 0.8 2480 172.6 177.1 0.16 246

Notes. HPBW: full beamwidth at half power in arcseconds and in kilometers on Jupiter, as used in the longitude-smeared maps. All values have been normalized to
the first scan in the observations (see times on 2017 January 3 in Table 1), a geocentric distance of 5.51 au. The position angle (PA) is given for the long (major) axis,
counted clockwise from north. The subscripts NS indicate the beam size in the north—south direction, relative to Jupiter. This is the resolution for the scans in Figure 2.
One degree in latitude /longitude corresponds to ~1200 km at disk center. 7}, (adopted) is the disk-averaged brightness temperature that was adopted for modeling
purposes (see the text). T(center) is the brightness temperature at disk center that would correspond to 7, (adopted) for a limb-darkening parameter ¢ as indicated and
taking into account the CMB, Tp.

? VLA observations from dP19; parameters for one of their 1 GHz maps are indicated.

2013 VLA and ALMA scans. This shows that, averaged over are larger dark and somewhat oval-shaped regions; these are
longitude, the southern hemisphere has remained the same over the plumes of ammonia gas that were most striking in VLA
a 3 yr period (2013 December-2017 January). data at ~6 cm wavelength (dP16) but were visible at all radio

The situation is different in the northern hemisphere. Near wavelengths observed (1-13cm; dP19), as well as in the
17°~18°N latitude, there is a “ledge” (i.e., a plateau with an thermal infrared as indicated in Figure 5, in particular near
abrupt dropoff) in the ALMA profile that is missing in the 2013 10 pm (Fletcher et al. 2016). The Great Red Spot (GRS) in the
VLA data. Moreover, the ALMA data show a clear minimum ALMA map is a well-defined structure surrounded by a bright
in T, at ~23° in the North Tropical Zone (NTrZ; 17°-24°N), ring and a turbulent wake to the west. Oval BA is not visible,
just south of the prominent eastward jet; such a clear minimum likely due to the absence of the—apparently transient—bright
is not seen in the 2013 VLA data. In the visible, the NTrZ is ring around the feature and westward wake, which made it
usually white, indicative of upwelling gases. At present, as visible in the 2013-2014 VLA data (dP16, dP19). A small
shown in the HST strip above the scans, the NTrZ is highly cyclonic vortex that is bright at radio wavelengths and at 5 ym
disturbed (and in part colored orange). A comparison between (see Figure 6) can be discerned to the west of Oval BA,
the ALMA scans and the HST strip further shows that subtle indicative of NHj-dry air and a clearing of aerosols. The
variations in 7, match variations in color in the HST data, anticyclonic vortices at 40°S are characterized in the radio and
which implies that changes in the visible are related to mid-infrared by a darker center surrounded by brighter areas.
latitudinal variations in the ammonia abundance below the The dynamics of these small vortices as seen at 5 yum was
cloud deck. This is also interesting, because it is well known discussed by de Pater et al. (2010, 2011). The HST and mid-
that colors of Jupiter’s bands change temporally (e.g., fading of infrared data were taken ~1 week after the ALMA observa-
the SEB, expansions of the NEB, and the color change in the tions. The colored line on the HST panel traces Jupiter’s wind
NTtZ in Figure 2(A)), while the wind profile (at the NH; cloud profile, and hence aids both in identifying how much features
deck) is very stable (except for changes in the absolute velocity have moved and in distinguishing latitudes of cyclonic from
of the 24° eastward jet) (e.g., Rogers 1995; Asay-Davis et al. anticyclonic wind shear.

2011; Tollefson et al. 2017).
4. Radiative Transfer Models

3.2. Longitude-resolved Maps at Radio, Visible, and Mid- In the following, we discuss radiative transfer (RT) model

infrared Wavelengths results of our different observations. We start with general
model results for the ALMA data, including the SEB outbreak,
and then present more specific calculations at visible and 5 ym
wavelengths with regard to the SEB outbreak.

A plethora of structure is seen in the ALMA disk-resolved
maps, as shown most clearly in the 1.3 mm maps, Figure 4(A).
Bright areas indicate a higher brightness temperature, assumed

to be caused by a lower NH; abundance (as in dP19, assumin . .

the temperaturye profile follows an adiabat), and dark area% #.1. RT Modeling of the ALMA Longitude-smeared Maps
indicate a lower brightness temperature, caused by a higher We model our data with the RT code Radio-BEAR (Radio-
opacity in the atmosphere. The radio-hot belt at 875-11°N BErkeley Atmospheric Radiative transfer),'® described in detail
latitude (NEBs) contains prominent hot spots with small well- in de Pater et al. (2005, 2014, 2019). As in dP19, in our
defined dark regions interspersed. The dark regions are small nominal atmosphere, assumed to be in thermochemical
plumes of NHj; gas, which are likely associated with the small equilibrium, the abundances of CH,, H,O, and Ar in the deep
bright clouds in the HST map (green arrows, #O0, in

Figure 4(B)) at similar latitudes (~12°N). Just to the south '8 https://github.com/david-deboer /radiobear


https://github.com/david-deboer/radiobear
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Figure 2. (A) North—south scans through longitude-smeared ALMA and VLA maps. The scans were created by median averaging over 60° of longitude, centered on
the central meridian of each map, after reprojection on a longitude /latitude grid. Because a limb-darkened disk had been subtracted from the data, the background
level of each scan is centered near 0 K, as for the 224 GHz scan. The scans are offset for clarity by 10 K each, while each set is separated by 20 K. The spatial
resolution of the 3 mm maps is about 2.5 times lower than at 1.3 mm and the VLA maps, which lowers the feature contrast. The vertical dashed lines (at, e.g., the EZ,
SEB, NEB, and NTB) help guide the eye to line up features. The green line at the top is the (eastward) wind profile as measured from the HST data; the scale is given
on the right side. At the top, we show a slice through the HST image from Figure 4. (B) Longitude-smeared ALMA maps of Jupiter’s thermal emission at 1.3 and
3 mm (averaged over the entire Bands 6 and 3, respectively), and a VLA 3 cm map from dP19, after subtraction of a limb-darkened disk.

atmosphere are enhanced by a factor of 4 over the solar values,
and NH3 and H,S are enhanced by a factor of 3.2, and the
temperature—pressure (TP) profile follows an adiabat (typically
wet in zones, dry in belts), constrained to be 165 K at the 1 bar
level to match the Voyager radio occultation profile (Lindal
1992). At pressures <0.7bar, the TP profile follows that
determined from mid-infrared (Cassini/CIRS) observations
(Fletcher et al. 2009).

As discussed in dP19, variations in the observed brightness
temperature can in principle be caused by variations in opacity
or by spatial variations in the physical temperature. They show
that variations in opacity are much more likely than changes in
temperature, and therefore, like in dP19, we attribute all
changes to variations in opacity. The latter authors also
investigated the effect on the brightness temperature due to
changes in the TP profile at and above the ammonia cloud
deck, as sensed at mid-infrared wavelengths. After changing
the TP profile at each latitude to that observed by Cassini/
CIRS (Fletcher et al. 2016), only small changes (varying from
zero to perhaps up to maximal 5 K in brightness temperature at
some latitudes) were seen near the center of the ammonia
absorption band, between 18 and 26 GHz (~1.3 cm). At deeper
levels below the NHj cloud, an equatorial thermal wind
analysis constrained by the Galileo Probe vertical wind shear
(Atkinson et al. 1998; Marcus et al. 2019) suggested that there
may be horizontal temperature variations of <3 K between the
equator and 7.5N. Our analysis of ALMA data did not consider
small horizontal temperature differences of this magnitude,
particularly as vertical wind shear cannot be measured in the
region of the SEB outbreak.

To examine the three-dimensional distribution of ammonia
gas, or more specifically to identify changes in this distribution
since 2013 December, we compare in Figure 7 the brightness

temperature of the 1-3 mm ALMA data with best-fit models to
the 2013-2014 VLA data (from dP19). We stress here that no
new models were produced; the existing models were merely
extended into the millimeter-wavelength range. Hence, as
in dP19, we ignored opacity by clouds. The latter authors
justified this assumption based upon disk-averaged spectra at
millimeter to centimeter wavelengths. They argued that if cloud
opacity were important, the brightness temperatures at milli-
meter wavelengths should be affected much more than in the
centimeter range, because the mass absorption coefficient is
inversely proportional to wavelength for particles that are small
compared to the wavelength (Gibson et al. 2005).

Figure 7 shows the zonal-mean brightness temperature
spectra of the ALMA data together with the corresponding
2013-2014 VLA data, superposed on the models that gave a
best fit to the 2013-2014 VLA data at the different latitudes.
For comparison, we show in all plots the best fits to the EZ
(cyan) and NEB (radio-hot belt; blue), while the best-fit VLA
models are shown in red. The 3 mm data, with a 2.5-3 times
lower spatial resolution, show lower limits to brightness
temperatures where maxima in 7;, are measured and upper
limits where T, minima are recorded. As shown, the ALMA
data show a near-perfect match to the red curves, except
perhaps at the highest latitudes. The brightness temperatures at
these high latitudes might be slightly too high, due to the bowl-
like structure under the planet as introduced by missing short
spacings (e.g., de Pater et al. 2001; dP19).

We note that particularly in the EZ (4°N), NTrZ (23°N), and
at latitudes 30°—40°N and S, the ALMA data match the VLA
models perfectly, which would corroborate dP19’s assumption
that clouds do not affect Jupiter’s brightness temperature at
millimeter to centimeter wavelengths. To check this statement,
we performed several RT calculations. These show that in the
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Figure 3. The temperature profile (dotted line; wet adiabat) and weighting
functions for our nominal atmosphere in thermochemical equilibrium, under
nadir viewing conditions. In our nominal atmosphere, the abundances of CHy,
H,O, and Ar in the deep atmosphere are enhanced by a factor of 4 over the
solar values, and NH; and H,S are enhanced by a factor of 3.2 each. On the
right-hand side, we indicate the various cloud layers expected to form in
thermochemical equilibrium. The weighting functions move down in the
atmosphere if there is less NH; gas, such as in the NEB.

NH;-rich EZ, contribution functions peak at such high altitudes
that clouds do not affect the modeled brightness temperature at
millimeter wavelengths. In the NEB, millimeter-wavelength
observations can penetrate to the level of the NH4,SH cloud. We
tested one case with high NH,SH mass loading (~1.6 gcm >
between 2.4 and 0.9 bar. The water cloud has no effect at
millimeter wavelengths). Although NH4SH cloud opacity
lowered brightness temperatures by a few degrees at millimeter
wavelengths,'” an extremely strong updraft (length scale
~30 km; see Wong et al. 2015) would be required to generate
this much cloud mass. The low NH; abundance in the NEB,
down to over the 20 bar level (dP16; dP19; Li et al. 2017), is
suggestive of subsiding rather than rising air, which makes the
presence of such a thick NH4SH cloud layer quite unlikely. We
therefore interpret deviations in the ALMA data compared to
the model spectrum in terms of variations in the NH;3
abundance and ignore potential effects of cloud opacity.

At latitudes 5°-13°S, the ALMA brightness temperatures are
just below the model spectra so there may have been slightly
more NHj gas below the cloud layers in 2017 January than in
2013-2014. At 12°N, the ALMA brightness temperature is a
tad too cold, and at 18°N and 26°N, it is slightly warmer, i.e.,
there seems to be less NH; gas at 18°N and 26°N in 2017 than
in 2013-2014. This would explain the observation that the
minimum in 7}, at 23°N appears to be more pronounced in the
ALMA data then in the 2013 VLA data (Figure 2(A)), because

19 As pointed out by de Pater & Mitchell (1993), not much is known about the
complex index of refraction (m) of the cloud layers. In our calculations, we
used m = 1.7 — 0.005; for NH,SH. de Pater & Mitchell (1993) show results
for m = 1.7 — 0.05;.
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the NHj; at latitudes north and south of 23°N have changed,
while the NH; abundance stayed constant at 23°N.

4.2. RT Modeling of the ALMA Longitude-resolved Maps

Figure 8 compares several resolved features in the ALMA
data to models that best fit the 2013-2014 VLA data
(from dP19) for the same type of features; as for Figure 7,
these models were obtained with our RT code Radio-BEAR.
The red curves show the best-fit models to the VLA data, and
the cyan and blue curves show the best fits to the longitude-
smeared EZ and NEB, respectively. In order to properly
compare the ALMA data to the models, however, we need to
take into account the spatial resolution of the data. For the VLA
2-4 cm data, this varied roughly from 1000 x 1000 to
2000 x 2000 kmz, while the resolution of the 1.3 mm ALMA
data is ~2000 x 4000 km?, and for the 3mm data it is
2.5 times lower still (~5000 x 8600 km?; Table 4). As shown,
the model for the center part of the GRS, which is quite
extended, fits the ALMA data very well, and the ALMA
1.3 mm data for the bright ring on the south side of the GRS
also agree well with the model. As expected, the brightness
temperatures of the latter at 3 mm, like at 0.9 cm (30-35 GHz),
are too cold compared to the models because the ring is not
resolved in these observations. Similarly, the hot spots indicate
too low a T}, at both 1.3 and 3 mm, and too high a 7}, for the
plumes. We also indicate the 7; for the source of the SEB
outbreak and the disturbance to the east of the outbreak, referred
to as the East Disturbance (ED). Because these features are small
in angular extent, the measured brightness temperatures should
be considered upper limits. We also indicate the values from the
2017 January VLA data (discussed further in Section 5.2), which
are well aligned with the values for the little plumes as measured
in the 2013-2014 VLA data. The red curve on this graph is not a
best fit; instead, it is a model where the NH; abundance was
assumed to be 300 ppm at pressures P < 8 bar.

4.3. SEB Outbreak in HST Data

We chose the brightest spot at visible wavelengths as the
location of the outbreak (see Figure 4). The outbreak spectrum
was constructed by taking the I/F value at the said location in
each filter. Background spectra represent the average value of
three different locations close to the outbreak. These spectra
were fit using our in-house RT code SUNBEAR (Spectra from
Ultraviolet to Near-infrared with the BErkeley Atmospheric
Retrieval; Luszcz-Cook et al. 2016), a Python program based
on the pydisort module’® (Addmkovics et al. 2016). SUN-
BEAR has been used to model Uranus at IR wavelengths
(de Kleer et al. 2015) and Neptune at UV, visible, and IR
wavelengths (Luszcz-Cook et al. 2016; Molter et al. 2019).
SUNBEAR takes as inputs the temperature—pressure profile,
atmospheric composition as a function of depth, a model of the
aerosols, and the gas opacities as a function of temperature and
pressure. These inputs are used to construct a model
atmosphere, which is fed into pydisort to solve the RT
equation. Further details on the code can be found in Appendix
A of Luszcz-Cook et al. (2016).

Both the background and outbreak models consist of a
variable number of haze layers, an NHs-ice cloud, and an
NH,4SH cloud. The scattering properties of all haze layers were

20 https: //github.com/adamkovics/atmosphere /blob /master/atmosphere /1t /
pydisort.py


https://github.com/adamkovics/atmosphere/blob/master/atmosphere/rt/pydisort.py
https://github.com/adamkovics/atmosphere/blob/master/atmosphere/rt/pydisort.py
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Figure 4. (a) ALMA map at 1.3 mm, constructed from data taken 2017 January 3-5. (b) HST map from 2017 January 11, with the zonal wind profile superimposed.
(c) ALMA map at 3 mm, constructed from data taken 2017 January 3-5. Various features are indicated, such as the iconic GRS and Oval BA. Features 1-6, indicated by
different colored arrows with numbers, are indicated in the key. Because features move at different speeds across Jupiter’s disk, and the ALMA and HST observations were
taken on different days, we indicate on the HST panel how features at different latitudes (colored dots) have moved since the ALMA data were taken.

8



THE ASTRONOMICAL JOURNAL, 158:139 (17pp), 2019 October

Subaru 2017/01/4 1-‘

7.80 um'§

Planetographic Latitude

270 225 180

45 0 315
System IlI Longitude

i 150 155
Brightness Temperature (K)

Subaru 2017/01/11-14
8.70um

Planetographic Latitude

270 225 180

45 315
System Il Longitude

144 148 152
Brightness Temperature (K)

Subaru 2017/01/11-140}
10.30 um

Planetographic Latitude

270 225 180

45 0 315
System IIl Longitude

132 140

i 136
Brightness Temperature (K)

Planetographic Latitude

135 90

Planetographic Latitude Planetographic Latitude

Planetographic Latitude

45 0 315
System Ill Longitude

de Pater et al.

Subaru 2017/01/1 1,—14‘
- i

65 um |

135 90 270 225 180

45 0 315
System lil Longitude

17 120 129 132

123 126
Brightness Temperature (K)

315

135 90 45 0 270

System IIl Longitude

120 123

126 129
Brightness Temperature (K)

—— B

270

135 90 45 0 315 225 180

System III Longitude

124 126 132 134

128 130
Brightness Temperature (K)

Subaru 2017/01/41-14
24.50 um

270 225 180

118 120 122

124 126
Brightness Temperature (K)

128 130 132

Figure 5. Subaru/COMICS maps at wavelengths of 7.8-24 ;um. Several features are indicated on the 8.70 ym map, with the same key as in Figure 4.

Gemini NIRI 4.7 ym
201 11
:26 UT

[o)]
o

14:1

w
o

4

4 4
SN ||
SEB outbreak

Planetographic Latitude (deg)
o

240

60 30 360 330 300 270

Longitude (deg)

Figure 6. A 4.7 um map of Jupiter constructed from images taken by Gemini/
NIRI on 2017 January 11. The NIRSPEC slit positions are projected onto the
map; the data at the two telescopes were taken simultaneously. We analyze the
ground tracks denoted 59 and 65 in Section 4.4. The numbers with arrows refer
to the same key as in Figure 4.

derived from Mie theory, with just the particle size and
imaginary refractive index as variable inputs. The fraction of
particles with radius R, given a peak particle size r,, is given by

=6R

R6e p
r=00_.6,55"
do—g e

p(R) = ey

The real part of the refractive index was set to that of ammonia
ice, i.e., 1.4. The clouds were modeled as perfect reflectors with
the Henyey—Greenstein asymmetry parameter g = — 0.3. The
NHj3-ice cloud was placed at 0.7 bar and given an opacity of 10,
while the NH4SH-ice cloud was placed at 2.5 bar and given an
opacity of 30. We added four haze layers above the clouds. The
topmost haze layer extended from 1 to 100 mbar, the second
from 100 to 200 mbar, the third from 200 to 650 mbar, and the
fourth from 650 mbar to 700 mbar. We adapted the opacities
and particle radii of these haze layers to fit the spectra.

To fit the background spectra, we used an imaginary refractive
index similar to that used for the NEB in Figure 7 of Irwin et al.
(2018). The peak particle radii for the haze layers, which we will
refer to as hazes 1-4, with 1 being the uppermost and 4 being the
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Figure 7. Longitude-averaged brightness temperatures 7}, (black dots) from the VLA 2013-2014 data (3-37 GHz, 10-0.8 cm) and the ALMA data (90-242 GHz;
3-1.3 mm) with the best-fit model spectra as derived from the VLA data (dP19: red lines) superposed at several different latitudes. The data at ~30-100 GHz
(1-0.3 cm; open circles) have a roughly three to four times lower spatial resolution than at other frequencies. The cyan and blue curves on all panels show the models
with the parameters (NH; profiles) that gave best fits to the 20132014 VLA EZ and NEB data. (The red curve coincides with the cyan one at 4.0N and with the blue
one at 12.0N latitude). The spread between data points is a good estimate for uncertainties in the data.

lowermost, are r; = 0.1 pm, r, = 0.3 um, r3 = 0.8 um, and
r4 = 1.0 um, The cumulative opacities for each layer are 7| =
0.1, 5 =0.1,73=18, and 7y = 3.7.

To match the outbreak spectrum, we used an imaginary
refractive index that is 4 x 107> in the UV, 7.5 x 10~ * in the
visible, and 2 x 10 in the IR. Using the same haze labeling
as the background model, the peak particle radii are r; =
0.1 ym, r, = 0.8 um, r3 = 0.3 pm, and r4 = 0.8 pum. The
cumulative opacities are 7; = 0.1, 7, = 0.2, 73 = 0.62, and 74
= 0.85. The results of the radiative transfer modeling of these
atmospheres are shown in Figure 9.

We find that the haze above the SEB outbreak has twice the
cumulative opacity of the background model at high altitudes
(100-200 mbar), but barely a quarter of the cumulative opacity
between 200 and 700 mbar. The outbreak plume also has
different scattering properties from the background atmos-
phere. The imaginary refractive index is higher for the
outbreak, indicating that the hazes are more prone to absorbing
light at these wavelengths than the background atmosphere.
Finally, we see variations in peak particle radius for each layer
that suggests larger particles are being transported to the
tropopause from deeper down in the atmosphere, while
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Figure 8. Spectra are shown for various features: hot spots, large plumes, the GRS (center and ring south of the GRS), little plumes, and the SEB outbreak, with
superposed models that gave best fits to the VLA data of the hot spots, large plumes, and the GRS (red curves). The ammonia abundances for all models were shown
in dP19. The cyan and blue curves on all panels show the models with the parameters (NH; profiles) that gave best fits to the 2013-2014 VLA EZ and NEB data, as in
Figure 7. The red curve for the SEB Outbreak data is one where the NH;3 abundance at P < 8 bar has been replaced by 300 ppm, and following the saturated vapor
curve (with a 1% relative humidity) where appropriate.

Table 4
Details on ALMA and VLA Longitude-resolved Maps

Date (UT) Telescope/Config Band A v Bandw. HPBW? HPBW* PA® Comments
year/month/day—day (mm) (GHz) (GHz) Major (km) Minor (km) ©

2017 Jan 3-5 ALMA /C40-2 3 3.1 97.3 8 8647 4674 52.7

2017 Jan 3-5 ALMA/C40-2 3 3.32 90.5 2 10498 5459 53.8

2017 Jan 3-5 ALMA /C40-2 3 3.24 92.4 2 10272 5354 53.6

2017 Jan 3-5 ALMA /C40-2 3 2.93 102.5 2 9590 4918 54.2

2017 Jan 3-5 ALMA /C40-2 3 2.87 104.5 2 9383 4858 54.1

2017 Jan 3-5 ALMA /C40-2 6 1.29 232.8 8 3441 1972 54.4

2017 Jan 3-5 ALMA/C40-2 6 1.34 224.0 2 3792 2128 55.5

2017 Jan 3-5 ALMA /C40-2 6 1.33 226.0 2 3728 2093 54.3

2017 Jan 3-5 ALMA /C40-2 6 1.25 240.0 2 3513 2009 55.2

2017 Jan 3-5 ALMA /C40-2 6 1.23 242.0 2 3521 2032 51.6

2013 Dec 23 VLA/A X 30 10 4 1625 1315 —85 4 x 1 GHz; see dP19
2017 Jan 11 VLA/A X 32 9.5 3 1014 546 19.5

Notes. One degree in latitude /longitude corresponds to ~1200 km at disk center.

4 HPBW: Full beamwidth at half power in kilometers on Jupiter in longitude-resolved maps, at the center of the map. The position angle (PA) is given for the long
(major) axis, counted clockwise from north. Jupiter is 142,984 x133,708 km across.
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simultaneously removing larger particles from these deeper
hazes.

4.4. Keck 5 pm Spectroscopy of the SEB Outbreak

In Figure 6, we project the ground tracks of the NIRSPEC
slit onto a 4.7 um Gemini/NIRI image of Jupiter taken at the
same time. We analyzed the tracks denoted 59 and 65, the file
numbers of the NIRSPEC spectra. Note that track 59 traverses
the western portion of the ED at 13°S, and track 65 traverses
the source region of the SEB outbreak. Both areas are dark
at this wavelength, due to higher cloud opacity. We analyzed
all three NIRSPEC orders centered on 4.66, 4.97, and 5.32 um.
The 4.66 um spectrum reveals spectrally resolved absorption
features of CH3;D, which were used to derive cloud structure.
Spectra at 4.97 ym show gaseous H,O and NH; absorption
features formed between 4 and 6 bars on Jupiter. The 5.32 um
order samples a strong NH; absorption band permitting retrieval of
the albedo of the upper cloud layer. In the following, we discuss
our model fits to the spectra; the details of our methodology are
described by Bjoraker et al. (2018).

Figure 10(a) shows a portion of the spectrum of the ED at
4.66 pm (2142-2149 cm™'). We compare the observed spec-
trum with a model containing an opaque water cloud at 5 bars,
and an alternate model with no cloud opacity at this level. Both
models included sunlight reflected from an upper cloud at
600 mbar with an albedo of 12%. This albedo was obtained by
fitting the spectrum of the ED in a strong NH; band at 5.32 ym
(not shown), where the radiance from the thermal component
is expected to be zero. The observed CH;D absorption feature
at 2144 cm™' is broader than that in the opaque water cloud
model, while the observed line shape is fit quite well by the
model lacking a water cloud.

Using a cloud model with a reflecting layer at 600 mbars
that is partially transmitting to allow thermal radiation from
the deep atmosphere to emerge, we next investigated the
abundance of gaseous H,O and NHj; by fitting the NIRSPEC
spectrum at 4.97 um (2010-2020 cm ). Because we found no
evidence of a water cloud at 5 bars, we adopted the gaseous
H,O profile as measured in the Galileo Probe entry site (Wong
et al. 2004). We adjusted one parameter, namely the pressure
above which the H,O abundance is equal to zero. The best fit
was for a pressure of 4.5 bars. At deeper levels, we adopted the
Galileo Probe mole fraction of 47 ppm H,O. Once we obtained
a good fit to the wing of the strong H,O absorption line near
2016 cm ™', we iterated on the deep mole fraction of NHj. In
Figure 10(b), we compare the observed spectrum of the ED to
synthetic spectra calculated from models with 200, 300, and
400 ppm NHj3;. The best fit was for 300 ppm NH; for pressures
greater than 1.2 bars.

The spectra for track 65 were essentially the same as for 59,
and hence the same results were obtained; i.e., all our spectra
are well matched with a model with thick clouds at the
~600 mbar level, no cloud near 5 bar, and an NH; abundance of
~300 ppm. However, at this point, we should consider possible
contamination by nearby hot regions, because emissions from
higher-temperature regions would dominate the intensity at this
wavelength (e.g., Wien’s law). Indeed, normalized 5 pm spectra
of nearby hot spots (not shown) are nearly identical to those of
the ED and the source of the SEB outbreak. We can evaluate our
5 pm fluxes by comparing the ratio of the flux at 4.7 ym between
hot spots and the ED in both the Gemini/NIRI images and in
the NIRSPEC spectra. A hot spot at 17° S, 294°W is 12 times
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Figure 9. SUNBEAR RT model fit to the SEB outbreak plume and
background. The outbreak and background data are shown in black and red,
and the respective models are shown in blue and orange. The blue and orange
triangles show the model values expected in the HST filters (i.e., model
convolved with the HST filter shape).

brighter than the ED in the NIRI image. The corresponding ratio
in the 4.7 ym continuum level in the NIRSPEC data is about 6.
The integration time for the NIRSPEC spectrum was 30 s, versus
the much shorter time (0.3s) in the NIRI image. We also
observed some westward motion of the slit by comparing images
taken before and after the spectral integration. Moreover, the
spectra were taken using conventional spectroscopic techniques,
while the NIRI image shows a much higher spatial resolution
(essentially diffraction limited). This affects our interpretation of
both gas abundances (we should consider our values as lower
limits) and the absence of a deep cloud (i.e., there may well be a
deep cloud).

5. Discussion

It has been well established that the belts in Jupiter’s
atmosphere are regions of episodic violent convective erup-
tions, sometimes associated with lightning events (e.g.,
Vasavada & Showman 2005; Brown et al. 2018). The eruptions
show up as bright plumes at visible wavelengths. Such
vigorous eruptions require the existence of a large reservoir
of convective available potential energy (CAPE; Emanuel
1994) that can be released through moist convection. CAPE is
produced by radiative cooling in the upper atmosphere
(P < 1bar) over a radiative timescale (4-5yr on Jupiter;
Conrath et al. 1990). Showman & de Pater (2005) discuss that
in the belts, regions that are dominated by subsiding dry air, the
virtual potential temperature (i.e., the temperature dry air would
have if its pressure and density were equal to that of moist air)
may slightly exceed that of the deep (dry) adiabat with an
interface below the water cloud. This slight jump in potential
temperature (i.e., mainly caused by the change in mean
molecular weight due to condensation of water) forms a stable
layer that inhibits vertical mixing there. Occasionally, plumes
may rise up to the (water) condensation level, where latent heat
produced upon condensation may propel the plumes farther up
along a moist adiabat, thereby reducing CAPE. Due to the
presence of the stable layer below the water condensation level,
CAPE cannot be completely depleted, and an equilibrium is
set up between the rates at which CAPE is produced and
dissipated. This has been modeled numerically by Sugiyama
et al. (2014).
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Figure 10. (a) Spectrum of Jupiter’s ED compared with synthetic spectra generated from models with (black) and without (green) opaque clouds at 5 bars. The best fit
to the CH;D feature is for the model without a cloud at the level where water is expected to condense on Jupiter. (b) Spectrum of the ED compared with synthetic
spectra generated from models with three abundances (200, 300, and 400 ppm) of gaseous NHj. The best-fit model has 300 ppm NH;. All models have an H,O
abundance of 47 ppm for P > 4.5 bars, consistent with that measured in the Galileo Probe entry site, and no opaque cloud at the 5 bar level.

5.1. Moist Convection in the NTB, and the NEB Expansion

In 2016 October, four superbright plumes were spotted on
the south side of the NTB, moving with the fast 24°N eastward
jet. These plumes signified the onset of a large disturbance, or
reorganization, of the NTB, as recorded subsequently by the
amateur-astronomy community, leading ultimately to the
orange-colored band seen in the HST map (Figure 4(B); see
Sanchez-Lavega et al. 2017 for a full description and numerical
simulation of events). Such disturbances have been recorded in
the NTB roughly every 5 yr (Rogers 1995; Fletcher 2017), i.e.,
consistent with the buildup of CAPE. To this date, we have no
observations that trace the plumes down to below the cloud
layers, however.

As mentioned in Section 4.1, the NH; abundance had not
changed in the NTrZ between 2013 December and 2017
January, but it had slightly decreased at 185N (the ledge in the
NEB) and in the NTB. It may be possible that the superbright
plumes were rising up so fast that condensation did not start
until well above the ammonia cloud deck. As shown in
Section 4.3, plumes indeed rise up well above the ammonia
cloud layer. With the low temperatures at these high altitudes,
the air would become very dry upon condensation. This very
dry air could descend in the neighboring belt regions (NTB,
NEB-ledge), causing them to be dryer than under normal
circumstances.

Fletcher et al. (2017b) showed that in 2015-2016, the brown
color of the NEB expanded northwards (from 17° to 20°), into
the NTrZ, and warmed the atmosphere at the cloud top as
shown by thermal-infrared data. They suggest that the NEB
expansion may have been initiated around 2014 October, when
bulges of dark colors appeared on the northside of the NEB
(16°-18°N). This expansion only extended halfway around the
planet, and the NEB had returned to its normal state by 2016
June. After the reorganization of the NTB/NTrZ, a second
NEB expansion started in early 2017, which extended all
around the planet within months (Fletcher et al. 2018). At the
time of the 2013 VLA observations, which showed no warm
NEB northern extension (ledge), the NEB/NTrZ was fairly
quiet. In contrast, in 2017 January, ALMA data, which probed
similar pressure levels, did show the ledge during a time that
the NTrZ was highly disturbed and the NEB about to begin an
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expansion. We therefore suggest that the presence of the ledge
is possibly related to these large-scale visible cycles in the
belts. Moreover, similar to the 2017 ALMA data with the
ledge, 1.3 cm VLA maps from 2014 December, when the NEB
was likewise disturbed preceding an expansion, also showed a
broader NEB profile than the 2-4 cm data taken earlier that
year (Figure 6 in dP19), corroborating our hypothesis.

5.2. Moist Convection in the SEB

ALMA observed Jupiter just a few days after an outbreak, or
a bright white plume, was reported in the SEB. The spot
appeared on 2016 December 29 at a jovigraphic latitude of
16°5S and System-II longitude of 208° (equivalent to a
System-IIT longitude of 300°8), coincident with a small white
vortex, likely a cyclonic region given the latitudinal gradient in
wind shear (Figure 1). Over the next few months new white
spots kept appearing within a few degrees of the same System-
IT longitude (i.e., at a fixed position on Jupiter’s disk), while the
spots expanded northward, producing increasingly extended
rifts or disturbances toward the east, i.e., in the prograde
direction propelled along by the winds and strong wind shear at
those latitudes (Mizumoto 2017; Rogers 2018). The event
shows a strong resemblance with the SEB revival in
2010-2011 (Fletcher et al. 2017a), a series of convective
events that followed a period (in 2009-2010) during which the
SEB was in a faded state (Fletcher et al. 2011). Although, as
mentioned in the introduction, this most recent event was not
preceded by an overall fading, the outbreak in both cases was
initiated by a series of convective eruptions at a cyclonic spot.

In contrast to the 2010-2011 SEB revival, the present
outbreak was also observed in the millimeter to centimeter
wavelength range, i.e., including wavelengths that probe below
the cloud layers. Figure 11 shows a compilation of images
featuring the SEB outbreak in 2017 January at different
wavelengths. Figure 12 shows the same region several weeks
earlier, in 2016 December. The pre-outbreak spot is bright in
reflected-light visible and UV HST images, indicative of
aerosols; the south side of the spots is warm, as shown by the
thermal infrared 10.8 and 13 ym VLT images. At 889 nm, in
the methane absorption band, the spot reveals a small dark
center, which implies that aerosols in the upper part of the
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Figure 11. The SEB outbreak as observed at different wavelengths. Each panel is about 80° in longitude and 60° in latitude. The source of the outbreak, as well as the
ED (East Disturbance), is indicated in several panels. The various wavelengths are sensitive to different gases and/or aerosols, and hence probe different depths (and
hence different temperatures). The yellow circles on the Gemini and VLA images indicate the location of the two bright plumes on the HST map.

cyclone must be small (<0.1 m) to be reflective in the UV but
transparent at 889 nm. At 5 and 8.7 um, the area at and around
the spot is dark, indicative of clouds that prevent deeper-seated
emission from leaking through. No disturbance is seen at radio
wavelengths, where the main source of opacity is NH3 gas, and
clouds/hazes are transparent.

The pre-outbreak spot is very similar to the one ~20° to the
west, except that it displays the small clearing at 889 nm—it is
not clear how this difference could predict such a vigorous
eruption a few weeks later.

The source of the SEB outbreak (Figure 11) is dark in the
ALMA map, surrounded by a brighter ring, indicative of NHj3
gas rising up to higher (colder) altitudes, with dry gas subsiding
around the periphery, like the secondary circulation in small
vortices (de Pater et al. 2010). A small brighter lane is visible to
the northeast, connecting to a large dark area, referred to as the
ED. The brightness temperature at 1.3 mm of both the source of
the SEB outbreak and the ED is consistent with a model of NH;
gas rising up from the deep atmosphere (Figure 8).

At mid-IR wavelengths, data taken ~6 days after the ALMA
observations, the SEB outbreak and ED are dark at all
troposphere-sensing wavelengths (8.6-20 pym), indicative of
cold temperatures, enhanced aerosol opacity, or (most likely) a
combination of the two (Figure 11). VLA, HST, and 5 ym
observations were taken one day later. At this time, two
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prominent convective storms are visible on the HST map, with
the ED to the northeast. The location of both plumes is
indicated on the VLA and 5 ym maps (yellow circles in the
dark areas), both indicative of low brightness temperatures. The
ED is also dark on these maps, while bright regions near/
around the plume locations and along the ED periphery imply
aerosol-free dry subsiding air, so deeper warmer layers are
probed. The bright lane at the southwestern edge of the ED in
the 8.6 um image, sensing a combination of temperature and
aerosol opacity at the 500 mbar level, is consistent with this
picture. This lane had moved slightly northwards between
January 10 and 11, as shown in the Gemini image (Figure 11);
on January 10, the 5 um region coincided in position with
the 8.6 um lane (not shown). At higher altitudes sensed by
the 17.6/18.7/19.5 um images, the SEB outbreak and ED are
simply cold and embedded in the warmer SEB; due to the
lower spatial resolution, details of the structure are washed out.
A tail to the southwest of the SEB outbreak is visible in all
images, the direction of which is consistent with the gradient
in the wind profile. Finally, at 7.9 pm, probing the stratosphere,
a wave with a 20°-25° longitudinal spacing might be present
toward the west of the source outbreak. Such a stratospheric
thermal wave was clearly present during the 2010-2011 SEB
revival (Fletcher et al. 2017a).
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images blocks out lo, which was visible (saturated) in a background frame.

From all maps together, we infer that NH; gas is most likely
brought up in the convective plume(s), drying out through
condensation, and descending along the periphery. Model fits
to the plume at the source of the SEB outbreak in the HST data
(Section 4.3) corroborate this picture. The cumulative opacity
in the SEB plume is about twice that of the background at high
altitudes (100-200 mbar), with larger-sized particles, and a
quarter of the cumulative opacity between 0.2 and 0.7 bar
(Figure 9), such as would be expected if particles rise up to
much higher altitudes in the plume region. This suggests that
the plume consists of particles thrown from lower altitudes high
into the atmosphere.

Simultaneously with the Gemini images, we took 5 pum
spectra near the SEB outbreak using NIRSPEC at Keck
(Figure 6). These spectra were taken very close to a bright (hot
spot) area, and we have good reasons to believe the data are
contaminated by flux from these hot regions. Nevertheless, we
can conclude from the in-depth analysis in Section 4.4 that the
spectra are consistent with the ED and plume region having
thick clouds at the 600 mbar level. Although a best fit to the
spectrum suggests no cloud at the 5 bar level, we do not trust
this. The gas composition is similar to that of adjacent hot
spots, with H,O at 47 ppm at P > 4.5 bar (as measured with
the Galileo Probe; Wong et al. 2004), and zero at higher
altitudes. NHj line profiles were best matched using 300 ppm at
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P > 1.2bar. With the likely contamination by hot spots, this
NH; abundance should be taken as a lower limit. Although our
ALMA data agree well with this abundance (Figure 7), due to
ALMA'’s low spatial resolution, this also was taken as a lower
limit to the NH5 abundance.

Fletcher et al. (2017a) compared the convective eruptions
triggering the 2010-2011 SEB revival with mesoscale
convective storms (MCS) seen on Earth, which show intense
precipitation and cold cloud tops (Houze 1993). As discussed
above, the SEB eruptions, like those in the NTB, are probably
moist-convective plumes, rising up from the water condensa-
tion level. While injection of energy warms the atmosphere
relative to its surroundings, resulting in a cyclonic motion, near
the top of the plume, where divergence and cooling take place,
an anticyclonic motion is expected (Emanuel 1994). Because
such a motion is in the opposite sense to that expected from the
wind shear across the SEB, the anticyclones will not persist for
long but break up into eddies. Such a sequence of events,
starting with a moist-convective plume and ending with its
demise while new plumes arise at the same location (same
System-II longitude), was imaged at high spatial resolution by
Voyager 1 in 1979 February, and modeled by Hueso et al.
(2002). The Voyager images closely resemble the present, as
well as previous, SEB outbreaks, including the eruption,
westward tail, and ED. None of the previous observations,



THE ASTRONOMICAL JOURNAL, 158:139 (17pp), 2019 October

however, yields information below the visible ammonia cloud
deck. Our ALMA observations are the first to show that high
concentrations of NH3 gas are brought up in the plume, i.e., the
source of the outbreak, as well as in the disturbance to the east.
The mid-infrared images show that the top of the plumes are
indeed cold, as expected from the models. Hence, our data are
fully consistent with models of moist convection.

6. Summary

This paper focuses on 1.3 and 3 mm maps constructed from
data obtained with ALMA on 2017 January 3-5, just days after
the onset of an outbreak in the SEB, and a few months after a
reorganization of the NTB. These data are the first to
characterize the atmosphere below the cloud layers during/
following such outbreaks. Aided also by observations ranging
from uv to mid-infrared wavelengths, we have shown that the
eruptions are consistent with models where energetic plumes
are triggered via moist convection at the base of the water
cloud. The plumes bring up ammonia gas from the deep
atmosphere to high altitudes, where NH; gas is condensing out
and the subsequent dry air is descending in neighboring
regions. The cloud tops are cold, as shown by mid-infrared
data, indicative of an anticyclonic motion, which causes the
storm to break up, as expected from similarities to MCS on
Earth. The plume particles reach altitudes as high as the
tropopause.

Our research shows the importance of simultaneous multi-
wavelength observations of transient events that sense the
atmosphere from below the cloud layers to above the
tropopause.
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