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Abstract

Thermal-IR imaging from space-borne and ground-based olbgsories
was used to investigate the temperature, composition and r@sol structure
of Jupiter's Great Red Spot (GRS) and its temporal variabilly between
1995-2008. An elliptical warm core, extending over &f longitude and 3 of
latitude, was observed within the cold anticyclonic vortexat 21 S. The warm
airmass is colocated with the deepest red coloration of theRS interior. The
maximum contrast between the core and the coldest regionstbe GRS was
3.0-3.5 K in the north-south direction at 400 mbar atmosphér pressure,
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although the warmer temperatures are present throughout #1150-500 mbar
range. The resulting thermal gradients cause counter-radiag ow in the
GRS center to decay with altitude into the lower stratosphes. The elliptical
warm airmass was too small to be observed in IRTF imaging prido 2006,
but was present throughout the 2006-2008 period in VLT, Sulbaand Gemini
imaging.

Spatially-resolved maps of mid-IR tropospheric aerosol apity revealed
a well-de ned lane of depleted aerosols around the GRS pengry, and a
correlation with visibly-dark Jovian clouds and bright 4.8 m emission. Am-
monia showed a similar but broader ring of depletion enciiolg the GRS.
This narrow lane of subsidence keeps red aerosols physicakparate from
white aerosols external to the GRS. The visibility of the 4.8 m bright pe-
riphery varies with the mid-IR aerosol opacity of the upper itoposphere.
Compositional maps of ammonia, phosphine and parazHvithin the GRS
interior all exhibit north-south asymmetries, with eviderce for higher con-
centrations north of the warm central core and the strongestiepletions in
a symmetric arc near the southern periphery. Small-scale leancements in
temperature, NH; and aerosol opacity associated with localized convection
are observed within the generally-warm and aerosol-free (b Equatorial
Belt (SEB) northwest of the GRS. The extent of 4.8-m emission from the
SEB varied as a part of the 2007 “global upheaval,' though ahges during
this period were restricted to pressures greater than 500 @b Finally, a
region of enhanced temperatures extended southwest of th&®S during the
survey, restricted to the 100-400 mbar range and with no coterpart in vis-
ible imaging or compositional mapping. The warm airmass wgserturbed
by frequent encounters with the cold airmass of Oval BA, but @ internal
thermal or compositional e ects were noted in either vortexduring the close
encounters.
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1. Introduction

Of all the meteorological features in our solar system, Jupr's Great Red
Spot (GRS) is perhaps the best known and most often observedupiter's
largest anticyclonic vortex serves as a paradigm for the sty of the for-
mation and dynamics of large storms on gas giants, and infed imaging
of the storm system and its surrounding atmosphere can yiela wealth of



information about the three dimensional structure and comgsition. This pa-
per uses ground-based thermal-IR imaging and spectroscofoy investigate
two aspects of the GRS and its turbulent environs. Firstly, w search for
evidence of small-scale thermal inhomogeneities withindsurrounding the
vortex, and correlate these with structures observed at visible walengths
to study vertical motions and aerosols associated with the BS. We utilize
the high spatial resolutions o ered by observatories with 8n primary mirrors
(namely the ESO Very Large Telescope, Subaru Telescope andrfini South
Observatory), in some cases equalling and surpassing th&amed spatial res-
olutions provided by Galileo and Cassini. Secondly, we instigate long-term
changes in these properties using thermal-IR imaging acopai between 1995
and 2008 to provide a context for observations from visiting spaceaft.
These investigations were motivated by (a) the disparity heveen the spa-
tial resolutions at visible and thermal-IR wavelengths coipared in previous
studies; and (b) the need to understand long-term variabtl of the thermal
eld to better constrain dynamical modeling of Jovian vortces.

1.1. Great Red Spot from Visible Imaging

Visible imaging and cloud-tracking from spacecraft has sigcantly en-
hanced our understanding of atmospheric motion within the 8S. Approx-
imately 22000 11000 km in size (from 1996 observation¥asavada et al,
199§, the GRS is distinguished from smaller white ovals by its lgh-velocity
annular collar which surrounds a quiescent interior Nlitchell et al., 1981).
Most of the velocity and vorticity of the GRS is located in a thin anticy-
clonic ring at 70-85% of the radius $ada et al, 1996 Simon-Miller et al.,
2002 where circulation takes approximately 5 days. The GRS sitih a
broad axisymmetric region centered at the peak of Jupiter'§astest retro-
grade (westward) jet at 17.5S planetocentric latitude (hereafter all latitudes
are quoted as planetocentric) which is de ected north arouhthe GRS pe-
riphery (Limaye, 1986 Porco et al, 2003. The jet separates the warm, cy-
clonic South Equatorial Belt (SEB) from the cool, anticyclmic South Trop-
ical Zone (STrZ). The SEB is almost entirely "pinched-o ' atits northern
edge by the GRS Rogers 1993, and a great amount of activity and turbu-
lence is apparent to the northwest of the vortex, charactesed by short-lived
bursts of fresh bright clouds plus spectroscopic detectisrof NH; ice and
lightning (indicative of moist convection and rapid updrafs, Baines et al,
2002 Vasavada and Showman2003. A prograde (eastward) jet at 23.8S is
de ected around the southern periphery of the GRS, to the sdl of which
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lies the southern temperate region, consisting of the warmd visibly-dark
South Temperate Belt (STB) and the ephemeral bright South Teperate
Zone (ST2).

1.2. Previous Thermal Characterization of the GRS

In the thermal-IR, low spatial-resolution temperature mag from Voyager
(Infrared Radiometer and Spectrometer, IRISHanel et al, 1977, Galileo
(Photopolarimeter-Radiometer, PPR,Russell et al, 1992 and Cassini (Com-
posite Infrared Spectrometer, CIRSFlasar et al, 2009 identi ed the GRS
as a cold-core feature Hanel et al, 1979 Flasar et al, 1981 Orton et al.,
1996 Sada et al, 1996 Simon-Miller et al., 2002 surrounded by a warm
annulus, consistent with centralised upwelling and subsgthce at the edges
of an anticyclonic vortex. This was consistent with cloudiearing at the
edges inferred from the ring of bright 5-m emission surrounding the vortex
(Terrile et al., 1979, and is associated with a peripheral ring of cyclonic vor-
ticity ( Choi et al.,, 2007. Thermal wind cross sections derived from Voyager
data implied a despinning of the anticyclonic motion with ditude into the
lower stratosphere Flasar et al, 198]). Galileo/PPR measurements, though
limited by Galileo's low telemetry rate and spectral coverge due to prob-
lems associated with the Iter wheel, were used to show the ggsence of a
warm periphery to the south of the GRS within a dark visible mg, and
that the warmest temperatures occurred in visibly-dark reigns of the SEB
(Orton et al., 1996. However, none of these thermal imaging datasets have
been able to provide spatial-resolutions close to visiblégervations for direct
comparison.

Compositional maps derived from thermal-IR spectroscopyalie gener-
ally been consistent with strong upwelling motion over the &S core. Voy-
ager/IRIS rst demonstrated that the GRS exhibits a local mnimum in
para-H,, indicative of vertical advection at rates faster than the quilib-
riation timescale for ortho-para H (Sada et al, 1996 Simon-Miller et al.,
2002. Aerosol opacities derived from 5- and 44m Voyager/IRIS observa-
tions (Sada et al, 1996 showed local maxima over the GRS, but the spatial
distribution of NH3 gas Grith et al. , 1992 Sada et al, 1996 Lara et al.,
1998 Achterberg et al, 2009 is less certain, withGrith et al. (1992 ob-
serving a localized NH depletion above 350 mbar, and others nding a
local maximum over the GRS. Similar uncertainties are founih the spa-
tial distribution of PH 3, with Cassini/CIRS results showing localized en-
hancements [rwin et al., 2009, whereas both Voyager/IRIS spectra in 1981
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(Grith et al. , 1992 and IRTF spectroscopy in 1991 I(ara et al., 1999 in-
dicated no PH; variations across the GRS region. The reproducibility of
the spatial distributions of aerosols and gaseous compaait will be tested
in Section3, and high-resolution maps of temperatures, tropospherieeosol
opacity, ammonia and para-H will be derived from ground-based thermal
imaging.

1.3. Previous Temporal Variability Studies

In Section 4 we investigate the temporal variability of the thermal char
acteristics of the GRS for comparison with visible resultsAlthough ground-
based observations of the GRS at visible wavelengths suggésit the storm
has persisted since at least 183R0gers 1999, temporal variations in the
visible appearance of the GRS and its surroundings have beescorded.
Firstly, it drifts in longitude with respect to a uniformly r otating coordinate
system Rogers 1995 Beebe 1999, accelerated and decelerated by passing
disturbances or changes to the SEB. Secondly, small variaiis in the central
latitude ( 0:5 ) may alter the interaction of the vortex with the surrounding
wind eld ( Rogers 1995. Furthermore, the east-west extent of the vortex
shrunk with time by 8 3 longitude from 1979 to 2000 $imon-Miller et al.,
2002, leading to a 15% reduction in the area enclosed by the higteloc-
ity collar between 1996 and 2006Asay-Davis et al, 2009. Visible imag-
ing demonstrated that central parts of the vortex were chadat in nature
(Mitchell et al., 1981 Sada et al, 1996 Vasavada et al, 1998, with possible
indications of counter-rotating ow (Vasavada et al, 1998 Choi et al., 2007.
Small-scale cyclonic vortices and organised eddy motion negresent during
the Voyager epoch $ada et al, 1996, absent during 1996 Galileo observa-
tions (Vasavada et al, 1999 and possibly present again in 20005imon-Miller et al.,
2009. Small-scale structures and bright convective cloud feates that ap-
pear in the turbulent region northwest of the GRS are transig in nature
(Reuter et al,, 2007 Baines et al, 20079, and the GRS undergoes frequent
close passages, mergers and interactions with smaller stercaught up in
the zonal ow. The thermal e ects of some of these temporal vations
will be investigated in Sectiond. A full review of the dynamics, stability and
behaviour of Jovian vortices can be found iWasavada and Showmai20035.



2. Observations

The study of the GRS and its environs over a long temporal bdsee
requires analysis of thermal imaging data from a wide varigtof sources
(Table 1). Although sophisticated spacecraft (Voyager, Galileo, &sini and
New Horizons) have visited Jupiter during the past severaletades, their
glimpses of the GRS o er only occasional snapshots sparsalgparated in
time. This is particularly true for the temporal and spatial coverage in the
thermal infrared, from which temperature structure and gasous composition
can be determined. The datasets included in this work are dirted in the
following paragraphs, describing incremental increases spatial resolution
(and hence in our understanding of small-scale thermal sttures associated
with the GRS) from NASA/IRTF, Galileo/PPR, Cassini/CIRS an d 8.2-m
ground-based observatories.

2.1. NASA/IRTF Observations

NASA's Infrared Telescope Facility (IRTF) provided suppot for the Galileo,
Cassini and New Horizons observations of Jupiter, acquignmaging in the
near-IR with NSFCAM and NSFCAM2 and in the mid-IR with the MIR LIN
(Ressler et al. 1999 and MIRSI (Deutsch et al, 2003 cameras. Di raction-
limited spatial resolutions with a 3-m telescope of 1230 kniL(0 ), 1970 km
(1.6 ) and 6260 km (5.0) are possible at 4.8, 7.70 and 24.50m, respectively.
Table 1 provides the dates of all of the GRS observations consideradthis
study. MIRSI and MIRLIN mid-IR images were reduced, geomeitally reg-
istered, and radiometrically calibrated following the metods described by
Fletcher et al. (2009h. As pointed out by Fletcher et al. (20091, absolute
calibration via scaling to match the Cassini/CIRS observabns (described
below) provides a self-consistent dataset for comparisonen long baseline.
Although large-scale variations in global brightness wilot be accounted for,
this technique permits the study of thermal variations on sraller scales. NSF-
CAM and NSFCAM2 images were reduced, coadded, geometrigakgistered
and mapped using the same reduction software. The di ractielimited spa-
tial resolution o ered by the 3-m primary mirror is insu cie nt to resolve the
internal details of the GRS, but IRTF observations provide aself-consistent
temporal record of the GRS evolution.

2.2. Galileo/PPR Observations
The Galileo spacecraft spent 8 years in orbit around Jupitefrom De-
cember 1995 until September 2003, carrying with it the Phopmlarimeter-
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Radiometer (PPR) that mapped the Jovian troposphere using ve lters

centred at 16.8, 21.0, 27.5, 35.5 and 45-10én (Russell et al, 1992. How-

ever, spatial coverage was ultimately limited by Galileo'®w telemetry rates,
and spectral coverage was restricted to only one or two chagla by problems
with the lter wheel after the rst orbit. The only published example of GRS
observations from PPR (June 26th 1996) was given i@rton et al. (1996,

which featured a 2800-km spatial resolution (2 ) that far surpassed ground-
based observatories with 3-m primary mirrors at the same walengths. How-
ever, their Fig. 2 showed thermal maps quite unlike those obxsed from the
ground, and a lack of coherent structure within the GRS itsél We present
two further observations on April 4th 1997 and December 29tR000, the lat-
ter being concurrent with the Cassini yby of Jupiter (see b&®w) and having
a higher spatial resolution (as good as 1200 km). Each set dP?R images is
compared to a visible image (described in the caption to Fid) in order to

compare the visible and thermal appearance of the GRS at a slar epoch.

2.3. Cassini/CIRS Observations

Cassini ew by Jupiter in December 2000, enroute to Saturn. &ar clos-
est approach, the Cassini Composite Infrared SpectrometéCIRS, a dual
Fourier transform spectrometer-lasar et al, 2009 was capable of achieving
spatial resolutions of 2-3 latitude in the equatorial region (2500-3700 km)
using 600-1400 cm' spectra with a 2.5 cm? resolution. As described in
Sectionl, CIRS observations of the GRS have been previously analyzbg
Simon-Miller et al. (2002, Irwin et al. (2004 and Achterberg et al. (2009.
However, several improvements have been made to the CIRSiloadtion
method, including the reduction of electrical interferene patterns and spec-
tral ripples from apodization, and the increased number ofep space refer-
ence spectra used to calibrate the data, increasing the sa+to-noise level for
each individual spectrum. We coadd spectra from the ATMOS24nap (De-
cember 31st 2000, Tabl&) in bins 2 latitude and 4 longitude in size (slightly
smaller than the gridding used byAchterberg et al, 2008 Irwin et al., 2004
because of the increased signal to noise in the recalibratéata), stepped to
achieve Nyquist sampling of the dataset. Furthermore, we oy the up-
dated retrieval methods described byletcher et al. (20093 to (a) improve
on the PH; determinations of Irwin et al. (2009, and (b) produce the rst
map of mid-IR aerosol opacity over the GRS from CIRS obsenians.



2.4. Eight-Meter Telescope Facilities

To probe the small-scale structures associated with the GR®e initiated
a campaign of thermal-IR observations of Jupiter between Ap 9th 2006
and September 14th 2008 using Subaru/COMICS (Cooled Mid-I€amera
and Spectrograph on the Subaru telescope of Japalkataza et al., 2000,
VLT/VISIR (mid-IR imager and spectrometer on the ESO Very Lage Tele-
scope,Rio et al., 1998 and Gemini/TReCS (Thermal-Region Camera Spec-
trograph on Gemini-South, De Buizer and Fisher 2009. During this time
span, VISIR observed Jupiter's southern hemisphere on etgbccasions to
capture the evolution of the GRS. COMICS observed the GRS tke times in
2008 (June 24th, September 14th and 15th), and TReCS obseivihe GRS
once on February 12th 2007. Di raction-limited imaging at 82-m telescopes
provided spatial resolutions of 720 km (0., 1600 km (1.3) and 2300 km
(1.8) at 7.70, 17.20 and 24.50 m respectively, surpassing the resolution
of Cassini/CIRS and almost rivaling the highest-resolutio maps from the
Galileo PPR. This dataset has the advantage over Galileo/PR in the wide
spatial and spectral coverage, coupled with the multiple gqortunities o ered
by ground-based observing.

COMICS, VISIR and TReCS data were reduced, geometrically gés-
tered, cylindrically projected and absolutely calibratedusing the techniques
described byFletcher et al. (2009h. In addition, because the diraction-
limited spatial resolution worsens at longer wavelengthghe PIXON im-
age reconstruction technique oPuetter and Yahil (1999 (tested and imple-
mented in Fletcher et al., 2009 was used to deconvolve the point spread
function (PSF) from the data and reduce the random noise on ¢himages.
Images of a star in each Iter were modeled to estimate the PSEarefully
checking each reconstructed target-image for the occur@of artifacts. The
random noise was visibly reduced, allowing tighter constirdts on the re-
trieved temperature and composition in the retrieval procses, described be-
low.

2.5. Atmospheric Retrievals

Fletcher et al. (20091 described the use of an optimal estimation retrieval
algorithm, Nemesis [rwin et al., 2008, to derive Jupiter's atmospheric tem-
perature, aerosol opacity and ammonia gas distribution fro Iltered thermal-
IR imaging between 7 and 25 m. Provided that su cient Q-band observa-
tions (17-25 m) were acquired to constrain the vertical temperature strcr
ture in the 100-600 mbar range, this technique permits the #action of
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the NH3; abundance in the 400-700 mbar range and aerosol haze opasiti
in the 200-500 mbar range from theelative brightness variations in N-band
(7-13 m) ltered imaging. This is the case for Jupiter observatios from
VISIR (six Iters were regularly acquired, 8.59, 10.77, 184, 17.65, 18.72 and
19.50 m) and from COMICS (8.70, 10.30, 17.65, 18.75, 20.50, 24.5@),
but not from TReCS (which has only a single temperature-seitise Iter at
18.3 m). The absence of fulll (p) retrieval capabilities from TReCS would
make compositional retrievals unreliable, so they are notoosidered here.
Furthermore, the presence of the additional Q- Iter on COMCS at 24.5 m
allows us to derive the para-hydrogen fractionf ,(p), by de ning the spec-
tral shape of the continuum associated with the S(0) and S(lItyansitions,
something only previously obtained from Voyager/IRIS $ada et al, 1996
Simon-Miller et al., 20032.

Finally, we include a reanalysis of the Cassini/CIRS ATMOS& from
December 31st 2000. This was motivated by (a) the need to denstrate
consistency between aerosol morphologies retrieved fromil fspectroscopy
and ltered imaging (see Sectior8.4), (b) the application of the simultaneous
retrieval techniques for the phosphine and aerosol distiition described by
(Fletcher et al, 20093; and (c) the recalibration of the CIRS dataset to
improve the noise qualities of individual spectra. The reteved temperature,
aerosol opacity and NH maps will be compared directly to retrievals from
ground-based data (see Sectids). The reference atmospheric structure and
sources of spectral linedata for both CIRS and ground-baseetrievals are
described in full by Fletcher et al. (20093.

3. Results I: The Structure of the Great Red Spot

This section presents high spatial resolution maps of reéwved atmo-
spheric parameters, with the goal of identifying previouglunresolved ther-
mal and compositional variations. The aim is to use such vations as con-
straints on atmospheric motion in the regions within and suounding the
GRS.

3.1. Inhomogeneous Structure within the GRS Core

VISIR imaging in April 2006 (Fig. 1) was the rst to demonstrate the
presence of a coherent warm region centered within the colatyclonic
vortex at 21 S. This inhomogeneity in the core region was warmer than the



surrounding cold vortex in all lters except 8.59 m, implying that the fea-
ture is present over a range of altitudes from 80-600 mbar @hl7.65-m
Iter probes the tropopause temperatures, whereas the 130 m lIter senses
temperature contrasts at depth). The warm region is typicdy located 1-2
south of the geometric centre of the elliptical GRS. The warnGRS center
was identi able on all additional observation dates betwae 2006 and 2008
(VISIR, COMICS and TReCS), though the spatial morphology wa a ected
by variable seeing conditions on the di erent dates. The 8% m lter in Fig.
1, which is the most sensitive to tropospheric aerosol opagitdemonstrates
lower brightness in the core region compared to the other dérs, with an arc
of brighter emission extending from west to east around theore. Based on
the highest-resolution lter (8.59 m), and assuming that the warm temper-
atures at longer wavelengths are co-located precisely witte structures seen
here, we estimate the size of the elliptical warm core to be &ngitude and
3 latitude (approximately 9000 by 3700 km), comprising 18% dhe internal
area of the GRS, as measured from the 8.59n image.

No comparable structures were observed within the GRS at 4.8n (NS-
FCAM2 on April 25th, 16 days later, bottom left of Fig. 1), even when the
Itered images were stretched in contrast. Because darkeegions of 4.8-m
images are interpreted as high aerosol opacity that attentes radiances from
deeper atmospheric levels (2-4 barBlasar et al, 198)), this implies that the
features seen in mid-IR images are located above the main smiof 4.8- m
opacity in the GRS.

The high thermal-IR spatial resolution of the VISIR data pemits direct
comparison with Hubble Advanced Camera for Surveys (ACS) iaging from
15 days later (right-hand panels in Fig.1). Although atmospheric circulation
within the vortex will have redistributed individual cloud tracers between the
thermal and visible observations, a large coherent struate is still visible in
the center of the HST images. This correlation was also pregen 2008
(Fig. 2), when VISIR data on May 18th 2008 was separated from Hub-
ble Wide-Field Planetary Camera 2 (WFPC2) imaging by only tihee days.
Correlation analyses on both dates indicated that the locain of the warm
core corresponded with the lowest re ectivity in short-waelength Iters (this
was evident at 260, 340, 390, 410, 440, and 470 nm) and with thighest
re ectivity at 890 nm. Regions with cooler temperatures, suwounding the
warm core, were slightly less absorbing in the blue, so we ctude that
the warmest locations of the GRS interior correspond with th deepest red
(blue-absorbing) coloration of the GRS clouds. This suggssa dynamical
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or chemical link between the red coloration and the temperate eld. If the
warm temperatures are due to weak atmospheric subsidencehe GRS core,
the deep red clouds could be at higher pressures than the saunding pale
regions. Alternatively, the warm temperatures could altethe chemistry, or
lead to sublimation of material from aerosols, revealing thred coloration.
Dynamical and chemical modeling are required to reveal thaderlying cause
of this correlation between cloud coloration and the tempature eld.

3.2. Absence from Spacecraft Observations

It is reasonable to ask why such a large feature was not obsedvin ther-
mal observations by visiting spacecraft. For Galileo, thessue was spatial
coverage rather than spatial resolution. Fig.3 shows brightness tempera-
tures derived from Galileo/PPR in April 1997 and December 2D, compared
to visible images taken at similar times. The 1997 lIter (3% m) shows no
evidence for coherent internal structures, and an oscillag southern periph-
ery which had no counterpart in visible images. The Decemb&000 data
provided higher spatial resolutions, but the core of the GR®%as barely cov-
ered in the imaging, and showed the usual decrease in temperas towards
the GRS center at 20S. In the case of Cassini, the 3latitudinal extent
of the warm core was similar to the spatial resolution of the BMOS2A
map. Furthermore, the signal-to-noise in individual speca would have been
insu cient to detect the perturbation to the thermal eld. T he thermal
maps and temperature cross-sections in Fig4, updated from the work of
Simon-Miller et al. (2002 to include a full derivation of mid-IR aerosol opac-
ity and composition (see below), do not show any evidence ftlie warm
center, despite the presence of the deep red GRS core in the@uopanying
Cassini/ISS imaging.

3.3. Temperatures and Winds

The presence of the warm core has implications for atmospiemotion
within the GRS interior. Fig. 5 shows an example of the retrieved temper-
ature structure for the rst date in the VISIR observation sequence (April
9th, 2006). The top panels show temperature maps at two di ent pres-
sure levels, the center panels show north-south and eastsiveross sections
through the thermal retrievals, subtracted from the mean teperatures of the
atmosphere surrounding the GRS. Solid lines show temperaéis cooler than
the surroundings, whereas dotted lines show warmer tempéunees. These
plots indicate that the warm core, located at 20S, 242W on this date, is
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present for pressures between 150 and 500 mbar. At lower ma®s, the
GRS center is the coldest region of the vortex. At pressuresegter than
500-600 mbar, the contours begin to level out, but this may siply be a re-
sult of the smoothing assumptions implicit in the retrievalprocess (see, e.g.
Fletcher et al,, 2009h. As the warm central core was identi ed in all of the
VISIR lters, we cannot constrain the maximum depth of the fature with
this dataset. The maximum contrast for the warm core is at apximately
400 mbar, being 1.0-1.5 K warmer than the coldest regions dig GRS in
the east-west direction, and 3.0-3.5 K warmer than the colderegions in the
north-south direction.

Such large contrasts in the thermal eld will have consequees for the
wind eld in the 100-500 mbar region. Visible imaging demomsated that
central parts of the GRS were largely quiescent, with ephemad small-scale
cyclonic vortices, organized eddy motionMitchell et al., 1981 Sada et al,
1996 Vasavada et al, 1998, and indications of counter-rotating ow (Vasavada et al,
1998 Choi et al., 2007). Most of the velocity and vorticity of the GRS
is located in a thin anticyclonic ring at 70-85% of the radiugSada et al,
1996 Simon-Miller et al., 2002. Under the assumptions of hydrostatic and
geostrophic balance, the vertical shear on the tangentialimds and the tem-
perature gradient (measured radially outwards from the ceer of the GRS)
are related by the thermal wind equation (see, e.ddanel et al, 2003. We
take the tangential winds derived from Galileo Solid Statenhager (SSI) data
by Choi et al. (2007, and use them to integrate the thermal wind equation
with altitude to generate the thermal wind cross-sectionsithe bottom pan-
els of Fig. 5. The true altitude of the cloud-tracers for tangential winddeter-
minations remains somewhat unclear. It is commonly assuméaiat tracers
are all located at the same altitude, despite evidence for nable cloud-top
topography from visible studies §ada et al, 1996 Simon-Miller et al., 2002).
We chose to place the wind eld at a reference pressure of 700an (the up-
per limit proposed by the vertical structure analysis offSimon-Miller et al.,
2002, though there is likely to be considerable uncertainty in lis value
across the GRS.

Choi et al. (2007 identi ed peak tangential velocities at 16 and 24 S
in the north-south direction, and separated by 1415 in the longitudinal
direction. Fig. 5 shows that the thermal gradients ensure that these peak
tangential velocities decay with altitude into the lower statosphere. The
latitudinal cross-sections are particularly intriguing,as the temperature gra-
dients imply that the location of these peak tangential veloities varies with
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altitude, moving south with increasing altitude. A similar southward dis-
placement with altitude was observed in the location of theemperature
minimum associated with the GRS core (in both the CIRS thermamaps
presented here and irSimon-Miller et al., 2002.

But the most striking feature of the thermal wind eld is assaiated with
the warm core of the GRS. The tangential velocities in Figs. 4nd 5 of
Choi et al. (2007 indicate that velocities reach zero at 20.55, coincident
with the latitude of the warm core. Furthermore, both their 1996 (G1) and
2000 (G28) Galileo results show evidence for weak countetation (clock-
wise); a cyclonic region within the anticyclonic vortex, etending over 3-4
latitude and 5-7 longitude. The thermal gradient introduced by the warm
core implies that the peaks of the counter-rotation (at appximately 19 and
21 S) will also decay with increasing altitude into the lower statosphere.
The peak thermal winds at 100-200 mbar for the counter-rotaan may be
spurious, as it depends on the precise altitude of the cloudkcers used to
determine the tangential velocities within the GRS core. Ahough six years
separate the VISIR and Galileo/SSI data, the size and locatn of the cy-
clonic region and the warm atmospheric temperatures are irggeement. Un-
fortunately, wind measurements are not currently availal@ in the 2006-2008
timeframe, so we cannot be certain that the counter-rotatig ow or eddy
motion persisted throughout this period.

3.4. Spatial Distribution of Aerosol Opacity

Jovian tropospheric aerosols provide broadband continuuapacity through-
out the thermal-IR (Sada et al, 1996 Conrath et al., 1998 Wong et al., 2004
Matcheva et al, 2009, so that both Cassini/CIRS (Fletcher et al,, 20093
and ground-based thermal imagingKletcher et al., 2009) have been used
to determine the meridional distribution of aerosols. In tis section, we use
the same techniques to retrieve spatially-resolved maps thfe aerosol dis-
tribution in the region surrounding the GRS for comparison vth visible
observations.

Following the approach ofFletcher et al. (20098 we placed a compact
haze layer at 800 mbar with the broad spectroscopic feature§ NH; ice with
10- m particle radii, and varied the optical thickness to optimze the t to
the data. Fig. 4 and Figs. 6-7 show retrieved temperature, aerosol and com-
positional maps from CIRS (December 31st 2000) and eight det between
April 9th 2006 and September 14th 2008 from VISIR and COMICShser-
vations. In the absence of spectroscopically identi able m+-IR features, we
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can make no deduction about the composition of the aeroso$x) the opacity
has been normalized to unity in ground-based retrievals bagse the retrieved
parameter is only a proxy for the true horizontal distribution (Fletcher et al.,
2009h. Furthermore, thermal-IR retrievals in the 7-25 m range cannot reli-
ably distinguish between infrared opacity from the main clod deck (seen at
4.8 m) and the overlying blue-absorbing tropospheric hazeBan eld et al.,
1998 Fletcher et al,, 20093, so the aerosol opacity maps presented here con-
tain no information on the vertical distribution of particulates.

The mid-IR aerosol opacities retrieved from both CIRS spe@ and ground-
based imaging show similar morphologies, despite the sigay interval be-
tween observations. Opacity is highest over the GRS (alsoditated by
Voyager/IRIS retrievals, Sada et al, 1996, which is responsible for the ab-
sence of ne-scale structure in 4.8im images of the GRS interior. However,
the CIRS map (Fig. 4) suggests the GRS aerosols are indistinguishable from
those in the rest of the STrZ to the south, with no detectable bundary be-
tween the two aerosol populations. And yet the two populatios are known
to be physically distinct. The methane-band 890 nm image ini§. 1 shows
that aerosols in the GRS interior reach considerably highaltitudes than
the surrounding clouds. And the Cassini/ISS image in Fig.4 shows that
the STrZ mid-IR aerosol opacity is coincident with an axisymmetric region
of bright white clouds, whereas the GRS aerosols show di ereblue-red ab-
sorption properties, making them appear red. The separatioof these two
aerosol populations only becomes apparent in the VISIR andd@B/ICS high-
resolution retrievals, which resolve a narrow lane of low apity between the
GRS and the STrZ at 23-25S. The low-opacity lane is compared with Hubble
visible images in April 2006 and May 2008 in Fig6, and coincides with a
dark region between the red and white aerosols. Furthermqra similar dark
lane at 25 S running east-west through the white aerosols south of theR®,
as well as the generally darker coloration of the turbulentEB to the north,
have low mid-IR aerosol opacities. Thus the darker clouds insible imaging
are relatively depleted in aerosol opacity at the altitudesounded by mid-IR
Ilters.

This depletion is usually associated with atmospheric suidence, which
would imply 4.8- m bright features due to an absence of attenuating aerosols
(Terrile et al., 1979. This is certainly the case for the ring of peripheral
emission in April 2006 (compare the 4.84m image, visible image and aerosol
retrieval at the top of Fig. 6), suggesting that subsidence at the edge of
the GRS penetrates from the tropopause down to the depth of&. m cloud
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opacity (2-4 bars). Indeed, the low-opacity lane is coincaht with the warm
ring surrounding the GRS, indicative of atmospheric compssion and warm-
ing at the vortex edges consistent with previous studies. Mever, the white
aerosols of the STrZ completely attenuate 4.8m radiance south of the GRS,
and the dark lane through the middle does not have a 4.8m bright coun-
terpart, indicating that it resides above the main source ofl.8- m opacity.
The temporal behavior of the peripheral ring will be discugsl in Section4.3.

In conclusion, thermal-IR aerosol opacity does not distingsh between
red and white aerosols seen in visible imaging, but depletian opacity is
consistent with darker material seen at the GRS edges and ihg¢ SEB. A
narrow lane of low mid-IR opacity, suggestive of strong sulgence, separates
the aerosol populations of the GRS and the STrZ.

3.5. Compositional Variations across the GRS

In addition to aerosols, spatial contrasts in gaseous congition (PH3,
NHs; and para-H,) derived from CIRS and ground-based imaging can be
used to trace vertical motion in the Jovian atmosphere. PHand NH; were
derived from CIRS spectra simultaneously with aerosol opi#¢ for the rst
time (Fig. 4). The entire 600-1400 cm! CIRS spectral range was mod-
eled using the techniques described byletcher et al. (20093, building on
the work of Irwin et al. (2009 and Achterberg et al. (200§. For PH3; we
X the mole fraction below 1 bar to 1.9 ppm (letcher et al, 20093 and
vary only the fractional scale heightf; for NH; we scale the saturated
vapour pressure abundance to determine the mole fraction 860 mbar (the
peak of the weighting function). As ground-based Itered imaging is insen-
sitive to the distribution of PH 3, we scale the NH and aerosol distributions
alone to match the VISIR imaging (Figs. 6-7). Finally, we present the
rst map of the para-H, fraction derived from the ground (Fig. 9, using
COMICS imaging) for comparison with Voyager/IRIS results Sada et al,
1996 Simon-Miller et al., 2002.

3.5.1. Ammonia

The structure of the NH; distribution in both CIRS (Fig. 4) and ground-
based results (Figs.6-7) is complex. Maximum information content arises
fromthe 8-11 m lters, so results are quoted for 550 mbar, at an intermedia-
altitude between the peaks of the functional derivatives. wamonia consis-
tently shows a north-south asymmetry across the GRS, beindegated at
the northern edge and in the vortex core ( 70 ppm) and depleted towards
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the south in the location of the warm periphery ( 30 ppm). Ground-based
maps appear to show that NH is more abundant north of the GRS core,
but the spatial organization is particularly sensitive to @) seeing variations
on di erent dates, and (b) large uncertainties at high emigen angles, when
the GRS was close to the planetary limb. But even though NHretrievals
from ground-based imaging appear variable from day to dayhé large-scale
trends (north-south asymmetry, peripheral depletion) areonsistent between
CIRS and ground-based datasets.

A similar north-south asymmetry was observed using IRTF spéroscopy
(Lara et al., 1999, and the strong depletion of ammonia at the southern
edge of the GRS indicates strong subsidence there. Howevbe depletion is
typically over a wider latitude-range than both the narrow ane of depleted
aerosol opacity discussed above and the narrow ring of 4.8t emission (see
the April 2006 results in Fig. 6, for example), with the NH; depletion extend-
ing well into the STrZ and south temperate belt (STB). The NH abundance
in the GRS interior is not signi cantly enhanced over the suounding SEB
and STrZ, but it is usually separated by a depleted region eircling the GRS,
consistent with the model of strong subsidence at the edgehi§ distribution
is consistent with the Voyager/IRIS determinations reporéd in Fig. 11 of
Sada et al.(1996, but inconsistent with depletion in NH; above 350 mbar
over the GRS Grith et al. , 1992 from the same Voyager dataset.

3.5.2. Phosphine

The new CIRS results for PH con rm previous work by Irwin et al.
(2009, but with abundances which properly account for the distiution
of aerosols. PH is enhanced (fractional scale height  0:40) in the north-
east quadrant of the GRS, coincident with the coldest tempatures, but it
is not equally enhanced everywhere across the vorteix € 0:30 0:35) like
the aerosol opacity. CIRS was the rst instrument to demonstte localized
enhancement over the GRSI(win et al., 2009, as both Voyager/IRIS spec-
train 1981 (Grith et al. , 1992 and IRTF spectroscopy in 1991 I(ara et al.,
199§ indicated no PH; variations across the GRS region. We do not observe
the 30% decrease in PHabundance from 10-355 described bylLara et al.
(1998, but we note that these observations came shortly after thd990
“global-upheaval' in which the SEB faded and later restore(Rogers 1993,
possibly associated with rapid vertical advection of PEHwhich could explain
the di erence between the 1991 and 2000 observations.

In conclusion, for both PH and NHs, the highest concentrations are
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found to the north of the GRS center. It was noted earlier thathe core of
the GRS moves southwards with increasing altitude, so the RHmaximum
could sit over the site of the most vigorous vertical mixingn the atmosphere
beneath the visible cloud decks.

3.5.3. Para-Hydrogen

Subaru/COMICS observed the GRS three times in 2008 (June 24t
September 14th and 15th), the latter two being su ciently similar that only
September 14th is shown at the bottom of Fig.7. The GRS was too close
to the planetary limb in the June 24th dataset, so that tropopheric tem-
peratures were poorly constrained. Fig.9 shows the vertical distribution
of para-hydrogen on September 14th. The parajHraction may be sepa-
rated from temperatures by comparing the relative populatins of the S(0)
and S(1) states (via comparisons of the 24.5m Iter with shorter wave-
lengths). Although Voyager/IRIS rst demonstrated that th e GRS exhibits
a local minimum in para-H (Sada et al, 1996 Simon-Miller et al., 2002,
this is the rst such map from the ground, and it has a signi catly higher
spatial resolution (Fig. 9). Using the derived T(p) structure to calculate
the equilibrium para-H, fraction at every atmospheric level, we calculate
fp  feqm to show that the GRS interior is a region of sub-equilibrium @n-
ditions. This suggests that air parcels within the core aredvected upwards
at a faster rate than ortho-H, can be converted to para-kH, which is fur-
ther evidence for strong convective updrafts in the centerfahe GRS. The
strongest sub-equilibrium conditions are not exactly in tb GRS center, but
in the region away from the warm core, towards the northern e of the
GRS. Conversely, super-equilibrium conditions dominateraund the edge of
the vortex (strongest at the southern edge), con rming thetsong subsidence
responsible for the periphery of warm temperatures and degped ammonia
and aerosols.

3.6. North-South Asymmetry at the GRS Periphery

When we combine the results of the previous sections, eaclhtlué species
(PH3, NH3 and para-H,) shows evidence for upwelling which is strongest
towards the northern edge of the vortex near the SEB, away fno the warm
core region south of the geometric center. Similarly, the singest depletions
(and super-equilibrium para-H conditions) are associated with an arc of
warm air at the southern periphery (left hand column of Figs.6-7), south
of the peripheral prograde jet at 23.8 S bordering the STrZ. And nally,
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the ring of 4.8- m emission shown in Figs6-7 is consistently darker at the
southern edge than the northern edge, indicating greater tainuation of deep
radiance in the south by a thicker aerosol layer.

Furthemore, the peak temperature of the southern arc is 8- warmer
than that of the cold core of the GRS, and 2-3 K warmer than the arthern
edge at 240 mbar. This thermal asymmetry between north and sth was
rst noted in Galileo/PPR data ( Orton et al., 1999, but is clearly evident in
the April 1997 Galileo data (Fig. 3) and in the temperature retrievals from
Cassini (Fig. 4). Fig. 5 shows that the location of the warm arc (and hence
the peak thermal winds associated with the prograde velo@s at 23.8S)
moves southward with increasing altitude, to 27-2& at 100 mbar. Thus the
location of the cold airmass de ning the interior of the GRS raves further
south with increasing altitude above the cloud tops.

3.6.1. The Tilt of the GRS

The arc of warmer temperatures, super-equilbrium para-Hconditions,
depleted NH; and lane of low mid-IR aerosol opacity all suggest stronget-a
mospheric subsidence at the GRS periphery in the south than the north.
These compositional asymmetries may be related to a propdsdilt' in the
GRS structure from north to south, suggested by previous ahbrs using
visible data. For example,Sada et al. (1996 suggested that the southern
portion of the GRS collar owed deeper in the atmosphere thathe north-
ern section to explain di erences between Voyager 1 and 2 wirmeasure-
ments; Simon-Miller et al. (200 determined cloud heights to be at deeper
pressures over the southern portion of the vortex; and shall-water calcu-
lations of the bottom topography of the vortex using cloud-ép velocities
(Dowling and Ingersol] 1989 suggest that the GRS is shallower in the north
than in the south. From thermal-IR data, Simon-Miller et al. (2002 used
Voyager/IRIS retrievals of temperature and para-H to demonstrate a tilt of
potential temperature surfaces. Plotting pressures on daces of constant
potential temperature (surfaces of constant entropyRead et al, 2009 then
demonstrated the excursions of the ow streamlines from ntir to south.

A similar procedure is applied to ground-based temperatum@aps in Fig.
10. The specic heat capacity ¢,, calculated based on the rotational and
translational contributions of ortho-H,, para-H,, He and CH,) varies from
approximately 11.1 kJ/K at 1 bar to 9.9 kJ/K at the tropopause. This was
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used to calculate the potential temperature, :

(R=mcp)
=T 2 (1)
Y

where T and p are temperature and pressure, respectivelyn is the mean
molecular weight, py is a reference pressure of 1 bar ard is the molar
gas constant, so that varies from 170 K to 250 K between 1 bar and the
tropopause. However, this equation for is only strictly true for a constant
para-H, fraction, as ortho and para-H have di erent heat capacities and
therefore di erent potential temperatures. Latent heat réease from the con-
version between ortho- and para-Kis not considered, so we are e ectively
assuming a ‘frozen' composition at every level. Furthermey because the
thermodynamic e ects of the ortho/para di erence are relatvely small for
the warm temperatures of Jupiter Gimon-Miller et al., 2003, we found that
similar results were obtained whether we used (&), = 0:25 everywhere (the
high temperature limit), (b) the retrieved f, values from Subaru/COMICS,
or (c) the equilibrium value f.qm. Dierences were smaller than the uncer-
tainties associated with theT (p) retrievals from ground-based data. We used
this equation to interpolate pressures onto surfaces ( = 185 K in Fig. 10)
to visually represent the high altitude (upwelling, low prasure) and low alti-
tude (subsiding, high pressure) excursions of the pressuexels surrounding
the GRS.

The four plots in Fig. 10 conrm the north-south tilt of the pressure
excursions inferred from Voyager/IRIS data bySimon-Miller et al. (2002.
The GRS reaches to the highest altitudes over the spatial rge considered
(consistent with numerous visible studies, see e.8ada et al, 1996, and the
warm central feature is evident as a small hollow in the presse surfaces in
the GRS center. The highest altitudes are reached to the ndrtof the GRS
(consistent with maxima in PH; and NHz, and with elevated cloud tops in-
ferred by Simon-Miller et al., 200). The north-south tilt is time-variable,
and particularly sensitive to the passage of anticyclone®wsth of the GRS,
to be discussed in Sectiod.2 In summary, we nd that temperature and
compositional maps of the GRS show north-south asymmetriggich are re-
lated to the tilt of streamlines inferred from visible analges. A high-pressure
core situated beneath the northern region of the GRS intenicould result in
vigorous upwelling, resulting in the distribution of traces and the elevated
pressure surfaces towards the northern edge of the GRS. Teesymmetries
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will provide an important challenge for the next generationof dynamical
models of the GRS.

3.7. Turbulence in the SEB

The nal conclusions regarding the atmospheric structureofcusses on
the region of turbulence to the north-west of the GRS. The hiy spatial
resolutions o ered by the Galileo/PPR (December 2000, Fig3) and ground-
based data (Figs. 6-7) allow us to observe thermal contrasts within this
region for the rst time. At lower spatial resolutions (e.g. the CIRS thermal
maps in Fig. 4), the SEB is characterized as a simple warm belt, albeit
with a contrast in temperatures between east and west of the RS which
is larger with increasing depth into the troposphere. At 55@nbar, the SEB
northwest of the GRS is the warmest region in the spatial rarggconsidered
(Fig. 4). Compositional retrievals show the mid-IR aerosol opagitis lower
over the SEB than the GRS and STrZ to the south, and para-His close to
its equilibrium value over the SEB (Fig. 9). The SEB is generally bright at
4.8- m, particularly close to the GRS periphery where subsiden@nd cloud
clearing is expected to be strongest. Furthermore, RHs relatively depleted
over the SEB compared to the STrZ, showing the typical belt/ane behavior.

Unfortunately, thermal and visible imaging were never take on the same
day, and the chaotic structures within the SEB are known to mee and evolve
over rapid timescales. Nevertheless, both PPR and grounded data show
discrete regions of warmer temperatures, elevated aerosphcities and NH
abundances (see July 4th 2008 in Fig.7, for example). The NSFCAM2
observation (six days later, on Fig. 7) shows that the aerosols northwest
of the GRS are attenuating 4.8-m ux from the deeper atmosphere. The
chaotic structure in the turbulent SEB is one of the only regins on the
planet known to produce spectroscopically identi able bushort-lived NH3-
ice clouds (SIACs, Baines et al, 2002 Baines et al, 2007 Reuter et al,
2007, and the discrete features in the Nhktgas, temperature and mid-IR
aerosol opacity maps are likely related to this strong upwielg motion tak-
ing place deep within the belt. Furthermore, the equilibrimn para-H, frac-
tion might represent a balance between large-scale subside over the belt
(responsible for the higher atmospheric temperatures ancei@sol-free con-
ditions) and small-localised upwelling events dredging ufw-f, air from
depths. Conditions within the SEB are known to be time-varible (Section
4.4), so we now turn to a discussion of temporally evolving phentena in
the next section.
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4. Results II: Temporal Variability of the Great Red Spot

The second aim of this study was to use thermal-IR imaging tooo-
strain the temporal variation of the atmospheric temperatue and composi-
tion within and surrounding the Great Red Spot. The ground-bsed obser-
vations, from observatories with both 3-m and 8.2-m primarymirrors, are
used to provide context for the “snapshots' obtained from siting spacecraft
(Galileo, Cassini and New Horizons, in particular). We sueyed thermal-IR
and 4.8- m imaging from NASA/IRTF from 1995 to 2008. Fig. 11 shows 20
examples of the brightness temperatures at 17.9n (sensitive to tempera-
tures at 240 mbar) between July 8th 1995 and May 30th 2007. Fid2shows
20 examples of brightness at 4.8m (warm ux from the several-bar level
attenuated by clouds and hazes above) between July 18th 1989d Septem-
ber 24th 2008. Compared with the mid-IR images, the 4.8m maps have an
intrinsically better di raction-limited spatial resolut ion, and show ne-scale
structure surrounding the GRS. These complement the retwed quantities
from 8.2-m observations (2006-2008, Figss-7), and are supplemented by
TReCS thermal imaging at the time of the New Horizons encouet (Febru-
ary 2007, Fig. 13, discussed below).

At rst glance, these gures demonstrate the remarkable staility of the
GRS in the thermal-IR (despite the surrounding turbulence)as it moves
slowly westwards with the zonal ow, but several variable ppnomena are
described below.

4.1. Variability of the Warm Core of the GRS

Fig. 5 depicts the north-south and east-west retrieved temperatas from
the VISIR dataset between 2006 and 2008. The warm core regi@not a
static feature, but is observed to move in latitude and longuide with time.
There is no noticeable periodicity to the motion, nor did we nd evidence for
responses to forcings external to the GRS. As the radial terapature gradi-
ents within the GRS vary, this must also mean that the verticashear on the
tangential velocities in the interior is variable. Indeedthe extent of counter-
rotation within the GRS center varied between Voyager and Géeo G1 and
G28 measurements Ghoi et al., 2007, and contemporaneous thermal and
cloud-tracked wind measurements would be important to vei the connec-
tion between the warm temperature core and the counter-rotiag ow. The
warm core was identi able throughout the 2006-2008 periodrcluding the
TReCS observations in 2007, Fig.13), and although the lower-resolution
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IRTF observations are unable to con rm its presence duringhte Galileo and
Cassini encounters, we predict that this is a reasonably sike feature of the
GRS.

4.2. Southern Warm Anomaly

The southern warm arc on the GRS periphery is well de ned andym-
metric in the east-west direction in N-band (7-14 m) Itered imaging (sen-
sitive to deep temperatures, ammonia and aerosol opacityigs. 1, 2 and
13). However, in Q-band (17-25 m) lIters, which sense higher altitudes,
an ephemeral phenomenon can be seen extending from the seuthperiph-
ery towards the southwest, referred to here as the SouthernaWn Anomaly,
or SWA. The SWA is a region of enhanced temperatures extendirsouth-
westward towards the warm South Temperate Belt (STB), shead by the
retrograde jet at 28.7S (Porco et al, 2003. The detection in the Q-band
Iters, and the retrievals from Cassini/CIRS spectra in Deember 2000 (Fig.
4), suggests this phenomena exists in the 100-400 mbar regiointhe up-
per troposphere. There are no counterparts in the visible iaging, 4.8- m
imaging or compositional retrievals, suggesting that thiss purely a thermal
e ect, occurring at altitudes above the clouds responsibl®r 4.8- m opacity.

Fig. 11 indicates that the SWA is an ephemeral phenomenon, and that
it is perturbed by interactions with passing anticyclonesn the STB. Oval
BA formed from the successive mergers of white ovals BC and Dr: 1998,
and then BE and FA in 2000 Ganchez-Lavega et gl200]). The white oval
then reddened in late 2005, and is presently the second lasgeed anti-
cyclone in the Jovian atmosphere §imon-Miller et al., 200§. The zonal
velocities of Oval BA and the GRS are such that they undergo ate en-
counters approximately once every two yeard3arca-Melendo et al, 2009,
and the mid-IR dataset captured three of these encounters February 2002,
July 2006 and July 2008. Shallow-water dynamical simulatis suggest that
strong interactions between the GRS and BA are unlikely beaae the zonal
jet systems do not permit perturbations to the central latiudes of the two
vortices (Garca-Melendo et al, 2009. However, the warm airmass south of
the GRS is absent when the cold airmass over Oval BA (due to uplling
and expansion in the vortex core) passes through the STB bexik the GRS.
For example, the February 2002 encounter (3rd row of Figl1) removed the
SWA, replacing it with a cooler region as the white Oval BA pased. The
warm periphery had been present a year earlier (between atkt March and
October 2001), and was reestablished a year later (by Febmya2003). The
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July 2006 and July 2008 interactions (bottom row of Fig.11, top row of
Fig. 7) were notably di erent in the thermal-IR, as the reddened Oal BA
exhibited its own warm southwestern anomaly.

The 2008 encounter was observed by VLT/VISIR, and retrievegaram-
eters in the top panel of Fig. 7 indicate that BA shares many of the char-
acteristics of the GRS - elevated mid-IR aerosol opacitiespld internal tem-
peratures, and a warm southern periphery. BA is dark at 4.8m because of
the attenuating aerosols, but lacks the external ring of erssion and depleted
NH3 characteristic of the GRS. The central upwelling is shown dmatically
in Fig. 10as a disruption to the normal depth of the pressure contours the
southern edge of the GRS. Although we see no perturbations tiee internal
thermal structure and composition of either vortex during he interactions
(con rming the predictions of Garca-Melendo et al, 2009, it is clear that
the southern warm airmass of the GRS, associated with strorgybsidence
at its periphery, is perturbed by encounters with the cold-are Oval BA.
Furthermore, these encounters alter the north-south asymetry in the GRS
temperature structure (e.g. Fig.8 shows that the regions south of the GRS
and north of the prograde jet at 32.5S vary by up to 4 K during the two year
study), and hence the tilt of the pressure surfaces as shownkig. 10. Such
variability could explain the shifting asymmetry in tangenial windspeeds
between the northern and southern edges of the vortex betwethe Voyager
and Galileo eras Choi et al., 2007.

4.3. Changing Visibility of the GRS Periphery

Aside from the ephemeral SWA in the 100-400 mbar region, theeets
of subsidence at the GRS periphery vary in their visibility vith time. The
4.8- m maps in Fig. 12 indicate that the bright peripheral emission can
appear as a complete ring (February 2000, April 2006, Junedgust 2008)
or be absent completely (February-May 2007). A break in thengission ring
is sometimes apparent at the northernmost edge of the GRS de.3rd row
of Fig. 12), due to a streak of clouds or hazes separating the northeast
and northwestern regions of the ow in the SEB. Furthermorethe retrieved
aerosol opacities from 2006-2008 (Fig$é-7) show that the lane of low mid-
IR opacity, which separates the GRS and STrZ aerosol popuiahs, varies in
width and thickness with time. The ring of depleted NH identi ed above is
similarly ephemeral, being present when upper tropospheraerosols demon-
strated clear separation from the STrZ (April 2006, AugusSeptember 2008)
and absent when the aerosols were more di use (February-Mdr 2007).
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Both the ring of bright 4.8- m emission and the depleted Nk opacity
are related to subsidence and cloud-clearing in the deep wiblayers, but
their month-to-month visibility are correlated with the changing distribution
of aerosol opacity in the upper troposphere. When the mid-IRerosols were
di use and no clear separation between GRS and STrZ aerosolas observed
(February-March 2007, Fig. 6), the bright 4.8- m ring was obscured (Figs.
12 and 13). Similarly, when the bright 4.8- m ring was readily visible (July
2008), there was a clear lane of depleted mid-IR aerosol ojaén the re-
trievals (Fig. 7. Given the long-term stability of the GRS meteorology, the
peripheral subsidence is likely to be a permanent featurelpait temporarily
obscured by overlying aerosols.

4.4. Turbulent Regions of the SEB

Visible imaging from Voyager Emith et al., 1979, Cassini (Porco et al,
2003 and Galileo (Vasavada et al, 1998 Baines et al, 20029 showed the
ever-changing structure of the turbulent region of the SEB arthwest of the
GRS (the NWTR), and it was noted in Section 3.7 that the small-scale
structures observed in the temperatures, aerosol-opacignd NH;z distribu-
tions were varying with time. Indeed, these features evolwever timespans
of hours and days, and the ground-based dataset has insu cie temporal
sounding to study the evolution of the discrete convectivevents. How-
ever, the morphology of the turbulent region was particuldy noteworthy
during the New Horizons encounter in February 2007B@ines et al, 2007
Reuter et al, 2007, when it appeared unusually quiescent and free of con-
vective activity.

Typically, the brightest 4.8- m emission is found in the turbulent region
close to the strong retrograde jet at 17.5 (Fig. 12). However, the 4.8-m
brightness was unusually subdued from February to May 2008uggesting
higher cloud opacities in the deep atmosphere than normal.his enhanced
attenuation could be due to a shift in the usual balance betwea large-scale
subsidence (resulting in the warm temperatures and low tra@spheric haze
opacities) and localised upwelling events (the ne structte typically ob-
served in the NH and aerosol retrievals in Figs6-7). This is consistent with
the absence of small-scale convection, generating fewetelsoin the ubiqui-
tous cloud layer so that (a) less 4.8-m ux can penetrate through, and (b)
fewer bright white clouds appear at high altitudes, makingtie entire region
appeared dark in color Baines et al, 2007. The ultimate cause of the sub-
dued convective activity remains unknown, but the unusual éhavior could
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be related to the SEB color-fading in early 2007. This coirded with the
cessation of the usual convective activity, and was followeby an outbreak
in May 2007 and subsequent revival (darkening) of the SEB dimg a period
of "global upheaval' Rogers 2008 Go et al., 2008.

It is interesting to note that no major changes were apparenh either the
thermal eld in the 100-200 mbar range or the mid-IR aerosolmacities dur-
ing the New Horizons encounter (5th row, Figll, and Fig. 6). Furthermore,
IRTF and Cassini thermal imaging (Figs. 11 and 4) demonstrate a shifting
asymmetry in the SEB temperatures to the northwest and norteast of the
GRS throughout the 1995-2008 timeframe which have no obvi®wcounter-
parts in visible or 4.8- m imaging. As both the retrieved temperatures and
mid-IR aerosol opacities are sensitive to conditions in thioposphere well-
above the sources of 4.8m opacity, it is reasonable to conclude that the
visible and near-IR changes during 2007 were con ned to peeses greater
than 500-700 mbar.

5. Discussion and Conclusions

Ground-based thermal-IR imaging of Jupiter from observaties with 8.2-
m primary mirrors, with their broad wavelength range and terporal cover-
age, provide di raction-limited spatial resolutions that surpass the capabil-
ities of visiting spacecraft. These high spatial resolutits permit the rst
direct comparisons of visible cloud structures and thermagktrievals of tem-
perature, aerosol opacity and gaseous composition withim@ surrounding
the Great Red Spot. The aims of this investigation were twofd: (a) to use
the spatial distributions of temperature, aerosols and coposition as tracers
of atmospheric dynamics within the vortex; and (b) to quantily atmospheric
changes to the GRS and its surrounding atmosphere with timé’hermal and
compositional mapping from a combination of Galileo, Cassi NASA/IRTF,
VLT, Subaru and Gemini observations were used to provide newsights into
the structure, dynamics and stability of the GRS, detailedn the list below.

1. GRS Core: A coherent warm core, extending over 8of longitude
and 3 of latitude, was observed within the cold anticyclonic voex at
21 S throughout the 2006-2008 period of high-resolution obsations.
The maximum contrast between the core and the coldest regi®rof
the GRS was 1.0-1.5 K in the east-west direction, and 3.0-35in the
north-south direction at 400 mbar, although the warmer tempratures
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are present throughout the 150-500 mbar range. The resulgnther-
mal gradients imply that any counter-rotation within the GRS interior
(Choi et al., 2007 will despin with altitude into the lower stratosphere.
The warm core is correlated with the deepest red coloratiori the GRS
interior in Hubble observations, suggesting a dynamical @hemical link
between temperature and the red GRS aerosols. We speculdtattvari-
ability in this warm core prior to 2006 was responsible for vations in
the GRS ow at its center observed in Voyager and Galileo tarential
velocity measurements.

. Tropospheric Haze: Spatially-resolved maps of mid-IR aerosol
opacity surrounding the GRS were retrieved from Cassini/@®RS and
ground-based imaging for the rst time. These revealed a wede ned
lane of low opacity at the southern periphery of the GRS, coistent
with a narrow region of atmospheric subsidence, that sepdes the
red aerosols in the GRS from the white aerosols of the STrZ. ®Rand
white aerosols are otherwise indistinguishable at mid-IR avelengths.
Visibly-dark material at the GRS periphery and within the SEB coin-
cide with regions of low mid-IR aerosol opacity, and the digbution
of this upper tropospheric haze modulates the visibility othe bright
peripheral ring of 4.8- m emission from the deeper troposphere.

. Compositional Asymmetries: Maps of NH;, PH3; and para-H, all
show evidence for the highest concentrations (or, in the @asf para-H,
the most sub-equilibrium conditions) towards the northerredge of the
vortex center (north of the warm vortex core, closest to the EB), with
the strongest depletions in a symmetric arc at the southerngpiphery
near the STrZ, coincident with the warmest temperatures. Iraddition,
4.8- m maps of cloud opacity are consistently darker at the southe
periphery than at the north, indicating greater attenuation of ux by a
thicker cloud layer. These north-south compositional asymetries are
likely to be related to the proposed 'tilt' of the GRS structue deduced
from visible cloud-tracking (e.g.Simon-Miller et al., 2003. A high-
pressure core situated beneath the northern edge of the GRSeirrior
would produce vigorous upwelling in the north and strongemubsidence
in the south, resulting in the spatial distribution of traces reported
here. These asymmetries will provide an important challeegfor the
next generation of GRS dynamical models.

. Changes in the SEB: The SEB is characterized by warm tempera-
tures and low aerosol opacities, in addition to near-equaliium para-H,
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fractions suggestive of a balance between large-scale sidasce (typical
belt-like behavior) and localized upwelling events. MapsfdNH3; and
mid-IR aerosol opacity show small-scale enhancements iretturbulent
region north-west of the GRS which correspond to dark struates at 4.8
m, likely related to the convection responsible for spectradenti ca-
tions of NH; ice in the SEB (Baines et al, 2002. The 4.8- m emission
was noticeably subdued during the “fade' of the SEB and the sénce
of convective activity at the time of the New Horizons encouer (2007)
during a period of global upheaval Rogers 2009. However, the up-
heaval apparently had no e ect on upper tropospheric tempatures or
mid-IR aerosol opacity, implying that the e ects of the uphaval were
limited to the deeper cloud layers (e.g. below the 500-mbagvel).
. Southern Warm Anomaly: A region of enhanced temperatures ex-
tends southwest of the GRS in the 100-400 mbar range (the Sbetn
Warm Anomaly, present throughout the 1995-2008 period) wél has
no counterpart in visible imaging or compositional/aerodamaps. The
warm airmass extends into the South Temperate Belt and is sted
westwards by the retrograde jet at 28.7S. However, the warm tem-
peratures were perturbed by frequent encounters with coldranasses
associated with upwelling within Oval BA. No other perturbdions to
the internal thermal structure and composition of either vatex were
observed during the interactions, but it is interesting to wte that Oval
BA began to exhibit its own southern warm anomaly after the réden-
ing phase in 2005.
. Visibility of the Peripheral Ring: NH;3 within the GRS is not
signi cantly enhanced over the surrounding atmosphere, bus usually
separated by a region of depletion encircling the GRS. As withe ring
of peripheral 4.8- m bright emission, this can appear as a complete
ring or be completely absent. Both the NH depletion and the deep-
cloud clearing are visible when upper tropospheric hazestin the
GRS are clearly separated from the surroundings, but are ab¥ or
broken up when the haze appears more diuse. Given the long#n
stability of the GRS meteorology, the peripheral subsidercis likely
to be a permanent feature of the atmospheric ow, albeit temgrarily
obscured from ltered imaging by overlying aerosols.
. Vertical Temperature Structure: Finally, thermal wind calcula-
tions con rmed the despinning of anticyclonic motion of theGRS with
altitude (Flasar et al, 198]), but also indicate that the thermal gradi-
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ents in the GRS core and periphery move southward with increang

altitude. The north-south size (as measured in the CIRS andrgund-

based temperature retrievals and thermal winds, Fig5) appears larger
at the tropopause than at 500 mbar by 1-2latitude, whereas the east-
west size is consistent for all altitudes.

It is hoped that the results derived in this study (the threedimensional
temperature structure, spatial distribution of atmospheic tracers and the
temporal variability of these parameters) will be used to ree models of
the dynamics, chemistry and energetics of the GRS, as a paigwh for the
formation of anticyclonic vortices on the giant planets. Tl correlations
between visible and thermal data, particularly in the warm ore of the vortex
and in the peripheral ring of subsidence, suggest a chemioaldynamical link
between the thermal environment and the red coloration of #1 GRS which
should inform future models of chromophore production. Thperipheral ring
of subsidence e ectively separates air within the GRS fromirasurrounding
the vortex, and this long-term entrainment of material dreded from the
deeper atmosphere (and subsequently photochemically pessed) may be
su cient for the storm to maintain its red color.

From an observational standpoint, advances in our understaing of the
GRS would be obtained by (a) full spectral modelling of the 5 m range
concurrently with the thermal-IR to provide better constrants on particu-
late distributions within the GRS and other prominent Jovian storms; (b)
full spectral mapping capabilities between 5-25m to improve on the Itered-
imaging techniques used here; and (c) a continuous seriesvisible cloud-
tracking measurements to monitor changes in the wind veldgiat the same
spatial resolution as the thermal and compositional maps. iRkally, obser-
vations and modelling of the storm-system in the radio (deefroposphere)
and sub-mm (lower stratosphere) could reveal more about theertical ex-
tent of the storm. One thing is clear: ground-based observahs with 8.2-m
telescopes and instrumentation in the thermal-IR will be ammportant com-
plement to new results from the JUNO and Europa-Jupiter migsns in the
coming decades.
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Table 1: Summary of datasets used in this study, with a refere nce to the gure
where a particular dataset was used. Note that dates which we re considered
but ultimately discarded from the gures (as they did not add anything to the
discussion) are available upon request from the author. ID n umbers are given
for the awarded time on Subaru and VLT.

Source Date Figure Comments
Galileo/PPR 1996-06-26 | Not shown G1; Images in all ve lters, low resolution
Galileo/PPR 1996-06-27 | Not shown G1; Images in all ve lters, poor spatial coverage
Galileo/PPR 1997-04-04 | 3 G7; Image at 35.5 m only
Galileo/PPR 2000-12-29 | 3 G29; Only two lters (16.8, 21.0 m), high resolution
Hubble WFPC2 1997-04-04 | 3 Cycle 6; Prop 6452; PI: A.A. Simon-Miller
Hubble ACS 2006-04-24 | 1,6 Prop ID 10782; PI: I. de Pater
Hubble WFPC2 2008-05-15 | 2, 6 Prop ID 11498; PI: A.A. Simon-Miller
Cassini/CIRS 2000-12-31 | 4 8500 spectra in ATMOS02A map, 77 Nto79 S
Cassini/ISS NAC 2000-12-12 | 3-4 Combined 451 and 750 nm image PIA07782
VLT/VISIR 2006-04-09 | 6-5 Prog. ID: 276.C-5055
VLT/VISIR 2006-04-10 | 10 Prog. ID: 276.C-5055
VLT/VISIR 2007-03-01 | 6 Prog. ID: 278.C-5023
VLT/VISIR 2007-08-15 | 6 Prog. ID: 279.C-5043
VLT/VISIR 2008-05-18 | 6 Prog. ID: 381.C-0134
VLT/VISIR 2008-07-04 | 7 Prog. ID: 081.C-0137
VLT/VISIR 2008-08-10 | 7 Prog. ID: 081.C-0141
VLT/VISIR 2008-09-03 | 7 Prog. ID: 081.C-0137
Subaru/COMICS 2008-06-24 | Not shown Prog. ID: SO7B-015, Features too close to limb.
Subaru/COMICS 2008-09-14 | 7-9 Prog. ID: S08B-031
Subaru/COMICS 2008-09-15 | Not shown Prog. ID: S08B-031; identical to 2008-09-14.
Gemini/TReCS 2007-02-12 | 13 Prog. ID: GS-2007A-Q39
IRTF/MIRLIN 1995-07-06 | 11 Prog. ID: 049
IRTF/MIRLIN 1996-06-01 | 11 Prog. ID: 028
IRTF/MIRLIN 1997-11-07 | 11 Prog. ID: 030
IRTF/MIRLIN 1998-01-21 | Not shown Prog. ID: 062
IRTF/MIRLIN 1998-07-20 | Not shown Prog. ID: 040
IRTF/MIRLIN 1998-09-28 | 11 Prog. ID: 005
IRTF/MIRLIN 1999-07-02 | Not shown Prog. ID: 004
IRTF/MIRLIN 1999-08-13 | Not shown Prog. ID: 039
IRTF/MIRLIN 1999-10-08 | 11 Prog. ID: 039
IRTF/MIRLIN 2000-02-22 | Not shown Prog. ID: 009
IRTF/MIRLIN 2000-06-10 | Not shown Prog. ID: 009
IRTF/MIRLIN 2000-10-04 | 11 Prog. ID: 009
IRTF/MIRLIN 2000-12-29 | Not shown Prog. ID: 009
IRTF/MIRLIN 2000-12-30 | 11 Prog. ID: 009
IRTF/MIRLIN 2001-03-06 | 11 Prog. ID: 007
IRTF/MIRLIN 2001-03-07 | Not shown Prog. ID: 007
IRTF/MIRLIN 2001-05-01 | Not shown Prog. ID: 007
IRTF/MIRLIN 2001-05-03 | Not shown Prog. ID: 007
IRTF/MIRLIN 2001-10-23 | Not shown Prog. ID: 021
IRTF/MIRLIN 2002-02-07 | 11 Prog. ID: 031
IRTF/MIRLIN 2002-02-08 | 11 Prog. ID: 031
IRTF/MIRLIN 2003-02-25 | 11 Prog. ID: 027
IRTF/MIRLIN 2003-02-27 | Not shown Prog. ID: 027
IRTF/MIRSI 2004-03-26 | 11 Prog. ID: 997
IRTF/MIRSI 2005-01-31 | Not shown Prog. ID: 038
IRTF/MIRSI 2005-05-06 | 11 Prog. ID: 004
IRTF/MIRSI 2005-06-14 | Not shown Prog. ID: 004
IRTF/MIRSI 2006-01-29 | 11 Prog. ID: 006

Continued on next page
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Table 1 { continued from previous page

Source Date Figure Comments
IRTF/MIRSI 2006-01-30 | Not shown Prog. ID: 006
IRTF/MIRSI 2006-04-16 | 11 Prog. ID: 006
IRTF/MIRSI 2006-06-20 | 11 Prog. ID: 006
IRTF/MIRSI 2006-07-05 | 11 Prog. ID: 996
IRTF/MIRSI 2006-07-10 | 11 Prog. ID: 996
IRTF/MIRSI 2007-03-18 | 11 Prog. ID: 020
IRTF/MIRSI 2007-05-30 | 11 Prog. ID: 020
IRTF/NSFCAM 1999-01-05 | Not shown Prog. ID: 999
IRTF/INSFCAM 1999-02-08 | Not shown Prog. ID: 999
IRTF/NSFCAM 1999-02-15 | Not shown Prog. ID: 049
IRTF/INSFCAM 1999-05-24 | Not shown Prog. ID: 999
IRTF/NSFCAM 1999-06-29 | Not shown Prog. ID: 004
IRTF/INSFCAM 1999-07-08 | Not shown Prog. ID: 049
IRTF/NSFCAM 1999-07-18 | 12 Prog. ID: 036
IRTF/NSFCAM 1999-07-28 | Not shown Prog. ID: 049
IRTF/INSFCAM 1999-08-11 | Not shown Prog. ID: 039
IRTF/NSFCAM 1999-08-12 | Not shown Prog. ID: 039
IRTF/INSFCAM 1999-08-23 | Not shown Prog. ID: 076
IRTF/NSFCAM 1999-09-14 | Not shown Prog. ID: 039
IRTF/INSFCAM 1999-10-10 | Not shown Prog. ID: 039
IRTF/NSFCAM 1999-10-16 | Not shown Prog. ID: 073
IRTF/INSFCAM 1999-11-25 | 12 Prog. ID: 039
IRTF/INSFCAM 1999-11-26 | Not shown Prog. ID: 039
IRTF/NSFCAM 2000-02-07 | 12 Prog. ID: 050
IRTF/INSFCAM 2000-02-11 | Not shown Prog. ID: 003
IRTF/NSFCAM 2000-03-02 | Not shown Prog. ID: 006
IRTF/INSFCAM 2000-04-12 | Not shown Prog. ID: 043
IRTF/NSFCAM 2000-08-12 | Not shown Prog. ID: 010
IRTF/INSFCAM 2000-08-19 | Not shown Prog. ID: 010
IRTF/INSFCAM 2000-09-23 | Not shown Prog. ID: 010
IRTF/NSFCAM 2000-09-27 | Not shown Prog. ID: 010
IRTF/INSFCAM 2000-10-05 | Not shown Prog. ID: 009
IRTF/NSFCAM 2000-11-11 | Not shown Prog. ID: 010
IRTF/INSFCAM 2000-12-24 | Not shown Prog. ID: 010
IRTF/NSFCAM 2000-12-29 | Not shown Prog. ID: 009
IRTF/INSFCAM 2000-12-30 | 12 Prog. ID: 009
IRTF/NSFCAM 2001-01-08 | Not shown Prog. ID: 010
IRTF/NSFCAM 2001-01-19 | 12 Prog. ID: 010
IRTF/INSFCAM 2001-03-07 | Not shown Prog. ID: 007
IRTF/NSFCAM 2002-01-11 | Not shown Prog. ID: 001
IRTF/INSFCAM 2002-02-07 | Not shown Prog. ID: 031
IRTF/NSFCAM 2002-02-08 | Not shown Prog. ID: 031
IRTF/INSFCAM 2002-02-11 | 12 Prog. ID: 031
IRTF/NSFCAM 2002-03-14 | 12 Prog. ID: 050
IRTF/INSFCAM 2003-02-23 | 12 Prog. ID: 027
IRTF/INSFCAM 2003-12-18 | 12 Prog. ID: 995
IRTF/NSFCAM 2004-02-08 | Not shown Prog. ID: 042
IRTF/INSFCAM 2004-02-09 | 12 Prog. ID: 042
IRTF/INSFCAM2 2006-04-16 | 6 Prog. ID: 006
IRTF/NSFCAM2 2006-04-25 | 12 Prog. ID: 999
IRTF/INSFCAM2 2006-05-25 | 12 Prog. ID: 006
IRTF/INSFCAM2 2006-06-26 | 12 Prog. ID: 006
IRTF/INSFCAM2 2007-02-24 | 12, 6 Prog. ID: 020
IRTF/NSFCAM2 2007-03-18 | 12 Prog. ID: 020

Continued on next page
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Table 1 { continued from previous page

Source Date Figure Comments
IRTF/NSFCAM2 2007-05-30 | 12 Prog. ID: 020
IRTF/INSFCAM2 2008-06-16 | 12 Prog. ID: 062
IRTF/NSFCAM2 2008-07-10 | 12, 7 Prog. ID: 062
IRTF/NSFCAM2 2008-07-11 | Not shown Prog. ID: 062
IRTF/INSFCAM2 2008-08-07 | 12, 7 Prog. ID: 002
IRTF/NSFCAM2 2008-09-24 | 12, 7 Prog. ID: 993
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Figure 1: Correlation between thermal imaging from VLT/VIS IR (April 9th 2006), visible
imaging from Hubble/ACS (April 24th 2006) and 4.8- m imaging from IRTF/NSFCAM2.
The wavelength of each lIter (in microns) is given within each separate panel. The high
spatial resolutions o ered by VLT/VISIR ohservations indi cates a central warm core in-
terior to the GRS, which is also present i’ ©-band lters (not shown). The warm core
corresponds to the darkest regions (i.e. most-absorbing)ni the shortest Hubble/ACS
wavelengths.
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Figure 2. Comparison of thermal imaging from VLT/VISIR (May 18th 2008), visible
imaging from Hubble/WFPC2 (May 15th 2008) and IRTF/NSFCAM2 observations from
April 24th 2008 and June 16th 2008, the closest dates availde. The wavelength of each
Iter (in microns) is given witin each sepazgf panel. The warm GRS core identi ed in
Fig. 1 was also present in May 2008, suggésting that this is a longved and robust feature
of the internal ow of the GRS.
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Figure 3: Examples of the Galileo/PPR data (converted to brightness temperatures) ac-
quired in 1997 and 2000. These can be compared to the only oth&alileo observations
of the GRS in Orton et al. (1996, which spanned a wider wavelength range (by 1997
Galileo/PPR was restricted to observing with only one or two Iters) and had a lower
spatial resolution. In the December 2000 imragery, the GRS i®nly partially observed on
the right hand side of each image. Visible imaging is shown focomparison to the thermal
data. The Hubble/WFPC2 image from April 4th 1997 is a composite of images at 410 nm
and 670 nm to show the deep red colour of the center of the GRS. e Cassini/ISS image
(Credit: NASA/JPL/Space Science Institute, image PIA07782, latitudes and longitudes
are approximate) is a composite of 451 and 750 nm from CassisiNarrow Angle Camera
on December 12th 2000.
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Figure 4: Retrievals of tropospheric temperatures, abundaces of PH and NH3 and the
opacity of tropospheric hazes from Cassini/CIRS spectra beveen 600-1400 cm®. The
three panels on the top left show temperature maps with the GRS as a cold-core fea-
ture. Panels on the top right show the corgésition (NH;, aerosols and PH) from tting
CIRS spectra. The Cassini/ISS image (Creéit: NASA/JPL/Space Science Institute, im-
age PIA07782, latitudes and longitudes are approximate) isa composite of 451 and 750
nm images from Cassini's Narrow Angle Camera taken on Decends 11th-12th 2000. The
IRTF/NSFCAM image on December 30 2000 is shown for compariso, stretched so that
the ne-scale structure south of the GRS is revealed. The lowr two panels are north-
south and east-west slices through the GRS (with spectral iformation content covering
the 75-800 mbar range). Retrievals were performed followig Fletcher et al. (20099 using
the NEMESIS radiative transfer and retrieval model of Irwin et al. (2008.



VLT/VISIR Temperatures and Winds 2006-Apr-09
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Figure 5: Example of the temperatures and thermal winds dened from a single night of
VLT/VISIR observations (April 9th 2006). Panels (a) and (b) show temperature maps
at 140 and 320 mbar, respectively, showing that the GRS warm are is more apparent
at deeper pressures. Structure on the bottom right is due to kd pixels on the VISIR
detector. In panels (c) and (d) we plot north-south and west-east contours through the
center of the GRS, subtracted from a mean temperature eld fo the region surround-
ing the vortex. Dashed lines show temperatures warmer than lie mean, solid lines show
temperatures cooler than the mean. Panels (e) and (f) show tarmal wind calculations
based on the tangential temperature gradies#s. The tangentl winds of Choi et al. (2007
are placed at 700 mbar and integrated vertically using thernal shears deduced from the
thermal wind equation. In (e) solid lines show prograde velaities, dashed lines show ret-
rograde velocities. In (f) solid lines show northward velodies, dashed lines are southward
velocities. The vertical grey bars denote the peak tangentl winds and center of the GRS
from Choi et al. (2007%).
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Figure 6: Retrieval of atmospheric variables from VISIR data between April 2006 and
May 2008. The three columns on the left show (a) temperatures(b) ammonia at the
peak of the contribution functions and (c) a proxy for the aerosol opacity. Ranges for each
parameter are shown as legends to the left of the temperatuss and at the bottom for the
composition. In the right hand column, we compare the retrieved results to either visible
imaging or 4.8 m imaging from IRTF/NSFCAM where available. The April 24th 2 006
Hubble/ACS image is a composite of 0.33, 0.44 and 0.66m visible images; the May 15th
2008 Hubble/WFPC2 image is a composite of 0.37, 0.47 and 0.50m visible imaging.
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Figure 7: Retrieval of atmospheric variables from VISIR and COMICS data between July

and September 2008. The three columns on the left show (a) teperatures, (b) ammonia

at the peak of the contribution functions and (c) a proxy for t he aerosol opacity. Ranges

for each parameter are shown as legends to the left of the tengpatures, and at the bottom

for the composition. In the right hand column, we compare theretrieved results to 4.8
m imaging from IRTF/NSFCAM (where available).
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Figure 8: Examples of north-south (left column) and east-west (right column) cut through
the temperature structure derived from eight VLT/VISIR obs ervations of the Great Red
Spot. The three altitudes (140, 240 and 420 mbar) representhte range of altitudes where
temperatures may be constrained independently of compositn. Variations within the
GRS core, the southern periphery, the location of the tempeature mininum with latitude
and pressure, and the east-west temperature contrast acrethe SEB are all described in

the main text.
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Figure 9: Retrievals of temperature and the para-h fraction from Subaru/COMICS obser-
vations on September 14th 2008. The maps at the top and bottonshow the temperature
eld at 320 and 550 mbar. The para-H, fraction, f, is given in the centre two panels.
T(p) was used to calculate the equilibrium para-H fraction, fpe, and the plot in the
third row shows the extent of disequilibrium f,e  f, in the region surrounding the GRS.
Subequilibrium conditions are indicative of yivelling, syperequilibrium conditions suggest
subsidence.
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Figure 10: Using the retrieved CIRS (top panel) and VISIR (bottom four panels) T (p) pro-
les to calculate the potential temperature, , we then interpolate the pressure excursions
onto the constant =185 K surface (approximately the peak of the Q- lter contri bution
functions) to show how pressure varies WILZ éﬂ ocation. The lav-pressure (highest-altitude)
GRS interior is modi ed by the warm cor nd the pressure sufaces are visibly tilted
from the SEB in the north to the STrZ in the south. In July 2008, the low-pressure core
of Oval BA perturbed the surrounding atmosphere as it passedo the south of the GRS.



Planetocentric Latitude Planetocentric Latitude Planetocentric Latitude Planetocentric Latitude

Planetocentric Latitude

-10

-20

-30

-40

20

10 0 -10
Longitude from Center
T T T

10 0 -10
Longitude from Center
T T

10 0 -1
Longitude from Center
T T

0 -1
Longitude from Center
T T

-10

-20

-30

-40

20

10 [} -10
Longitude from Centre
T T

10 0 -10
Longitude from Centre

-20 20

10 0 -1
Longitude from Centre
T T

10 0 -10
Longitude from Centre

-10

-20

-30

-40

20

0 -10
Longitude from Centre
T

10 0 -10
Longitude from Centre

10 0 -10
Longitude from Centre
T

-20 50 40

System Ill West Longitude
T T

-10

-20

-30

-40

160 150
System |1l West Longitu
T T

de

130

250 240 230
System Il West Longitude
T T T

220

.
280 270 60
System Il West Longitude
T T T

L
250

300

290 280
System Iil West Longitude
T T

270

-10

-20

-30

310

290 280
System |1l West Longitude

L
270

L
310

. .
300 290 280
System IIl West Longitude

L
270 360

L
330

350
System 1l West Longitude

320 20

10 0
System Il West Longitude

Figure 11: The evolution of the GRS and its surrounding atmoghere from 1995 through
to 2007, imaged at 17.9 m (sensitive to 240 mbar temperatures) using the MIRLIN and

MIRSI instruments of the NASA IRTF. MIRLIN images su ered fr om an erroneous times-
tamp which prevented us from accurately
a longitude scale referenced to the centre
range from 108 to 119 K, consistent with the Galileo/PPR datain Fig. 3. IRTF monitor-

ing allows us to track north-south and east-west variationsin temperature, especially in
response to the close passage of vortices in the STB, but caahresolve structure internal
to the GRS.

termining longitudes, so the x-axis refers to

the GRS. The hghtness temperature scales
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Figure 12: The 4.8 m ux from the GRS region over the past decade, from 1999 to
2004 using NSFCAM and from 2006 to 2008 using NSFCAM2 at the NSA/IRTF. This
wavelength is sensitive to the thermal emission from the searal-bar level, attenuated by
overlying clouds and hazes, so can be inter%Sted as a map ofrasol opacities. The images
have been stretched so that bright SEB and“equatorial featues do not wash out dimmer
features (such as the ephemeral bright ring of emission suounding the GRS).
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Figure 13: Gemini/TReCS infrared imaging of the Great Red Spot on February 12th 2007,
shortly before the New Horizons encounter. Five lters (5.0 8.6, 10.5, 13.1 and 18.3 m)

are shown here. With only a single Q- lter at 18.3 m, these data are unsuitable for the
full temperature and composition retrieval, but do provide additional information about

the morphology of the vortex.
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