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Abstract Past observations and modeling of Jupiter’s thermosphere have, due to their limited resolution,
suggested that heat generated by the aurora near the poles results in a smooth thermal gradient away from
these aurorae, indicating a quiescent and diffuse flow of energy within the subauroral thermosphere. Here
we discuss Very Large Telescope-Cryogenic High-Resolution IR Echelle Spectrometer observations that reveal
a small-scale localized cooling of ~200 K within the nonauroral thermosphere. Using Infrared Telescope
Facility NSFCam images, this feature is revealed to be quasi-stable over at least a 15 year period, fixed in
magnetic latitude and longitude. The size and shape of this “Great Cold Spot” vary significantly with time,
strongly suggesting that it is produced by an aurorally generated weather system: the first direct evidence of
a long-term thermospheric vortex in the solar system. We discuss the implications of this spot, comparing it
with short-term temperature and density variations at Earth.

Plain Language Summary In this paper, we reveal the detection of a region of cooling in Jupiter’s
upper atmosphere that we describe as Jupiter’s “Great Cold Spot.” In the past, Jupiter’s upper atmosphere
was observed to have a gentle gradient of heat flowing away from the auroral region, and so the detection of
such a localized cooling suggests that Jupiter’s upper atmosphere is far more complex than previously
thought. This region, similar in size to the Great Red Spot, appears to be a large vortex located at very high
altitudes, but unlike weather systems lower in the atmosphere, it appears to be directly related to the planet’s
aurora. This vortex has been observed over 15 years and so appears to be somewhat stable, though it
changes in shape and size over shorter timescales. Although never considered for Jupiter, this vortex might
be related to similar structures observed and modeled at Earth.

1. Introduction

The upper atmosphere of a planet represents an important boundary region between the underlying
atmosphere and the surrounding space environment, consisting of the coexisting neutral thermosphere
and charged ionosphere. The thermosphere is dominated by inputs from the atmosphere below, heating
from the Sun, and, for magnetized planets, indirectly through currents that form between the ionosphere
and the surrounding magnetosphere.

At Earth, the global thermospheric temperature varies widely, between 600 and 2000K, as a result of changing
geomagnetic activity and solar EUV flux [Roble, 1983]. During periods of low geomagnetic activity, the thermo-
sphere is dominated by atmospheric waves, with the dayside of the planet being heated by EUV from the Sun,
and additional significant contributions propagating upward as waves from major disturbances within the
underlying stratosphere [Vincent, 2015]. However, during periods of enhanced geomagnetic activity, coupling
between the ionosphere and the surrounding magnetosphere results in significant heating of the thermo-
sphere in the polar regions, as well as strongmomentum couplingwith antisunward ionwinds across the poles.
This high-latitude heating and momentum transfer results in a “surge” of gravitational waves that propagates
to the equator and beyond, redistributing the auroral energy across the entire thermosphere [Forbes, 2007].

Jupiter’s thermosphere is quite unlike the Earth’s. The equatorial thermospheric temperature ranges from
<700 up to 1200 K [Lam et al., 1997; Seiff et al., 1997], while modeling of the expected solar heating of
Jupiter’s thermosphere predicts equatorial temperatures of only ~200 K [Yelle and Miller, 2004]. However,
unlike Earth, some Jovian thermospheric models have shown that while enhanced jovimagnetic activity
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can result in dramatic heating within the polar regions [Melin et al., 2006], this heat cannot be transported
from the poles to equator due to Coriolis forces [Achilleos et al., 1998; Smith and Aylward, 2009; Yates et al.,
2012], though other models disagree, showing auroral flows converging and downwelling at the equator
[Majeed et al., 2005]. The rapid rotation of Jupiter, combined with its large size, results in very strong
Coriolis forces which quickly bend meridional winds flowing toward the equator into zonal winds around
the planet, so that even very high jovimagnetic activity can only heat the equatorial region by ~50 K
[Yates et al., 2014]. The high equatorial temperatures may well originate locally, formed by heat propagating
upward from lower altitudes, with recent observations suggesting very large thermospheric heating asso-
ciated with the Great Red Spot [O’Donoghue et al., 2016]. Differing temperatures could also result from differ-
ent ionization processes, with the peak auroral ionization occurring deeper within the atmosphere than the
peak solar EUV ionization. This change in the peak ionization altitude could mean that H3

+ at the equator is
thermalized in a higher-altitude, hotter thermosphere than the aurora [Tao et al., 2011].

The result of the trapping of auroral energy at jovigraphic polar latitudes means that the thermosphere has a
thermal gradient between the auroral region and midlatitudes, ranging between >1000 K and <700 K,
respectively [Lam et al., 1997].

The aurorae of Jupiter, generated by a variety of interactions with the surroundingmagnetosphere, result in a
variety of complex emissions [Badman et al., 2015]. Because of the tilt in Jupiter’s magnetic dipole, the north-
ern aurora drapes down to jovigraphic latitudes as low as 56°N at a longitude of 180°W but only reaches as
low as 88°N latitude at 0°W [Grodent et al., 2008]. The southern aurorae are more circular in shape, varying
between 68°S and 84°S and thus laying closer to the rotational pole.

However, measurements of the thermalized ionic molecule H3
+, using data taken during the Cassini flyby of

Jupiter, show that no H3
+ emission is found on Jupiter’s nightside at magnetic latitudes below those mapping

to Io [Stallard et al., 2015], suggesting that H3
+ emission measured on the dayside below these latitudes is

entirely generated by solar EUV ionization. In the past, this “mid-to-low”-latitude dayside emission has been
shown to reduce gently with latitude down to a minimum at the equator [Rego et al., 2000; Stallard et al.,
2012], with enhanced subauroral emission extending along lines of jovigraphic longitude away from the
auroral region [Miller et al., 1997; Morioka et al., 2004]. This gentle gradation in emission is suggestive of a
diffuse thermal gradient away from Jupiter’s dynamic aurora. Indeed, current models of the coupled
ionosphere-thermosphere system predict this smooth temperature gradient away from the auroral region
[Achilleos et al., 1998; Bougher et al., 2005].

In this paper, we describe new observations that reveal unexpected localized variations in Jupiter’s subauroral
thermosphere, suggesting that this region is dominated by complex dynamic flows and quasi-stable vortices:
aurorally generated weather systems within Jupiter’s thermosphere.

2. H3
+ Spectral Images

Observations of the auroral region of Jupiter were taken using the Cryogenic High-Resolution IR Echelle
Spectrometer (CRIRES) instrument [Käufl et al., 2004] on the Very Large Telescope (VLT) on 17 October and
31 December 2012. These observations consisted of a sequence of long-slit spectra, with the slit aligned
east-west on the planet, and scanned in a repeating sequence from the planetary limb down through the entire
auroral region in steps of 0.1″. These data were flat fielded, straightened using sky lines, and flux calibrated
using light from an A0V star, in the usual manner. The instrument observed a wavelength range between
3.885 and 3.986μm, accessing several emission lines from the H3

+ fundamental Q branch within the
ionosphere. This is also a spectral region in which there is significant hydrocarbon absorption by the under-
lying, immediately lower atmosphere, which effectively removes any reflected sunlight from the spectra.

Combining the emission from the H3
+ lines allowed a series of spectral maps to be produced, observing the

aurora as the planet rotated, with line brightness measured using established Gaussian fitting measurement
techniques [e.g., Stallard et al., 2002]. Although the observations were intended to measure conditions within
the auroral/polar region, a combination of the light collecting power from the 8m VLT and the sensitivity of
the CRIRES instrument also allowed us an unprecedented view of the subauroral regions, as show in Figure 1.

The main auroral emission brightness, the H3
+ ν2 Q(1,0�) line on 31 December, was approximately

15μW�2μm�1 sr�1. Scaling the brightness of the images to 10% of this value, we note what appears to be
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Figure 1. H3
+ emission measured by the CRIRES on VLT. These observations were made on (a) 17 October and (b) 31

December 2012. Images of emission from the H3
+ ν2 Q(1,0�) line, top, have been scaled to highlight subauroral

emission, as shown by the color bar, and clearly show a region of darkening in the ionosphere (highlighted with arrows).
The H3

+ emission from these images has been summed over the latitudinal region of the darkening (demarked within
the images by horizontal dotted lines), to produce two plots of varying H3

+ emission with system III longitude, bottom,
one for 17 October and one for 31 December. Here the region of darkening can be clearly seen for both nights. We have
calculated the mean temperature and column density, the two values displayed within each region, both inside the
dark region (blue), and in the surrounding ionospheric regions (red). Using separate data, we have also calculated the
mean equatorial emissions (dashed line), temperature, and column density for each night, measured within an hour of
these observations (green).

Geophysical Research Letters 10.1002/2016GL071956
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a highly unexpected localized region of darkening, well away from the main emission, highlighted with
arrows in Figure 1. This feature occurs on both 17 October and 31 December and appears to corotate with
the planet on 31 December. However, while the feature occurs at a latitude ~55°N, it has clearly moved in
longitude, with its center shifting from 300°W to 270°W.

Because H3
+ is in quasi-thermal equilibrium in Jupiter’s ionosphere [Miller et al., 1990], variations in emission

can be driven by either changes in the local H3
+ density or by changes in temperature within the surrounding

neutral atmosphere. We can calculate temperature and column density bymeasuring and comparing the H3
+

emission from two separate emission lines [e.g., Stallard et al., 2002; Melin et al., 2014]. We use emission from
the H3

+ ν2 Q(1,0�) line at 3.9530μm, and the H3
+ ν2 Q(3,0�) line at 3.9855μm.

Even using VLT/CRIRES, the H3
+ emission strength is too weak to accurately calculate the temperature and

column density on a pixel-by-pixel basis. Instead, we designate regions from our observations: one focused
on emission from the dark region itself and others on emission from longitudes east and west of the dark
region. The latitudinal range covered is shown in Figure 1 as horizontal dashed lines. From these, we calculate
the mean H3

+ intensity with longitude, a plot shown in Figures 1a and 1b. By comparing the emission from
the two H3

+ lines across each region, we measure the mean temperature and column density in each.

Using this, we clearly show that the dark region is significantly cooler than the surrounding regions, with tem-
peratures separated by more than their combined errors, and with calculated temperatures inside the dark
region on the order of 200K cooler than the surrounding regions, though it is notably still warmer than the equa-
torial region. Such temperature changes can completely explain the significant drop in H3

+ emission within the
dark region. In contrast with this, the column densities in both the dark region and the surrounding ionosphere
appear to be similar, though the errors associated with the calculated column densities are too large to be cer-
tain that there is not also a significant change in density within this region. It is possible that this apparent cool-
ing is the result of a localized breakdown in quasi-thermal equilibrium. However, for such a change to occur, it
requires a significant change in the altitude of peak ionization, and given that all the H3

+ observed in Figures 1a
and 1b is likely generated by solar EUV ionization, such a localized change in the ionization is difficult to explain.

Assuming that the H3
+ is in quasi-thermal equilibriumwith the surrounding neutrals, this suggests a localized ther-

mospheric feature which covers a region of ~30° of longitude and ~20° of latitude, close in scale to the Great Red
Spot. For simplicity, we will refer to this region of cooling as the Great Cold Spot (GCS) for the rest of this paper.

3. Average H3
+ Emission

In order to better understand the dynamics of the feature, we need to identify and characterize the GCS over a
much longer time frame. During the period between 1995 and 2000, J. Connerney and T. Satoh took extensive
images of H3

+ emission from Jupiter’s ionosphere [e.g., Satoh et al., 1996], using the NSFCam instrument on
NASA’s InfraRed Telescope Facility [Shure et al., 1994]. This data set was recently reprocessed by M. Lystrup
and B. Bonfond for the “Magnetospheres of the Outer Planets Infrared Data Archive.” We have taken 13,501
images observed by Connerney and Satoh, across 48 nights of observation, using a range of filters that cover
the 3.4–3.6μm range. These images were then processed to remove ghosting, projected into latitude and long-
itude maps, and added together across the entire 6 year period, using the techniques described in the support-
ing information. (Details of the instrument settings and techniques used are also described in the supporting
information). The resultant map of time-averaged H3

+ emission from Jupiter’s ionosphere is shown in Figure 2.

Given the range of instrument settings used over the 5 year period, an absolute intensity calibration is not
necessarily meaningful. Instead, we have scaled our data with respect to the peak auroral brightness at lati-
tudes equatorward of 75°N and 75°S (in order to minimize the effects of line-of-sight brightening). Although
the region in question is weaker than the main auroral emission, once the map is scaled to highlight the sub-
auroral ionosphere, a region of ionospheric darkening can clearly be seen in the data, centered on 55°N and
300°W. This shows that the cold spot observed in Figure 1 is a persistent feature of thermospheric cooling fixed
in system III longitude over a period of more than 15 years. A possible second region of dimming can also be
seen around 60°N and 40°W. It is also notable that when scaled in this way, the weakest emission no longer
follows the outline of the main auroral oval but instead appears to broadly follow lines of jovigraphic latitude.

In Figure 3, we show a localized segment of the H3
+ latitude and longitude map of the ionosphere (30–80°N,

270–360°W) from multiple nights across the 5 year Connerney and Satoh data set. In early years, between
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Figure 2. Amap ofmean H3
+ emission across the 5 year Connerney and Satoh H3

+ Jupiter image database. A latitude/longitude orthographic projection is shown on
the left and a polar projection on the right. All maps show the emission scaled against the peak auroral brightness at latitudes between 75°N and 75°S with a
gamma stretch of 0.5, and the bottom maps show a narrow range of emission brightness, scaled to highlight the subauroral region, as shown by the color bar. We
identify the ionospheric locations that magnetically map to the main auroral emission (solid line; 30 RJ and Io spot and tail (dashed-line; 5.9 RJ) [Grodent et al., 2008],
and to Amalthea (dotted line; 2.544 RJ) [Connerney et al., 1998]. Also shown are the jovigraphic longitude and latitude in 30° steps (grey dotted line).

Figure 3. A clipped region of the latitude/longitudemap (30–80°N, 270–360°W), showing how emission from this region varies with time over the 1995–2000 period.
Emission is scaled from the peak auroral brightness at latitudes between 75°N and 75°S with a gamma stretch of 0.5, to highlight the subauroral region, as shown
in the color bar. Each frame has been smoothed by 2° of latitude and longitude, in order to improve the signal to noise ratio, and lines of 15° of latitude and longitude
are shown (grey dotted line). Between 1995 and 1997, there are significant variations in this region, but no clear spot, and from 1998 onward a clear dark region
occurs within each of these images, evolving in location and morphology.

Geophysical Research Letters 10.1002/2016GL071956
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1995 and 1997, although there is localized variability, no clear spot can be seen. However, between 1997 and
1998 the GCS can be seen to form. The shape and location of the GCS then evolve with time to 2000; it is not
strongly fixed in either latitude or longitude and is often ringed by a region of emission brighter than the sur-
rounding ionosphere. The morphology of the dark region also sometimes appears considerably distorted,
but it typically forms a roughly oval shape. This suggests that the cold spot is a quasi-stable feature, in that
on shorter timescales the spot can drift in system III latitude and longitude by 10–20°, and sometimes signifi-
cantly change in morphology, but statistically will always reoccur at the same approximate location on
the planet.

4. Discussion

The detection of a localized region of cooling within the upper atmosphere is unexpected. Current models
and previous observations have both been limited by spatial resolution, so that they are relatively insensitive
to finer-scale structures. As a result, they have suggested that there are variations within the thermosphere
that may occur on relatively large scales and that thermospheric energy flows should act to smooth out
and limit more local temperature variations. Indeed, even within the auroral region, where the thermosphere
may be heated by very localized energy sources, the temperatures typically vary by only 100–200 K [Stallard
et al., 2002; Raynaud et al., 2004]. In contrast, our latest study suggests that the GCS represents either a highly
localized region of cooling or that strong dynamics disturb the equilibrium.

One possible driver for localized dynamics could be an underlying weather system propagating localized
winds from the lower stratosphere or troposphere. However, such weather systems typically result from flow
shears within the lower atmosphere and as a result move relative to the system III longitude on a yearly time-
scale; in addition, low-altitude weather could only provide energy into the thermosphere though wave inter-
action, and it is difficult to envisage a way that this could drive localized cooling. Past observations of Jupiter’s
stratosphere reveal a localized hot spot focused on the auroral region near system III longitude 180
[Livengood et al., 1993]. This hot spot within the northern auroral region is apparently associated with the
occasional formation of a large dark oval seen at near-UV wavelengths [Porco et al., 2003; West et al., 2004].
However, away from the auroral region, stratospheric UV structure, mid-IR hydrocarbon thermal emission,
and temperatures all vary smoothly along lines of equal latitude, with no evidence of localized variability near
the location of the Great Cold Spot [Porco et al., 2003; West et al., 2004; Flasar et al., 2004]. This suggests that
the atmospheric cooling observed here is confined to the thermosphere alone, above the stratosphere.

Since the Great Cold Spot is effectively fixed in magnetic longitude, a second potential source for the cool
region could be interactions with the surroundingmagnetosphere. However, it is typically difficult to produce
auroral darkening, or localized cooling, via auroral processes. It could be that this darkening represents a
region in which H3

+ is destroyed by a drizzle of infalling water ions via pitch angle scattering—a Jovian
equivalent of the “Ring Rain” seen on Saturn [O’Donoghue et al., 2013]. However, the cold spot occurs well
away from the region where the peak pitch angle scattering is thought to reach a maximum, estimated at
magnetic latitudes mapping to 1.5 RJ and at longitudes of 30°W [Abel and Thorne, 2003]. The GCS maps into
the magnetosphere slightly farther out than Amalthea, at 2.54 RJ, where there is no obvious source of plasma
to produce such precipitation. In addition, interactions with the magnetosphere cannot explain the changes
in longitude observed over longer timescales. Given that the GCS is observed over an extended period of
time, any magnetospheric source would have to be fixed in system III longitude and long lived, or the affect
of the source would be averaged out across all system III longitudes. Unless the magnetospheric source ori-
ginated well away from the magnetospheric equatorial plane, it is also likely that it would produce a magne-
tically conjugate cool dark region in the southern hemisphere; no such feature is observed in Figure 2.

The low temperatures within the GCS might be driven by a change in the peak H3
+ ionization altitude.

However, for this to produce a cooling, it suggests ionization either deeper in the atmosphere, resulting in
a cooler surrounding thermosphere, or high enough in the atmosphere that quasi-thermal equilibrium
breaks down. This would again require a localized auroral ionization process, as solar EUV ionization is
broadly uniform across the Jovian disk.

Since this feature is unlikely to be driven by the atmosphere below the ionosphere, or by direct interactions
with the magnetosphere, this suggests that the GCS originated from processes that occur within, or at close
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altitudes to, the thermosphere. The observed cooling might be driven by thermospheric dynamics. However,
since the H3

+ in this region is likely produced through solar EUV ionization, the changing morphology seen
over moderate timescales also strongly implies that the GCS is created by dynamic interactions within the
upper atmosphere, which would be expected to vary on such timescales.

At Earth, iondrag, Coriolis, centrifugal, andpressure-gradient forces are theprimary forces in the thermosphere
with their relativemagnitudes influenced by heating in the auroral region and plasma convection. The combi-
nation of these forces can lead to sustained vortex structures in the thermosphere that induce secondary circu-
lations resulting in adiabatic cooling of the vortex core creating cold spots [Walterscheid and Crowley, 2009].
Thermosphere model simulations and some supporting observations indicate the presence of vortices with
cold centers and that these vortices and associated temperatures will vary with geomagnetic activity [e.g.,
Schoendorf and Crowley, 1995]. Modeling shows that such vortices would occur at subauroral latitudes and at
longitudes away from the location of the main auroral energy deposition and are dynamically forced, either
as instabilities producedon the edgeof the flows [Walterscheid andCrowley, 2009] or nonlinear dynamic imbal-
ances driven by the flows [Walterscheid and Crowley, 2015]. The imbalance of flows for a vortex can result in a
coldcenterdependingonthedirectionof rotationandthe relativemagnitudesofCoriolis, centrifugal, andpres-
sure gradients. As explained inWalterscheid and Crowley [2015], a cyclonic thermosphere vortex will produce a
cold center when Coriolis is stronger than centrifugal forces, meaning relatively low wind speeds andmodest
radius of curvature in thewind vortex. Anticyclonic circulations can also produce cold cores when the centrifu-
gal forces are stronger than Coriolis and largely occur when strongly forced by geomagnetic activity.

The jovigraphic latitude of this feature, occurring near 55°N, is close to the equatorward limit of the northern
main auroral emission. As we have seen, models predict that auroral energy deposited into the thermosphere
is likely to migrate around the planet along lines of equal jovigraphic longitude. In addition, plasma convec-
tion within the auroral region, which drives strong neutral flows at the Earth, could also have a significant
contributory factor at Jupiter, as indicated by past models of ionosphere-thermosphere interactions
[Achilleos et al., 1998; Bougher et al., 2005; Millward et al., 2005; Majeed et al., 2016]. The strongest of these
flows has been shown to result within polar regions that interact with the solar wind, where ions are held
“stationary” in the inertial frame producing a very strong subrotational flow in the planetary frame [Stallard
et al., 2001]. These processes would result in bulk flows within the polar thermosphere, contained at
jovigraphic latitudes through which the northern aurora extends; the GCS is located at the boundary
between this aurorally enhanced polar thermosphere and the more quiescent equatorial region, as high-
lighted in Figure 2. Within Jupiter’s lower atmosphere, boundary regions between two regions of bulk flow
with different energies often form relatively small and stable vortexes [Ingersoll, 1990].

Similar to the sustained vortices in Earth’s thermosphere, the GCS appears to be quasi-stable. The majority of
Jupiter’s aurorae are produced as a result of continuously driven internal current systems, driven by plasma
from Io,with regionsof auroral heatingfixedat the same jovigraphic latitudes and longitudes. Thiswould result
in a positionally stable flow of energy away from this region, so that over a 15 year period, the weather system
produced in response to the flowof this energymust also remain somewhat stable. Amatching region of cool-
ing is not observed in the southern hemisphere, as here the auroral region is more symmetrically distributed
around the rotational pole, positioning any thermospheric cooling close to the auroral region itself.

However, the intensity of Jupiter’s aurora can change significantly as a result of changes in the solar wind
[Baron et al., 1996], Io’s volcanic activity [Kimura et al., 2015], or other unknown processes [Badman et al.,
2016]. As such, the energy transport will change on shorter timescales, explaining the longitudinal quasi-
stability of the GCS, with significant changes in position and morphology within individual observations
and with the spot sometimes not observed at all. This long-term quasi-stability suggests that like Jupiter’s
UV Great Dark Spot [Porco et al., 2003;West et al., 2004], it is likely that the spot represents a weather system
that has been regenerated time and again, for as long as Jupiter has had its northern magnetic field asymme-
try. We do not know how long this is, but given the slow pace of change within the Earth’s magnetic field, the
Great Cold Spot has existed for thousands of years, and perhaps much longer.

In this context, the Great Cold Spot may represent the first direct evidence of a long-term vortex confined to a
planet’s thermosphere within the solar system and opens up the possibility that similar vortices might occur
within the thermosphere of all planets with strong auroral activity, at least on the short term, and potentially
as quasi-stable weather systems on longer term. For Jupiter, it shows that the polar thermosphere is a region
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of complex dynamics and that neutral flows are likely to result in second-order currents that ultimately feed
back into currents that flow out into the surrounding magnetosphere.

References
Abel, B., and R. M. Thorne (2003), Relativistic charged particle precipitation into Jupiter’s sub-auroral atmosphere, Icarus, 166, 311–319,

doi:10.1016/j.icarus.2003.08.017.
Achilleos, N., S. Miller, J. Tennyson, A. D. Aylward, I. Mueller-Wodarg, and D. Rees (1998), JIM: A time-dependent, three-dimensional model of

Jupiter’s thermosphere and ionosphere, J. Geophys. Res., 103, 20,089–20,112, doi:10.1029/98JE00947.
Badman, S. V., G. Branduardi-Raymont, M. Galand, S. L. G. Hess, N. Krupp, L. Lamy, H. Melin, and C. Tao (2015), Auroral processes at the giant

planets: Energy deposition, emission mechanisms, morphology and spectra, Space Sci. Rev., 187, 99–179, doi:10.1007/s11214-014-0042-x.
Badman, S. V., et al. (2016), Weakening of Jupiter’s main auroral emission during January 2014, Geophys. Res. Lett., 43, 988–997, doi:10.1002/

2015GL067366.
Baron, R. L., T. Owen, J. E. P. Connerney, T. Satoh, and J. Harrington (1996), Solar wind control of Jupiter’s H3

+
auroras, Icarus, 120, 437–442,

doi:10.1006/icar.1996.0063.
Bougher, S. W., J. H. Waite, T. Majeed, and G. R. Gladstone (2005), Jupiter Thermospheric General Circulation Model (JTGCM): Global structure

and dynamics driven by auroral and Joule heating, J. Geophys. Res., 110, E04008, doi:10.1029/2003JE002230.
Connerney, J. E. P., M. H. Acuña, N. F. Ness, and T. Satoh (1998), New models of Jupiter’s magnetic field constrained by the Io flux tube

footprint, J. Geophys. Res., 103, 11,929–11,940, doi:10.1029/97JA03726.
Flasar, F. M., et al. (2004), An intense stratospheric jet on Jupiter, Nature, 427, 132–135, doi:10.1038/nature02142.
Forbes, J. M. (2007), Dynamics of the upper mesosphere and thermosphere, J. Meteorol. Soc. Jpn., 85, 193–213, doi:10.2151/jmsj.85B.193.
Grodent, D., B. Bonfond, J.-C. Gérard, A. Radioti, J. Gustin, J. T. Clarke, J. Nichols, and J. E. P. Connerney (2008), Auroral evidence of a localized

magnetic anomaly in Jupiter’s northern hemisphere, J. Geophys. Res., 113, A09201, doi:10.1029/2008JA013185.
Ingersoll, A. P. (1990), Atmospheric dynamics of the outer planets, Science, 248, 308–315, doi:10.1126/science.248.4953.308.
Käufl, H. U., et al. (2004), CRIRES: A high-resolution infrared spectrograph for ESO’s VLT, SPIE, 5492, 1218, doi:10.1117/12.551480.
Kimura, T., et al. (2015), Transient internally driven aurora at Jupiter discovered by Hisaki and the Hubble Space Telescope, Geophys. Res. Lett.,

42, 1662–1668, doi:10.1002/2015GL063272.
Lam, H. A., N. Achilleos, S. Miller, J. Tennyson, L. M. Trafton, T. R. Geballe, and G. E. Ballester (1997), A baseline spectroscopic study of the

infrared auroras of Jupiter, Icarus, 393, 379–393, doi:10.1006/icar.1997.5698.
Livengood, T. A., T. Kostiuk, and F. Espenak (1993), Temperature and abundances in the Jovian auroral stratosphere. 1: Ethane as a probe of

the millibar region, J. Geophys. Res., 98, 18,813–18,822, doi:10.1029/93JE01043.
Majeed, T., J. H. Waite Jr., S. W. Bougher, and G. R. Gladstone (2005), Processes of equatorial thermal structure at Jupiter: An analysis of the

Galileo temperature profile with a three-dimensional model, J. Geophys. Res., 110, E12007, doi:10.1029/2004JE002351.
Majeed, T., S. W. Bougher, A. J. Ridley, J. H. Waite, G. R. Gladstone, and J. M. Bell (2016), Global response of the upper thermospheric winds to

large ion drifts in the Jovian ovals, J. Geophys. Res. Space Physics, 121, 4647–4667, doi:10.1002/2015JA021328.
Melin, H., S. Miller, T. Stallard, C. Smith, and D. Grodent (2006), Estimated energy balance in the Jovian upper atmosphere during an auroral

heating event, Icarus, 181, 256–265, doi:10.1016/j.icarus.2005.11.004.
Melin, H., T. S. Stallard, J. O’Donoghue, S. V. Badman, S. Miller, and J. S. D. Blake (2014), On the anticorrelation between H3

+
temperature and

density in giant planet ionospheres, Mon. Notices R. Astron. Soc., 438, 1611–1617, doi:10.1093/mnras/stt2299.
Miller, S., R. D. Joseph, and J. Tennyson (1990), Infrared emissions of H3(+) in the atmosphere of Jupiter in the 2.1 and 4.0 micron region,

Astrophys. J. Lett., 360, L55–L58, doi:10.1086/185811.
Miller, S., N. Achilleos, G. E. Ballester, H. A. Lam, J. Tennyson, T. R. Geballe, and L. M. Trafton (1997), Mid-to-low latitude H3

+
emission from

Jupiter, Icarus, 130, 57–67, doi:10.1006/icar.1997.5813.
Millward, G., S. Miller, T. Stallard, N. Achilleos, and A. D. Aylward (2005), On the dynamics of the Jovian ionosphere and thermosphere. IV. Ion-

neutral coupling, Icarus, 173, 200–211, doi:10.1016/j.icarus.2004.07.027.
Morioka, A., S. Yaegashi, H. Nozawa, H. Misawa, Y. S. Miyoshi, F. Tsuchiya, and S. Okano (2004), H3

+
emissions in the Jovian sub-auroral region

and auroral activity, Geophys. Res. Lett., 31, L16806, doi:10.1029/2004GL020390.
O’Donoghue, J., T. S. Stallard, H. Melin, G. H. Jones, S. W. H. Cowley, S. Miller, K. H. Baines, and J. S. D. Blake (2013), The domination of Saturn’s

low-latitude ionosphere by ring “rain”, Nature, 496(7444), 193–195, doi:10.1038/nature12049.
O’Donoghue, J., L. Moore, T. S. Stallard, and H. Melin (2016), Heating of Jupiter’s upper atmosphere above the Great Red Spot, Nature, 536,

190–192, doi:10.1038/nature18940.
Porco, C. C., et al. (2003), Cassini imaging of Jupiter’s atmosphere, satellites, and rings, Science, 299, 1541–1547, doi:10.1126/science.1079462.
Raynaud, E., E. Lellouch, J.-P. Maillard, G. R. Gladstone, J. H. Waite, B. Bézard, P. Drossart, and T. Fouchet (2004), Spectro-imaging observations

of Jupiter’s 2-μm auroral emission. I. H3
+
distribution and temperature, Icarus, 171, 133–152, doi:10.1016/j.icarus.2004.04.020.

Rego, D., S. Miller, N. Achilleos, R. Prangé, and R. D. Joseph (2000), Latitudinal profiles of the Jovian IR emissions of H3
+
at 4 μmwith the NASA

Infrared Telescope Facility: Energy inputs and thermal balance, Icarus, 147(2), 366–385, doi:10.1006/icar.2000.6444.
Roble, R. G. (1983), Dynamics of the Earth’s thermosphere, Rev. Geophys. Space Phys., 21, 217–233, doi:10.1029/RG021i002p00217.
Satoh, T., J. E. P. Connerney, and R. L. Baron (1996), Emission source model of Jupiter’s H3

+
aurorae: A generalized inverse analysis of images,

Icarus, 122, 1–23, doi:10.1006/icar.1996.0106.
Schoendorf, J., and G. Crowley (1995), Interpretation of an unusual high latitude density decrease in terms of thermospheric density cells,

Geophys. Res. Lett., 22, 3023–3026, doi:10.1029/95GL02226.
Seiff, A., D. B. Kirk, T. C. D. Knight, L. A. Young, F. S. Milos, E. Venkatapathy, J. D. Mihalov, R. C. Blanchard, R. E. Young, and G. Schubert (1997),

Thermal structure of Jupiter’s upper atmosphere derived from the Galileo probe, Science, 276, 102–104, doi:10.1126/science.276.5309.102.
Shure, M. A., D. W. Toomey, J. T. Rayner, P. M. Onaka, and A. J. Denault (1994), NSFCAM: A new infrared array camera for the NASA Infrared

Telescope Facility, Instrum. Astron. VIII, 2198, 614–622, doi:10.1117/12.176769.
Smith, C. G. A., and A. D. Aylward (2009), Coupled rotational dynamics of Jupiter’s thermosphere and magnetosphere, Ann. Geophys., 27,

199–230, doi:10.5194/angeo-27-199-2009.
Stallard, T., S. Miller, G. Millward, and R. D. Joseph (2001), On the dynamics of the Jovian ionosphere and thermosphere. I. The measurement

of ion winds, Icarus, 154, 475–491, doi:10.1006/icar.2001.6681.
Stallard, T., S. Miller, G. Millward, and R. D. Joseph (2002), On the dynamics of the Jovian ionosphere and thermosphere: II. The measurement

of H3
+
vibrational temperature, column density, and total emission, Icarus, 156, 498–514, doi:10.1006/icar.2001.6793.

Geophysical Research Letters 10.1002/2016GL071956

STALLARD ET AL. THE GREAT COLD SPOT AT JUPITER 3007

Acknowledgments
This work was supported by the UK
STFC for H.M. and T.S., and R.J. This
analysis followed discussions within the
ISSI Team Stallard workshops. This work
was based on observations collected at
the European Organisation for
Astronomical Research in the Southern
Hemisphere under ESO program 090.C-
0353(A). J.E.P. Connerney and T. Satoh
were visiting astronomers at the NASA
Infrared Telescope Facility, which is
operated by the University of Hawai’i
under cooperative agreement no. NNX-
08AE38A with the National Aeronautics
and Space Administration, Science
Mission Directorate, Planetary
Astronomy Program. Infrared images
from 1995 to 2000 are available from
the Magnetospheres of the Outer
Planets Infrared Data Archive. VLT
spectral data are available from the ESO
Science Archive Facility.

http://doi.org/10.1016/j.icarus.2003.08.017
http://doi.org/10.1029/98JE00947
http://doi.org/10.1007/s11214-014-0042-x
http://doi.org/10.1002/2015GL067366
http://doi.org/10.1002/2015GL067366
http://doi.org/10.1006/icar.1996.0063
http://doi.org/10.1029/2003JE002230
http://doi.org/10.1029/97JA03726
http://doi.org/10.1038/nature02142
http://doi.org/10.2151/jmsj.85B.193
http://doi.org/10.1029/2008JA013185
http://doi.org/10.1126/science.248.4953.308
http://doi.org/10.1117/12.551480
http://doi.org/10.1002/2015GL063272
http://doi.org/10.1006/icar.1997.5698
http://doi.org/10.1029/93JE01043
http://doi.org/10.1029/2004JE002351
http://doi.org/10.1002/2015JA021328
http://doi.org/10.1016/j.icarus.2005.11.004
http://doi.org/10.1093/mnras/stt2299
http://doi.org/10.1086/185811
http://doi.org/10.1006/icar.1997.5813
http://doi.org/10.1016/j.icarus.2004.07.027
http://doi.org/10.1029/2004GL020390
http://doi.org/10.1038/nature12049
http://doi.org/10.1038/nature18940
http://doi.org/10.1126/science.1079462
http://doi.org/10.1016/j.icarus.2004.04.020
http://doi.org/10.1006/icar.2000.6444
http://doi.org/10.1029/RG021i002p00217
http://doi.org/10.1006/icar.1996.0106
http://doi.org/10.1029/95GL02226
http://doi.org/10.1126/science.276.5309.102
http://doi.org/10.1117/12.176769
http://doi.org/10.5194/angeo-27-199-2009
http://doi.org/10.1006/icar.2001.6681
http://doi.org/10.1006/icar.2001.6793


Stallard, T. S., H. Melin, S. Miller, J. O’Donoghue, S. W. H. Cowley, S. V. Badman, A. Adriani, R. H. Brown, and K. H. Baines (2012), Temperature
changes and energy inputs in giant planet atmospheres: What we are learning from H3

+
, Phil. Trans. R. Soc. A, 370, 5213–5224, doi:10.1098/

rsta.2012.0028.
Stallard, T. S., et al. (2015), Cassini VIMS observations of H3

+
emission on the nightside of Jupiter, J. Geophys. Res. Space Physics, 120,

6948–6973, doi:10.1002/2015JA021097.
Tao, C., S. V. Badman, and M. Fujimoto (2011), UV and IR auroral emission model for the outer planets: Jupiter and Saturn comparison, Icarus,

213, 581–592, doi:10.1016/j.icarus.2011.04.001.
Vincent, R. A. (2015), The dynamics of the mesosphere and lower thermosphere: A brief review, Prog. Earth Planet. Sci., 2, 4, doi:10.1186/

s40645-015-0035-8.
Walterscheid, R. L., and G. Crowley (2009), Large-scale instabilities of the lower thermosphere during an active period, J. Geophys. Res., 114,

A07306, doi:10.1029/2008JA013892.
Walterscheid, R. L., and G. Crowley (2015), Thermal cell structures in the high-latitude thermosphere induced by ion drag, J. Geophys. Res.

Space Physics, 120, 6837–6850, doi:10.1002/2015JA021122.
West, R. A., K. H. Baines, A. J. Friedson, D. Banfield, B. Ragent, and F. Taylor (2004), Jovian clouds and haze, in Jupiter—The Planet, Satellites and

Magnetosphere, edited by F. Bagenal, T. Dowling, and W. McKinnon, Cambridge Univ. Press, New York.
Yates, J. N., N. Achilleos, and P. Guio (2012), Influence of upstream solar wind on thermospheric flows at Jupiter, Planet. Space Sci., 61, 15–31,

doi:10.1016/j.pss.2011.08.007.
Yates, J. N., N. Achilleos, and P. Guio (2014), Response of the Jovian thermosphere to a transient ‘pulse’ in solar wind pressure, Planet. Space

Sci., 91, 27–44, doi:10.1016/j.pss.2013.11.009.
Yelle, R. V., and S. Miller (2004), Jupiter’s thermosphere and ionosphere, in Jupiter: The Planet, Satellites and Magnetosphere, edited by F.

Bagenal, T. E. Dowling, and W. B. McKinnon, Cambridge Univ. Press, New York.

Geophysical Research Letters 10.1002/2016GL071956

STALLARD ET AL. THE GREAT COLD SPOT AT JUPITER 3008

http://doi.org/10.1098/rsta.2012.0028
http://doi.org/10.1098/rsta.2012.0028
http://doi.org/10.1002/2015JA021097
http://doi.org/10.1016/j.icarus.2011.04.001
http://doi.org/10.1186/s40645-015-0035-8
http://doi.org/10.1186/s40645-015-0035-8
http://doi.org/10.1029/2008JA013892
http://doi.org/10.1002/2015JA021122
http://doi.org/10.1016/j.pss.2011.08.007
http://doi.org/10.1016/j.pss.2013.11.009


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


