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a b s t r a c t
High signal-to-noise images of Jupiter were made at wavelengths between 13.2 and 22.8 μm in ﬁve separate observing runs between 1996 June and 1997 November at the NASA Infrared Telescope Facility.
Maps of Jupiter’s upper-tropospheric temperatures at pressures of 100 and 400 mbar were made from
these images. We use the relatively frequent, well sampled data sets to examine in detail the short-term
evolution of the temperature structure. Our 2–6 month sampling periods demonstrate that the longitudinal temperature structures evolve signiﬁcantly in these short periods and exhibit wave features. Using a
three-dimensional general circulation model simulation of Jupiter’s upper atmosphere, we show that the
thermal structures are consistent with convectively generated Rossby waves that propagate upward from
the lower to the upper atmosphere.

1. Introduction
Jupiter has been studied at visible wavelengths for over 300
years. In the last few decades, observers have extended these
observations of Jupiter’s cloud deck to longer wavelengths to
understand more about the atmosphere’s vertical structure. Observations at longer wavelengths, sampling Jupiter’s thermal
emission, have the power to describe the temperature structure
of the atmosphere, deﬁning its basic state and stability. Such
observations have revealed a wide variety of features, but they
have been relatively rare. Pioneer 10 and 11 observations by the
2-ﬁlter Infrared Radiometer (Orton and Ingersoll, 1976) showed
the basic organization of the troposphere, with alternating warm
and cool zonal bands anti-correlated with the positions of dark
and bright regions, respectively, in the visible. The two Voyager
spacecraft carried the Infrared Interferometer Spectrometer and
Radiometer (IRIS) instruments which provided a wealth of data
about the Jovian temperature structure. The Voyager IRIS spectra
have been extensively analyzed to study the meridional structure
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(e.g., Gierasch et al., 1986), the longitudinal structure (Magalhães
et al., 1990), and individual features, such as the Great Red Spot
(Sada et al., 1996). The radiometric capability of the Galileo
Photopolarimeter-Radiometer (PPR) has been used to map thermal
emission at high spatial resolution for several atmospheric regions,
including the Great Red Spot (Orton et al., 1998). In late 20 0 0
and early 2001, Cassini was able to make an extensive set of
observations of Jupiter over the brief time of its gravitational assist
maneuver. Vertical zonal thermal structure and three nearly complete upper troposphere temperature maps from the Composite
Infrared Spectrometer (CIRS) were reported by Flasar et al. (2004).
Li et al. (2006) provided an analysis of this data set in combination
with data from other Cassini instruments to examine the same
type of wave structure we examine here.
Ground-based observations have also examined the meridional
and longitudinal structure over a similar period albeit with infrequent sampling (Orton et al., 1994; Simon-Miller et al., 2006).
Infrared detector technology has made possible long-wavelength
thermal imaging of Jupiter and has thus provided the means to
sample the temperature structure of the entire visible hemisphere
at once (Deming et al., 1997; Orton et al., 1998; 1996; SimonMiller et al., 2006). In 1996, a program of intensive ground-based
observations of Jupiter was initiated to supplement the extremely

B.M. Fisher et al. / Icarus 280 (2016) 268–277

269

Table 1
Summary of observations.
Year

1996
1996
1997
1997
1997

Dates

June 26–29
July 1, 2
Sep. 5, 6
Apr. 3, 5
Sep. 17–20
Nov. 7, 8

Number of
Image sets

Longitude
Coverage
(%)

Angular size (arc-sec)

12

96

47.1

3
4
8
4

74
76
100
92

42.1
35.5
46.1
39.6

restricted spatial and spectral coverage of Jupiter by the Galileo
mission. The observations we are reporting here, thermal infrared
observations from 13.2 − 22.8 μm , which are sensitive to the
upper Jovian troposphere, represent an examination of a subset
of the data that were taken in the 1.5 − 5.2 μm and 7 − 24 μm
spectral regions. We focus on a 17-month period during which
we were able to acquire ﬁve sets of data with good longitudinal
coverage to study the meridional and longitudinal temperature
structure in the upper troposphere. We use the relatively frequent temporal sampling to examine the short-term evolution
of the temperature structure. Additionally, we offer a possible
mechanism for the generation of the wave features seen at low
latitudes.
In Section 2, we describe the observations and data reduction
methods. Section 3 discusses our temperature-retrieval methodology. Section 4 documents the temperature structure in detail and
describes a 3D general circulation model simulation of Jupiter’s
upper atmosphere that generates temperature structures similar
to the observations. We summarize and discuss our ﬁndings in
Section 5.

2. Observations
Table 1 summarizes the ﬁve observing periods we report here.
The images were all taken at NASA’s Infrared Telescope Facility
(IRTF) using the MIRLIN mid-infrared camera (Ressler et al., 1994)
except September, 1997, which was taken with the MIRAC midinfrared camera (Hoffman et al., 1993). These dates were chosen
from a larger set of observations made during the period for both
their coverage and image quality. For all of the periods shown in
Table 1, we were able to acquire several sets of data which could
be combined to yield good longitudinal coverage. Additionally,
atmospheric conditions were such that seeing was essentially
diffraction limited and the humidity was low enough to give good
signal–to–noise ratios at all wavelengths. Observing runs where
these conditions were not met were excluded from this analysis.
Each set of data consists of a set of images of Jupiter’s disk
taken through discrete (δλ ∼ 0.5 − 1.5 μm) ﬁlters at each of six
wavelengths: 13.2, 17.2, 17.9, 18.7, 20.8 and 22.8 μm (only 13.2,
17.2, 17.9, 20.8 μm for MIRAC data). The diffraction limit of the
3-m IRTF is 1.56 arc-seconds at 18.7 μm. Jupiter varied in apparent equatorial diameter from ∼36 arcsec to ∼47 arcsec, giving
great-circle resolutions of 5.5–7.3° at the sub-earth point on the
planet, at 18.7 μm.
We chose wavelengths that sample the Jovian spectrum where
it is dominated by the collision-induced opacity of H2 , which is
well mixed throughout the region we are sampling (Fig. 1). The
ﬁlter selection provides sensitivity to temperatures in Jupiter’s
upper troposphere. Fig. 2 illustrates the normalized weighting
functions for these ﬁlters, showing the sensitivity of each ﬁlter
to temperatures at different pressures, for two emission angles,
assuming only gaseous emission.

Fig. 1. Schematic representation of the location of the discrete infrared ﬁlters used
in this study. The ﬁlters at 18.7 and 22.8 μm were not a part of the MIRAC set.

Fig. 2. Normalized weighting functions for each observational bandpass. The normalized weighting functions show the relative contribution to the outgoing ﬂux
from each pressure level, identiﬁed by the central wavelength of the ﬁlter shown in
Fig. 1. The solid curves represent the contribution of ﬂux upwelling from the nadir;
the dashed curves represent the contribution of ﬂux upwelling from an emission
angle of ∼60°.

Standard middle-infrared reduction techniques were followed
to produce the individual images from the raw data. Jupiter was
detected above the sky noise by differencing an image of Jupiter
(the “A” frame) and an image of the nearby sky that was taken
within a second or less of the Jupiter image (the “B” frame).
This process, known as “chopping,” was repeated several times
with the A-B subtracted pairs coadded until suﬃcient signal was
obtained. Another A-B pair was taken a few seconds later, offset
to the nearby sky, using the same number of coadded pairs as the
object-sky A-B pair. This process, known as “nodding” adds further
stability to the image by compensating for sky variability on a
time frame of several seconds. Several successive images of Jupiter
were obtained and dithered across the detector array; this allowed
their subsequent coaddition to be more independent of any nonuniform pixel-to-pixel sensitivities and bad pixel locations on the
detector array. For MIRAC data, a nodded sky pair was subtracted
from each chopped pair. For the MIRLIN data, a single nodded A-B
pair was subtracted from each dithered, chopped A-B pair in a set.
This was justiﬁed statistically because the offset of each dithered
sky pair randomized the sampling of the sky in the nodded pair,
i.e., the same sky sample was not subtracted coherently from each
image. This versatility saved considerable observing time. The
non-uniformity of the MIRAC detector array also required us to
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apply a correction for its pixel-to-pixel response. We acquired this
correction by subtracting a coadded set of images of the sky from
a similar set of images of the warm IRTF dome interior. This step
was not required for the more uniform response of the MIRLIN
detector array.
Jupiter was imaged using 5–10 dithered A-B pairs in each of
the ﬁlters shown in Fig. 1, as well as 4 more ﬁlter locations (3 for
MIRAC) that are sensitive to other atmospheric properties. Images
of stellar calibrators were taken, as well as images obtained with
another IRTF instrument sensitive to shorter wavelengths, before
returning to repeat another middle-infrared imaging sequence. We
tried to repeat MIRLIN or MIRAC observations on 2 to 2.5 h intervals, allowing suﬃcient coverage of longitudes so that most locations on the planet were observed at low and high emission angles.
Weather was good enough to provide images with high
signal-to-noise ratios. Typical images were characterized by
signal-to-noise ratios of ∼200, equivalent to just under 0.1 K in
brightness temperature. The worst images we considered have
signal-to-noise ratios of about 100, equivalent to just under 0.2 K
in brightness temperature.
While conditions allowed for good signal-to-noise ratios in
each image, the weather was not photometric across the whole
acquisition period. Rather than attempting to calibrate through
the variable conditions, we scaled all our data to Voyager IRIS
belt-zone average radiances, similar to the approach adopted by
Fletcher et al. (2009). The Voyager belt and zone average spectra
were convolved with our spectral ﬁlter functions to create a
spectral radiance for each ﬁlter. For each image we calculated
the ratio of the average of 40° of longitude around the central
meridian of the Jovian North Equatorial Belt (NEB), 6–16°N (in
this work all latitudes are planetocentric), to the Voyager IRIS
spectral average of the same region. This procedure was repeated
for the South Tropical Zone (STrZ), 18–23°S. The average of these
two ratios produced a calibration scale factor for the image. While
this method provided a self-consistent calibration across our data
set, systematic offsets in the derived temperatures could be introduced since the NEB/STrZ temperature ratio has changed since the
Voyager era (Simon-Miller et al., 2006), or if Jovian tropospheric
temperatures have experienced a systematic shift since the Voyager era—a possibility that is not considered likely. Additionally,
speciﬁc brightness variations in longitudes included in a particular
image set could cause an offset of the calibration of that image set
with respect to others in proportion to the fractional area and the
brightness of features relative to the total image. Such calibration
errors would cause small shifts in the overall temperature proﬁle
retrieved for a particular set of time-coincident observations. We
used several strategies to mitigate these types of systematic errors,
which are discussed below in the context of our temperature
retrievals. Since our analysis focuses on longitudinal structure and
not the absolute temperature values, small errors in absolute radiance that could be mitigated in temperature space were deemed
acceptable.
After calibration, each image was mapped via cylindrical projection onto a regular 1° × 1° latitude–longitude grid, with longitudes
ﬁxed to the System-III rotation rate. Each map is accompanied
by an emission-angle map. The mapping into System-III accounts
for the rotation of Jupiter in the ﬁnite time (∼15 min) it took
to acquire a complete wavelength set. These calibrated, mapped
data, consisting of a radiance and emission-angle pair, for each
wavelength (6 wavelengths for MIRLIN, 4 for MIRAC), formed
a set for input for the temperature retrievals. The temperature
retrievals were done over all latitude and longitude grid points
whose emission angles were less than 60° for each set separately.
Thus, for each full-disk image set of six wavelengths, temperature
proﬁles at each point of the cylindrical projection maps of the
visible disk with emission angles < 60° were produced.

3. Temperature retrieval
For our temperature retrievals, the Jovian atmospheric radiative
properties were modeled by a combination of H2 -H2 and H2 -He
collision-induced absorption (Birmbaum et al., 1996; Borysow
et al., 1988; Orton et al., 2007) for a mixture appropriate to a
[He]/[H2 ] ratio of 0.157 (Von Zahn et al., 1998).
Our numerical retrieval was based on the nonlinear weighted
technique of Chahine (1970) because of its ease of implementation and robustness. Using this technique, the outgoing radiance
spectrum was computed, starting with an estimate of the vertical
temperature proﬁle. The vertical temperature proﬁle is then perturbed until the outgoing radiance matches the observed radiances
at all input wavelengths. A smoothed average of the Voyager-1
radio occultation experiment results (Lindal et al., 1981) was used
as the initial guess for the vertical temperature proﬁle.
From the proﬁles, we recorded the temperatures at ﬁxed
pressures of 100 mbar and 400 mbar. We chose 100 mbar as
representative of the top of the troposphere. The vertical widths
of the weighting functions deﬁne our vertical sensitivity. As
can be seen from Fig. 2, our range of vertical sensitivity is less
than two scale heights, and our retrieval levels are, therefore,
not completely independent. The 400-mbar level was chosen to
give the greatest degree of independence from our 100-mbar
level and to minimize the impact of clouds deeper in Jupiter’s
atmosphere, which are not included in the temperature retrievals.
Our retrieved temperatures are in good general agreement with
the He abundance-corrected radio occultation temperature proﬁles
reported by Orton et al. (1998). Direct application of equation 10
from Chahine (1970) results in a random error of the temperature
retrievals of ∼0.1 − 0.2 K, which can be interpreted as the formal
point-to-point temperature error for a temperature map derived
from one set of wavelengths. However, we believe this underestimates the absolute temperature errors considerably. Additionally,
systematic errors associated with our calibration scheme result in
offsets of absolute temperatures from set-to-set of ∼2 K. Further,
some spurious north-south gradients are seen, such as the warm
southern latitudes at 100 mbar in September, 1996, and warmer
poles at 400 mbar in April, 1997 (Figs. 3, 4, 5). We believe these
are introduced by imperfect correction of limb effects caused by
our diffraction limited spatial resolution. Limb effects also result
in small discontinuities in the composite maps (see below). Thus
absolute temperatures and north-south hemisphere gradients
should be viewed with caution, and we urge the reader to focus
on the longitude structure, particularly in the NEB and SEB.
The MIRAC observations only contained four ﬁlters, and to
evaluate the loss of information relative to our six ﬁlter MIRLIN observations we tested retrievals of MIRLIN observations
sub-setted to approximate the MIRAC ﬁlter set. Comparisons
between the experimental four-ﬁlter retrievals and our normal six
ﬁlter retrievals showed good general agreement with small scale
differences of ∼0.2 K that were not correlated to the retrieved
temperature structure. Additionally, systematic offsets of 1–2 K,
similar to those seen between different observing runs, were seen
in these tests. We concluded that while the temperature errors of
the MIRAC retrievals are likely larger than the MIRLIN retrievals,
they were not large enough to detract from our conclusions.
Composite global temperature maps were created by combining
all of the individual data sets for a given epoch, averaging the data
where image sets overlap. Figs. 3 and 4 show the resulting global
composites at the 100-mbar and the 400-mbar levels, respectively.
To create the most self-consistent composite for a given observing
run, the mean values of the equatorial region were normalized to
each other for all images in a given composite. While this composite methodology does not remove all seams between different
images, it did reduce them to levels signiﬁcantly smaller than the

B.M. Fisher et al. / Icarus 280 (2016) 268–277

271

Fig. 3. Composite global temperature maps at 100 mbar pressure as a function of
planetocentric latitude and System III longitude. The latitude and longitude scales
are linear. Dashed lines mark the edge of the equatorial super rotating jets (14° S
and 14° N) determined from the observed zonal wind proﬁle (Porco et al., 2003).

Fig. 4. Composite global temperature maps at 400 mbar pressure as a function
of planetocentric latitude and System III longitude. Axes are labeled as in Fig. 3.
Dashed lines mark the edge of the equatorial super rotating jets (14° S and 14° N)
determined from the observed zonal wind proﬁle (Porco et al., 2003).

wavelike temperature structure of the NEB and other recognizable
temperature features such as the GRS.
While the maps were formed from data taken as many as 5
days apart, we did not observe signiﬁcant evolution of the temperature structure where we had longitudinally overlapping but
time separated samples, consistent with results of Li et al. (2006).
Previous studies of the rotation rates of longitudinally discrete
areas of increased temperature, particularly in the NEB (Deming
et al., 1997; Li et al., 2006; Magalhães et al., 1989; 1990; Orton
et al., 1994) report rotation rates of up to ∼10 m s−1 . Over our
maximum time difference of 5 days, this rotation rate produces
a longitudinal smearing of 4300 km (∼3.5°), which is smaller
than our best resolution. Examining the overlapping longitudinal
regions of our data shows that shifts of discrete, identiﬁable areas
of increased temperature were typically much smaller than the
smearing size of 3.5°. While expect evolution of the temperature
ﬁeld within the period spanned by the data in each observing run,
we did not observe any such evolution above our noise level and
spatial resolution.
For comparisons with previous work, we constructed the
zonal mean of the temperature maps (Fig. 5). These zonal means
are simply the longitudinally averaged value of the temperature
at each latitude. Since our calibration methodology resulted in
systematic offsets, the zonal mean curve of each composite was

adjusted to match the peak value of the SEB of the June–July 1996.
The curves for 100 mbar and 400 mbar were adjusted separately.
The standard deviation of the values at a given latitude is typically
∼0.5 K except in the NEB and SEB at the 100-mbar level, where it
is ∼1.25 K. Gaps in coverage were not considered in the means or
standard deviations. A subset of the data reported here were used
to calculate the zonal mean proﬁles of Simon-Miller et al. (2006),
and all of our zonal mean proﬁles are consistent with those results.
4. Discussion
4.1. Thermal structure
The general structure of the upper troposphere for all of the
periods reported here is consistent with that reported in other
periods (Deming et al., 1989; 1997; Flasar et al., 2004; Li et al.,
2006; Magalhães et al., 1989; 1990; Orton et al., 1994; SimonMiller et al., 2006). Speciﬁcally, the NEB and SEB are warm with a
cooler equator. Longitudinal structure is prominent in the NEB and
present but less prominent in the SEB, and the GRS is the coldest
non-polar feature, consistent with Fletcher et al. (2010). The longitudinal structure is generally similar for 100 mbar and 400 mbar,
with the structure at 400 mbar having lower temperature contrast.
The cold spots associated with the white ovals in the South
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structure we examine here is farther north in the NEB and drifts
very slowly with respect to System III.
On short times scales, Li et al. (2006) reported three sets
of observations of the NEB from Cassini taken on 1, 5, and 10
January, 2001 with nearly complete longitudinal coverage. Li et al.
(2006) show a large degree of consistency of the wave structures
over the 10 day span. Some evolution of the structure can be seen,
though the signiﬁcance level of the changes was not reported. In
our data set, none of the longitudinally distinct thermal structures
could be unambiguously tracked from one observing epoch to
the next, which are separated by a minimum of 49 days. For the
closest pairs, September and November 1997, a feature would drift
∼19° assuming a −5.5 m s−1 drift velocity (Orton et al., 1994),
or ∼14°, assuming a −3.9 m s−1 drift velocity (Li et al., 2006).
Applying these shifts to the NEB structure does not yield obvious
correlations for either pair of dates. Cross-correlations were calculated between the longitudinal temperature structure extracted
from the NEB at 12°N and the SEB at 12°S. For the NEB, the
September/November 1997 pair had correlation coeﬃcient of 0.65,
for drift rates of −2.8 m s−1 relative to system III. The correlation
is most prominent for the NEB positive temperature features near
longitudes of ∼80–90° and ∼310° of the September, 1997 data. For
the SEB, with less distinct features, the September/November pair,
in which the GRS is visible, yielded the largest cross-correlation
coeﬃcient of 0.65 at a drift rate of −4.8 m s−1 relative to System
III. While these rates are consistent with the previous reports
cited above, given the combination of low correlation coeﬃcients,
temporal changes, and low spatial resolution, our derived drift
rates are not well constrained. Given our relatively low spatial
resolution, it is not possible to reference this to a speciﬁc rotation
rate of the visible cloud deck. Using a latitude of 12°N as the
reference point, and our best resolution ﬁgure of 5.5°, the cloud
derived velocities span a range of ∼ −18 ms−1 to ∼ + 68 ms−1
underneath our NEB structures. The importance of the cloud
velocities crossing zero at approximately the same latitude as our
thermal features is discussed in the next section.
Fig. 5. Zonal-mean temperatures for the two pressure levels as a function of planetocentric latitude for each epoch. At each pressure level, all of the dates were normalized to match the SEB value of the June-July 1996 curve. Systematic offsets between the dates may be as large as 2 K (see text).

Temperate Belt at latitude 30°S are well deﬁned at 100 mbar in
June 1996 (longitudes 270–330), September 1996 (longitudes 225–
300), and November 1997 (longitudes 50–110) while at 400 mbar
they are barely visible. These observations were taken prior to
the merger of the three ovals into two (Sánchez-Lavega et al.,
1999) and then into one (Sanchez-Lavega et al., 2001). The GRS
shows a clear warm southern edge at 400 mbar that is not seen
at 100 mbar, as reported by Fletcher et al. (2010).
Poleward of the NEB and SEB, there is a limited amount of
thermal structure that is resolvable. Visibility of such structures
is limited primarily by the relatively large diffraction limit of the
long-wavelength observations from the IRTF.
Longer-term changes in the contrast of the zonal means were
reported earlier by Simon-Miller et al. (2006). Here we examine
the wave-like, longitudinal structures that have been previously
observed (e.g., Deming et al., 1997; Magalhães et al., 1990) without the beneﬁt of further observations made close in time to the
originals. The features we are examining here are distinct from the
hot spots seen near the equator at 5μm , which are also consistent
with planetary waves (e.g., Allison et al., 1990; Ortiz et al., 1998;
Showman and Dowling, 20 0 0; Choi et al., 2013). The 5μm features
are conﬁned to a narrow latitude band near ∼7°N and move
at ∼100 m s−1 with respect to System III, whereas the thermal

4.2. Thermal waves in Jupiter’s equatorial region
The longitudinally discrete thermal features we observe have
similar properties as those seen in previous ground-based and
spacecraft observations (Deming et al., 1989; 1997; Flasar et al.,
20 04; Li et al., 20 06; Magalhães et al., 1990; Orton et al., 1994;
Simon-Miller et al., 2001). They are most prominent in the NEB
where the longitudnal temperature variations are about 2–3 K at
100 mbar. Away from the GRS, longitudual temperature variablity
in the SEB is visible but less promienent, with amplitudes of
∼1 K at 100 mbar. The structures seen at 400 mbar are similar to those at 100 mbar, though with the amplitude of the
longitudinal temperature variability about half of that seen at 100
mbar. We therefore restrict further wave-structure analysis to the
NEB and SEB, deﬁned here as 3° wide strips centered at ±12°
planetocentric latitude.
To help quantify any potential wave structure, we have
performed a spectral analysis of the longitudinal temperature variations of the NEB and SEB, accounting for the missing longitudinal
samples. Wave number spectra for 100 mbar and 400 mbar are
shown in Figs. 6 and 7, respectively. In the NEB at 100 mbar, all of
the dates show signiﬁcant power in the wave number 1–4 range,
but with little consistency between dates. In the wave number
5–7 range, all dates show signiﬁcant peaks. Above wave number
seven, only the June 1996 set shows power peaks well above the
99% conﬁdence level. Our power spectra show signiﬁcantly fewer
peaks above wave number ﬁve when compared to the results of
Deming et al. (1989). In the NEB at 400 mbar, there are signiﬁcant
peaks spanning a range of wave numbers similar to those seen at

B.M. Fisher et al. / Icarus 280 (2016) 268–277

Fig. 6. Periodogram power spectra of the temperature structure at 100 mbar for
the NEB (top) and SEB (bottom) for the ﬁve epochs of observation. The power spectra for September 1996–November 1997 have been scaled by their respective error
levels to match the error level of the June 1996, spectra so that a single 1% false
alarm probability line (solid, horizontal line) can be drawn.
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Fig. 7. Periodogram power spectra of the temperature structure at 400 mbar for
the NEB (top) and SEB (bottom) for the ﬁve epochs of observation. Relative scaling
and 1% false alarm probability line as in Fig. 6.
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100 mbar, but there is no single wave number greater than one
where all dates have signiﬁcant peaks. The SEB is quite similar
to the NEB at 400 mbar, whereas at 100 mbar only very limited
power above wave number ﬁve is seen. Although the longitudinal
structure is more easily seen in the maps at 100 mbar (Fig. 3)
when compared to the 400-mbar level (Fig. 4), the magnitude of
the spectral peaks are similar at both levels.
The increase of the thermal contrast in the longitudinal features with height is consistent with the interpretation that they
arise from thermal waves that are generated in the troposphere
and propagate upward (Deming et al., 1997). At both 100-mbar
and 400-mbar pressure levels, the wave features are observed at
latitudes around the edges of the super rotating equatorial jet
(Porco et al., 2003), where the zonal wind changes from prograde
to retrograde at the level of the visible clouds (Figs. 3 and 4).
The coincidence of the thermal wave locations with the edges of
the super rotating equatorial jet is also shown in the high spatial
resolution observations by the Cassini CIRS instrument at similar
pressure levels in the troposphere (Flasar et al., 2004; Li et al.,
2006). In the stratosphere (1 mbar and 4 mbar), the waves seen
by Cassini CIRS increase in wavelength and shift poleward (Flasar
et al., 2004; Li et al., 2006), which is consistent with the thermal waves being generated in the troposphere and propagating
poleward and upward into the stratosphere.
The discrete thermal features seen in our and in previous
observations are consistent with slowly moving Rossby waves
(Deming et al., 1989; 1997; Flasar et al., 2004; Li et al., 2006;
Magalhães et al., 1990; Orton et al., 1994). The estimated phase
speed is of order 5 m s−1 (Li et al., 2006; Orton et al., 1994). It
has been conjectured that these slowly propagating waves are
deep-rooted and are perhaps the surface expression of the Taylor–
Proudman convective columns generated by the deep convection
in the planetary interior (Deming et al., 1989). However, if the
observed thermal features are indeed the surface expression of
globally distributed Taylor–Proudman columns, it is not clear why
they would be mainly conﬁned to the NEB and SEB, near the
equator. The existence of deep Taylor–Proudman columns and
the deeply penetrating kinetic energy transfer from eddies to the
mean ﬂow they imply are also not consistent with the energetics
of the planet (Liu and Schneider, 2010; Schneider and Liu, 2009).
Additionally, it has been proposed that the observed thermal
waves in NEB are planetary waves trapped in the meridional band
between 10° to 19°N in the upper atmosphere (above 0.7 bar)
(Li et al., 2006). However, it has remained unclear why these
slowly propagating waves exhibit distinctive thermal signals and
how the locations of the observed waves relate to how they are
generated.
Here we offer an alternative explanation for the formation
mechanism of the thermal features in the equatorial region and
propose that the low phase speeds are closely related to their
generation mechanism. When Rossby waves propagate out of the
equatorial region, or propagate from the off-equatorial region to
the equatorial region, they tend to break at the critical latitudes
where their phase speed is equal to the mean zonal wind. For
Jupiter, it is likely that the critical latitudes are located close to
the edges of the equatorial super rotating jet, where the mean
zonal wind is close to zero. When waves with small phase speeds
break near their critical latitudes, they generate thermal signals
associated with the roll-up of potential vorticity contours in the
critical layers (Juckes and McIntyre, 1987; Killworth and McIntyre,
1985; Stewartson, 1977; Warn and Warn, 1978). They have oval
or cats’ eye shapes and are at most slowly propagating, similar
to what we observe (Figs. 3 and 4). We will illustrate that this
is in fact what can occur through simulations with a 3D general
circulation model (GCM), which exhibit similar thermal features in
the equatorial region.

4.3. Thermal waves in simulations
We employ the GCM of Jupiter’s upper atmosphere developed
by Schneider and Liu (2009) and Liu and Schneider (2010). The
GCM is based on the hydrostatic primitive equations for a dry
ideal-gas atmosphere in a thin spherical shell with Jupiter’s physical parameters. The shell extends from the top of the atmosphere
to a lower boundary with mean pressure 3 bar. Within this pressure range, about 90% of the solar radiation incident at the top of
Jupiter’s atmosphere is absorbed or scattered back, and latent heat
release in phase changes of water, ammonia, and hydrogen sulﬁde
is negligible: moist-adiabatic and dry adiabatic temperature lapse
rates are nearly indistinguishable (Ingersoll et al., 2004). The GCM
uses the spectral transform method in the horizontal (resolution
T213) and ﬁnite differences in the vertical (30 uniform sigma levels). The GCM is driven by solar radiation incident at the top of the
atmosphere, which is scattered and absorbed in the atmosphere,
and by an intrinsic heat ﬂux imposed at the lower boundary. A
dry convection scheme relaxes temperature proﬁles in statically
unstable layers toward a convective proﬁle with dry adiabatic
lapse rate (because moist and dry adiabatic lapse rates are nearly
indistinguishable in the upper part of Jupiter’s upper atmosphere
that is resolved in the GCM). The GCM implicitly links to the
(convective) ﬂow and baroclinic mean meridional circulations at
depth through a Rayleigh drag imposed at the lower boundary
in a way that is consistent with constraints from thermodynamic
and angular momentum balances (Schneider and Liu, 2009). Here
we show simulation results from the statistically steady state the
GCM reaches after a long spin-up period (more than 20,0 0 0 Earth
days). The simulation shown here has the same parameters as the
Jupiter simulation in Liu and Schneider (2010). (See Schneider and
Liu, 2009 for more details about the simulation.)
The GCM reproduces many features of the observed ﬂow
and thermal structures, without tuning and with closed angular
momentum and energy budgets that are consistent with observations (Liu and Schneider, 2010; Schneider and Liu, 2009). For
example, the simulations reproduce the equatorial superrotating
jet, with velocities of order 100 m s−1 in the upper troposphere,
and multiple off-equatorial jets as seen in the observations (Liu
and Schneider, 2010; Porco et al., 2003; Schneider and Liu, 2009).
Consistent with observations, the tropopause is located at around
100 mbar (Fig. 8), with a stratiﬁcation close to dry adiabatic below
that level and stable above it (Lindal et al., 1981; Simon-Miller
et al., 2006). In the simulation, the equator-to-pole contrasts in the
upper atmosphere are around 5–10 K, which is larger than, though
of similar magnitude as, the observed temperature contrasts
(Figs. 5 and 8). No tuning of the model is required to produce
these and other results. Moreover, the Rossby waves in the GCM
are spontaneously generated by the differential solar heating and
the intrinsic heat ﬂuxes, with morphologies similar to those seen
in the observations.
In the simulations, as well as on Jupiter, the deep intrinsic heat
ﬂuxes are strong enough that convection penetrates into the upper
troposphere and preferentially generates Rossby waves in the
equatorial region, because the Rossby number is O(1) there, which
allows for the generation of rotational waves by horizontal divergence associated with the convective outﬂows (Liu and Schneider,
2010; Schneider and Liu, 2009). When the convectively generated
Rossby waves propagate poleward out of the equatorial region,
they transport angular momentum from the wave dissipation
(breaking) region into their generation region, which leads to the
formation of the super rotating equatorial jet (Liu and Schneider,
2010; Schneider and Liu, 2009). The upward propagation of the
convectively generated Rossby waves from their generation region,
as well as the wave breaking outside of their generation region,
are clearly demonstrated in the temperature ﬁelds at different
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Fig. 9. Temperatures in the simulation at different vertical levels: (a)10 0 mbar; (b) 20 0 mbar; (c) 30 0 mbar; (d) 400 mbar. The dashed black lines show the edge of the
equatorial superrotating jets (11° N and 11° S), which is determined from the zonal wind at 650 mbar.
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levels (Fig. 9). At 400 mbar, the convectively generated small-scale
waves are conﬁned between the edges of the equatorial super rotating jet. The waves then propagate upward from the troposphere
into the stratosphere, exhibiting increasing thermal amplitudes
(because of the decrease of density with height) and wavelengths
(because smaller-scale waves are progressively ﬁltered out, see
Charney and Drazin (1961)). At around 200 mbar, some of the
waves start to break in the SEB and NEB, where the temperature ﬁeld exhibits closed contours, just like the classic cats’ eye
structures seen in critical layers. At pressures above ∼300 mbar,
the length scales and the amplitudes of the thermal waves in
the simulation are close to the observations (Fig. 9). At pressures
∼400 mbar, the convectively generated waves have small thermal
amplitudes and wavelengths, which differ from the observed NEB
and SEB thermal waves. This discrepancy may arise because of the
simpliﬁed representation of radiative transfer in the GCM, which
leads to some differences between simulated and observed ﬁelds.
However, these small-amplitude and small-wavelength thermal
waves in the deeper atmosphere provide an explanation why the
NEB waves were not detected by the ﬁlters on Cassini Imaging
Science Subsystem (ISS) sensitive to depths below 0.7 bar (Li et al.,
2006). In the GCM simulations, the NEB and SEB thermal waves
close to the edges of the equatorial super rotating jet persist for
long times in the statistically steady state. It indicates that the
NEB and SEB thermal waves are long-lived phenomena, which are
consistent with the multiple observations of thermal waves in the
NEB and SEB across several decades by ground-based telescopes
(Orton et al., 1994), by the Hubble Space Telescope (Simon-Miller
et al., 2001), by the Cassini spacecraft (Flasar et al., 2004; Li et al.,
2006), and other telescopic and spacecraft results (Deming et al.,
1989; 1997; Flasar et al., 2004; Li et al., 2006; Magalhães et al.,
1990; Orton et al., 1994; Simon-Miller et al., 2001).

5. Summary and conclusions
The observations reported here are consistent with previous
measurements of Jupiter’s upper troposphere, showing the NEB
and SEB as the warmest regions, within the range of contrast
between the epochs of Voyager and Cassini observations (SimonMiller et al., 2006). Temperatures decrease toward the poles, with
the GRS prominently the coldest non-polar region. Temperature
contrasts between regions decrease going from 100 mbar to
400 mbar pressure. Longitudinal thermal waves are easily detectable in the NEB and SEB. However, none of the gross wave
structures could be tracked unambiguously between observing
epochs, and drift rates could not be constrained well. Periodogram
analysis of these waves in the NEB and SEB shows power peaks in
both regions in the wave number 1–4 range. The NEB shows some
dates with a secondary power peak around wave numbers 5–7.
Using GCM simulations, the observed properties of the waves are
most easily interpreted as convectively generated Rossby waves
with phase speeds of less than 5 m s−1 that propagate out of their
equatorial generation region and break in critical layers in the
ﬂanks of the super rotating equatorial jet.
Future analysis of similar observations already taken will
enable a study of long-term effects, including (i) an evaluation
of seasonal and non-seasonal inﬂuences on temperatures, (ii)
increased scrutiny of wave characteristics that include epochs
of observation more closely spaced than those presented here,
and (iii) constraints on gas abundances and cloud properties at
additional wavelengths. It is important to understand relationships
involving short- and long-term properties and their potential inﬂuence on atmospheric properties at much higher spatial resolutions.
This will be possible over limited regions of Jupiter during the
atmospheric investigations of the Juno mission beginning in 2016.
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