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a b s t r a c t
We have derived homopause temperatures of 180–250 K for the 8-μm north-polar hot spot (8NPHS) of
Jupiter by ﬁtting CH4 emission models to 3 and 8 μm spectra of the 8NPHS obtained 24 days apart in
2013. From the ﬁts, we ﬁnd that CH4 mixing ratios at the 8NPHS are consistent with those reported by
Kim et al. (2014) in equatorial regions. We propose possible mechanisms to account for the temperature of the 8NPHS homopause, which is relatively cool compared with the temperatures of other auroral
regions, including locally-ﬁxed and transient but energetic auroral particle precipitation.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
The upper atmosphere of Jupiter has been studied since the
days of the Voyager spacecraft (e.g., Atreya, et al. 1981; Drossart
et al. 1989; Miller et al. 1997), but the relationship between the
region above the homopause where chemical species settle out according to their atomic or molecular weights and the region below where the atmosphere is well mixed has not been quantiﬁed. This is especially true in the polar zones near the so-called
“hot spots” where IR emission from vibration-rotation bands of
hydrocarbons is enhanced. The stratosphere (0.1–10 mbar pressure range) of the 8 μm CH4 north-polar hot spot (8NPHS) is
known to be ∼20 K warmer than the surrounding polar region
(e.g., Kim et al. 1985), but there is signiﬁcant uncertainty in temperatures and CH4 mixing ratios near the homopause (0.1–10 μbar
pressure range) (Drossart et al. 1993).
The location of the 8NPHS has been observed to be stationary
at 180° (SysIII) longitude since the early 1980s (e.g., Caldwell et al.
1983; Sada et al. 2003), whereas the south-polar hot spot has been
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observed to wander between 268°W and 96°E (SysIII) longitude
(Caldwell et al. 1988). Recently, from an analysis of spectro-images
of the north polar region (Figs. 1 and 2a) observed by the Gemini
Near-Infrared Spectrograph (GNIRS) at Gemini North on January 13,
2013(UT), Kim et al. (2015) reported that the 3 μm CH4 north-polar
hot spot (3NPHS) is located at ∼197° longitude (SysIII), signiﬁcantly
displaced from the center of the 8NPHS. They also tentatively concluded that temperature at the location of the 8NPHS homopause
is less than 350 K (measured via the 3 μm emission found there),
signiﬁcantly lower than the temperature of 500 K measured at the
displaced location of the maximum 3NPHS emission.
For the derivations of temperatures, Kim et al. (2015) considered only the Q-branch lines of the fundamental (ν 3 ) and hot
(ν 3 + ν 4 - ν 4 and ν 2 + ν 3 - ν 2 ) bands of CH4 at 3.31–3.34 μm, disregarding the seven much stronger P-branch lines of the ν 3 at 3.33–
3.41 μm, which can be compromised by absorption due to their telluric counterparts (Fig. 1). If their strengths are measurable, however, these P-branch lines can also yield meaningful information on
the temperature.
In this paper, we utilize the seven observed P-branch lines,
P(2)-P(8), along with a high-resolution spectrum of a small portion
of the ν 4 band of CH4 near 8.0 μm (Fig. 2b) obtained with TEXES,
the Texas Echelon Cross Echelle Spectrograph (Lacy et al. 2002), at
the NASA Infrared Telescope Facility (IRTF) on Feb. 6, 2013(UT) only
24 days after the GNIRS/Gemini North observations, in order to
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Fig. 1. a) GNIRS/Gemini North spectrum (black) of the 8NPHS compared with a model spectrum (red) with a temperature of 350 K of CH4 bands. The wavelength ranges
where H3 + lines dominate are shown in green. The atmospheric transmission (dashed line) is the standard star spectrum. The uncertainty of the GNIRS 8NPHS spectrum
varies signiﬁcantly depending on the telluric absorption, and the 1-σ noise level is ∼0.0 0 01 Wm−2 μm−1 sr−1 at the continuum where the atmospheric transmission is at least
70%. b) A comparison between the GNIRS 8NPHS spectrum (black) and a 250 K model (violet) of the CH4 bands. P-branch lines of the CH4 bands are indicated, as well as
the wavelength range of the Q-branches. Each of the Q-branch emission features is a blend of many lines. c) A comparison between the GNIRS 8NPHS spectrum (black) and
a 180 K model (blue) of the CH4 bands. Identiﬁed C2 H6 lines are marked. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

narrow down the huge uncertainties in the temperature-pressure
(T-P) and the CH4 mixing-ratio proﬁles near the homopause of the
8NPHS (e.g., Drossart et al. 1993). We assume no signiﬁcant thermal variation in the line emission at the 8NPHS between the times
of the Gemini North and IRTF observations, based on the thermal
stability in the stratosphere (Caldwell et al. 1979; Conrath et al.
1990; Zhang et al. 2013), where radiative response times are signiﬁcantly longer than the 24 days between the two sets of observations.
2. Observations
The 3.31–3.41 μm spectrum of the 8NPHS was observed in photometric conditions at Gemini North on Jan. 13, 2014 (UT) using
GNIRS’ 111 l/mm grating and a 0.1 × 49 slit, which provided
a spectral resolving power, R = λ/λ, of ≈18,0 0 0 (velocity resolution 16 km/s) . The relative velocity of Earth and Jupiter was
∼20.6 km/sec, which allowed the partial separation of the lines of
the fundamental ν 3 band of CH4 from their telluric counterparts.
These observations and the data reduction have been described
by Kim et al. (2015); therefore, we only present here the observational parameters which are relevant to our analysis. The slit

was oriented perpendicular to the central meridian and stepped
in latitude from just off the north pole toward lower latitudes using 0.8 steps with an exposure time of 4 min for each latitude.
The 3 μm seeing was 0.5–0.6 . An image of the emission in the
strong ν 3 band lines made from these data is shown in Fig. 2a,
with the 8NPHS region represented as a dashed oval. The 3 μm
ﬂux-calibrated spectrum summed over the region of the 8NPHS is
presented in Fig. 1. The uncertainty in the ﬂux levels of individual
data points in this spectrum varies signiﬁcantly with wavelength,
due to the presence of numerous strong telluric absorption lines.
The 1-σ noise level is ∼0.0 0 01 Wm−2 μm−1 sr−1 on the continuum
at wavelengths where the atmospheric transmission is at least 70%.
The spectrum of the 8NPHS between 7.990 and 8.035 μm was
obtained with TEXES (Lacy et al. 2002) mounted on the IRTF on
Feb. 6, 2013(UT), when the relative velocity of Earth and Jupiter
was ∼27 km/sec. TEXES was used in its medium-resolution mode
with a 1.4 × 45 slit, resulting in a spectral resolving power, R, of
≈19,0 0 0, nearly identical to that of GNIRS. Jupiter’s angular diameter was 42.2 . The slit was aligned along celestial N/S with the
slit center located at the center of Jupiter. The slit was then offset 28 West (off of Jupiter’s limb), and then stepped by 0.7 to
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Fig. 2. a) A spectro-image of the 3.3 μm CH4 band emission adopted from the second ﬁgure panel in Fig. 1 of Kim et al. (2015). The region of the 8NPHS is marked by
dashed oval. b) A TEXES/IRTF spectrum (black) of the 8NPHS compared with a model spectrum (blue) using the temperatures and CH4 mixing ratios presented in Fig. 3,
which are derived from the analyses of the 3 μm GNIRS 8NPHS spectrum (Fig. 1). The atmospheric transmission (dashed) is made from an atmospheric transmission tool
(http://atran.soﬁa.usra.edu/cgi-bin/atran/atran.cgi). The S/N ratios vary signiﬁcantly depending on the atmospheric transmission, and the S/N is worst near 8.014 μm where
the transmission is also worst; and the 1-σ noise level is ∼0.02 Wm−2 μm−1 sr−1 where the transmission is at least 70%. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

the east 80 times in order to scan across Jupiter and include sky
frames on either side. The exposure time per step was 2 s. The extracted spectrum from the 8NPHS region is shown in Fig. 2b along
with a model spectrum for a comparison. The S/N ratios vary signiﬁcantly depending on the atmospheric transmission as perceived
in the detailed ﬁts between the model and observation; and the 1σ noise level is ∼0.02 Wm−2 μm−1 sr−1 at wavelengths where the
atmospheric transmission is at least 70%.
3. Derivations of T-P and CH4 Mixing-ratio proﬁles at the
8NPHS
In this section, we derive 8NPHS T-P and CH4 mixing-ratio proﬁles from the 3 μm and 8 μm spectra, and compare them with previous results from Voyager IRIS spectra (Drossart et al. 1993). Because the peak contribution to the 3 μm CH4 ν 3 band emission occurs at higher altitude (∼1 μbar) than does the peak contribution
to the 8 μm CH4 ν 4 band emission (∼1 mbar), it is possible to constrain the T-P and CH4 mixing-ratio proﬁles over a wide vertical
range (i.e., 1 μbar ∼1 mbar). Radiative transfer programs and HITRAN2012 CH4 line parameters (Rothman et al. 2009) used for this
analysis have been described in detail by Kim et al. (2014), and
the sensitivity tests of Kim et al. (2014) are adopted here for the
derivations of uncertainties in the mixing-ratio and T-P proﬁles.
We consider not only model ﬁts to the rotational structures
of the 3 μm CH4 lines for the derivation of rotational tempera-

tures, which are in fact the local temperatures as discussed by
Kim et al. (2014), but also ﬁts to the absolute intensities of the CH4
lines for the derivation of CH4 mixing ratios. Regarding the absolute intensity ﬁt, we note that the 8NPHS region is relatively dark
within the main oval as shown in the 3 μm H3 + and CH4 images
presented in Fig. 1 of Kim et al. (2015). That suggests relatively
low auroral activity between nanobar and μbar pressure range at
the 8NPHS. Furthermore, after spectral convolution with the ISO
(Infrared Space Observatory) resolution, the 3 μm CH4 intensities
of the 8NPHS in Fig. 1 are found to be very similar to those of
the equatorial spectra (Kim et al. 2014) measured by ISO, indicating low auroral activity near the homopause (∼1 μbar) at the
8NPHS. At present the detailed auroral activity within the auroral
oval is not known to suﬃcient accuracy to derive meaningful CH4
mixing ratios there. The intensity similarity between the equatorial and 8NPHS spectra, however, provides an opportunity to derive
rough CH4 mixing ratios near 1 μbar, assuming that the 3 μm CH4
emission there is mostly caused by ﬂuorescence of solar radiation,
for which details are quantitatively known. For the equatorial region, Kim et al. (2014) derived a range of CH4 mixing ratios (the
hatched area in Fig. 3a) from the 3 μm ISO spectrum. We expect
a similar range of mixing ratios for the 8NPHS region because the
two spectra are very similar after accounting for the difference in
pathlengths, due to the different sightlines through the upper atmospheres.
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Fig. 3. a) Derived CH4 mole fractions vs. pressure. The hatched range is the uncertainty in the derived mole fractions. Previously reported observational and theoretical results
are also presented for comparison. b) Derived T-P proﬁles of this work compared with the cold and hot T-P proﬁles derived from Voyager IRIS data (Drossart et al. 1993)
and an equatorial T-P proﬁle from the in-situ Galileo probe (Seiff et al. 1998). Emission contribution curves for the 3 and 8 μm CH4 lines are also shown. The hatched area is
an uncertainty in the temperatures derived from this work.

For the 8NPHS homopause temperature, we ﬁrst check the hot
and cold T-P models presented in Fig. 9 of Drossart et al. (1993),
which have ∼520 K and ∼320 K near 1 μbar, respectively.
Their cooler model is consistent with the result (T < 350 K) of
Kim et al. (2015), but we note that the absolute intensity of the
TEXES 8NPHS spectrum after spectral convolution with the Voyager IRIS resolution is found to be approximately 1.5 times less
than that of the IRIS spectra measured in 1979, suggesting possible
long-term variation.
To ﬁne-tune the ﬁt to the 3 μm P- and Q- branch lines of CH4
(Fig. 1b), we take advantage of the fact that the Q-branch observations of the combination bands near 3.32μm cover all rotational levels while the ν 3 P-branch coverage only includes lines
with J < 7. Thus the intensity ratio of the observed Q-branch and
partially observed P-branch is sensitive to the rotational temperature. In Fig. 1a,b,and c, ﬁts of CH4 models with 350, 250, and 180 K
to the 3 μm 8NPHS spectrum are presented. The continuum level,
caused mainly by polar haze, is 8 × 10−5 W m−2 μm−1 sr−1 , and is
relatively ﬂat in this wavelength range. We forced our model to ﬁt
the 8NPHS spectrum at the Q-branches and then watch the intensities of the model P lines vary with temperature. For the 350 K
case, except for the P(8) line, all of the P-branch line intensities
are less than the observed intensities indicating that the rotational
temperature is less than 350 K. For the 250 and 180 K cases, the
number of lines weaker or stronger than the observed lines seems
roughly balanced indicating that the derived homopause temperature at the 8NPHS is between 180 K and 250 K.

The derived T-P and CH4 mixing-ratio proﬁles from the GNIRS
spectra along with uncertainties marked by hatched lines are presented in Fig. 3a and b. Hopefully, the upcoming JUNO observations of the polar regions of Jupiter during the encounter with the
Jovian system will provide more complete and cleaner coverage of
the CH4 ν 3 P- and R-branches.
Using the 8 μm TEXES data, we attempt to conﬁrm the derived
T-P and CH4 mixing-ratio curves, because a secondary contribution
peak to the 8 μm CH4 emission occurs around 1 μbar (Fig. 3b). In
Fig. 2b we present a satisfactory ﬁt to the TEXES spectrum by a
synthetic spectrum made with the Model C mixing ratio in Fig. 3a,
and with a T-P curve in the hatched area in Fig. 3b. We ﬁnd that
all of the model spectra made using the CH4 mixing-ratio and T-P
curves in the hatched areas in Fig. 3a and 3b produce very similar 8 μm model spectra, each matching the observed spectrum to
within its uncertainties. We also note that the analysis of the 3 μm
ISO spectrum by Kim et al. (2014) produced a lower limit to the
CH4 mixing ratio at μbar levels (i.e., Model D in their Fig. 4 and
our Fig. 3a). The lower limit is due to the very large uncertainty
in the vibrational relaxation rate of the CH4 ν 3 band. Model D is
still valid for the lower-limit mixing ratios at the μbar levels of
the 8NPHS, since the relaxation rate is not accurately known. The
hatched area in the T-P curves in Fig. 3b is obtained by considering the uncertainties in correcting for the telluric absorption due
to the partial separations of the Jovian CH4 ν 3 lines from their telluric counterparts despite the large Doppler shift as mentioned in
Section 2.
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To summarize, considering all the effects of temperature and
mixing ratio on the model ﬁts as presented above, we ﬁnd that a
simultaneous ﬁt to the 3 μm-GNIRS (Fig. 1) and 8 μm-TEXES spectra (Fig. 2) can be obtained with the synthetic spectra made from
the mixing-ratio and the T-P proﬁles with uncertainties marked by
hatched lines shown in Fig. 3a and b. At 1 μbar the derived temperature range is between 180 K and 250 K.
4. Discussions and conclusions
Ionization of hydrocarbon molecules by solar radiation occurs
in the high-altitude Jovian stratosphere above the homopause
(Kim, Y., and Fox, 1994). In the auroral regions, the ionization is increased by particle bombardment, and thus the temperatures near
the homopause must be higher than in non-auroral regions. The
apparently cool homopause temperature measured at the 8NPHS
in this work indicates that the inﬂuence of auroral activities on
the homopause region of the 8NPHS is very low, and then the
heat source in the stratosphere of the 8NPHS may be due to
other mechanisms: e.g., a dynamical mechanism, such as heat dissipation of ﬁxed planetary waves in the stratosphere (French and
Gierasch, 1974), or absorption of sunlight by high-altitude polar
haze (Axel, 1972). A transient polar haze, whose size and location
are about the same as those of the 8NPHS region, was detected by
Cassini/ISS (Li, et al., 2006), but it is not known at present whether
(i) the haze causes the 8NPHS heating, (ii) is a result of the heating, or (iii) is irrelevant to the heating. Here, we note the possibility of a transient but locally-ﬁxed auroral beam, which did not
occur during our observations, but that would be energetic enough
to create the 8NPHS at mbar pressure levels (Kim, 1988). There, the
heat capacity is higher than at the homopause altitude so that the
high temperatures can be maintained at least for several months
(Caldwell, et al. 1979; Conrath, et al. 1990; Zhang et al. 2013) until
the next auroral beam occurs. This high-energy particle beam may
also initiate a chemical process to form the transient polar haze
detected by the Cassini/ISS. Additional 3 μm observations are certainly needed to conﬁrm or rule out this possibility.
Theoretical CH4 mixing ratios resulted from chemical models
for the Jovian auroral regions reported by Wong et al. (20 0 0;
2003) are generally greater than our results between pressures of
0.1 and 10 μbar (Fig. 3a). However, since their results are for the active auroral regions, and the auroral activities at 8NPHS were very
low at the time of our observations, a direct comparison may not
be very meaningful. One of us (YLY) is now preparing a full paper
presenting an updated version of hydrocarbon mixing ratios and
chemistry for the auroral regions of Jupiter.
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