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Abstract

A thermal oscillation in Jupiter’s equatorial stratosphere, thought to have ∼4
Earth year period, was first discovered in 7.8 µm imaging observations from
the 1980s and 1990s. Such imaging observations were sensitive to the 10–20
hPa pressure region in the atmosphere. More recent 7.8 µm long-slit high-
spectroscopic observations from 2012–2017 taken using the Texas Echelon cross-
dispersed Echelle Spectrograph (TEXES), mounted on the NASA Infrared Tele-
scope Facility (IRTF), have vertically resolved this phenomenon’s structure, and
show it spans a range of pressure from 2–20 hPa. The TEXES instrument
was mounted on the Gemini North telescope in March 2017, improving the
diffraction-limited spatial resolution by a factor of ∼2.5 compared to that of-
fered by the IRTF. This Gemini spatial scale sensitivity study was performed in
support of the longer-termed Jupiter monitoring being performed at the IRTF.
We find that the spatial resolution afforded by the smaller 3-m IRTF is suffi-
cient to spatially resolve the 3-D structure of Jupiter’s equatorial stratospheric
oscillation by comparing the thermal retrievals of IRTF and Gemini observa-
tions. We then performed numerical simulations in a general circulation model
to investigate how the structure of Jupiter’s stratosphere responds to changes
in the latitudinal extent of wave forcing in the troposphere. We find our simu-
lations produce a lower limit in meridional wave forcing of ±7◦ (planetocentric
coordinates) centered about the equator. This likely remains constant over time
in order to produce off-equatorial thermal oscillations at ±13◦, consistent with
observations spanning nearly four decades.

Keywords: Jupiter, Stratosphere Oscillation, Infrared Observations,

Email address: richard.cosentino @ nasa.gov (Richard G. Cosentino)

Preprint submitted to Elsevier September 29, 2020



1. Introduction

NASA’s Infrared Telescope Facility (IRTF) atop Maunakea was used to ob-1

serve Jupiter through the 1980s and 1990s. These observations revealed a semi-2

regular thermal oscillation in stratospheric equatorial and off-equatorial bright-3

ness temperatures with a ∼4 Earth year period (Leovy et al., 1991; Orton et al.,4

1991). This phenomenon was named the Quasi-Quadrennial Oscillation (QQO)5

and is thought to be analogous to Earth’s Quasi-Biennial Oscillation (QBO),6

the wave-forced descent of vertically stacked east-west equatorial stratospheric7

jets over time (Friedson, 1999; Li & Read, 2000; Baldwin et al., 2001; Cosentino8

et al., 2017). Re-analysis of data taken in the 1980s and 1990s has found the9

period of Jupiter’s equatorial stratospheric oscillation (JESO1) to be more vari-10

able than previously thought (Antuñano et al., 2020). The Composite Infrared11

Spectrometer (CIRS) aboard the Cassini spacecraft revealed the presence of a12

strong jet in Jupiter’s stratosphere near 4 hPa, which coincided with a rela-13

tive temperature maximum phase of the QQO or JESO (Flasar et al., 2004;14

Antuñano et al., 2020). Previous studies of this region in Jupiter’s atmosphere15

have utilized the thermal wind equation to indirectly infer atmospheric jets from16

observations (Flasar et al., 2004; Simon-Miller et al., 2006). Building on work17

by Cosentino et al. (2017), this paper aims to understand the meridional and18

vertical temperature structure associated with the JESO from utilizing unique19

observations and wave-forced numerical model simulations of Jupiter’s strato-20

sphere.21

Ground-based observations of Jupiter from NASA’s IRTF made with the22

Texas Echelon Cross Echelle Spectrograph (TEXES) instrument (Lacy et al.,23

2002) have sampled multiple points of the JESO cycle from 2012 to 2017 (Fletcher24

et al., 2016; Cosentino et al., 2017; Melin et al., 2018). TEXES’ high spectral25

resolution allows for the retrieval of temperatures that are spatially resolved,26

both horizontally and vertically, and have revealed the presence of several equa-27

torial relative thermal maxima and minima in the JESO’s cycle. The equatorial28

vertically stacked extrema descend, appearing to alternate position with each29

other, tracking the JESO’s evolution over the pressure range of 2–20 hPa in30

Jupiter’s stratosphere for many years (Leovy et al., 1991; Orton et al., 1991;31

Friedson, 1999; Simon-Miller et al., 2006; Cosentino et al., 2017; Melin et al.,32

2018; Giles et al., 2020; Antuñano et al., 2020)33

Cosentino et al. (2017) showed how parameterized gravity wave effects at-34

tributed to convection near the equator in a general circulation model (GCM)35

could reproduce many observed QQO properties, including the four-year period36

and relationships between equatorial and off-equatorial temperatures. Their37

modeled meridional and vertical temperature fields were qualitatively similar38

to the TEXES observations at different phases in the oscillation. They used39

a stochastic gravity wave drag (GWD) forcing that had a Gaussian taper cen-40

tered on the equator with a meridional full-width at half maximum (FWHM)41

1JESO does not imply the phenomenon’s frequency in years.
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on an idealized equatorial jet. These values were varied as part of an extensive42

parameter space exploration to best reproduce the observations.43

In this paper, we specifically focus on the spatial extent of relative temper-44

ature extrema from ground-based observations, how GCM parameters related45

to wave forcing impact the equatorial QQO temperature structure, and explore46

the relationships between equatorial and off-equatorial temperatures. To aid in47

our study of the spatial extent of the JESO, we present high spatial resolution48

TEXES observations from the 8.1-meter Gemini North telescope. These ob-49

servations were conducted to investigate whether previous analysis of the lower50

spatial resolution observations taken with TEXES mounted on the IRTF was51

hampered by data obtained at the 3-meter telescope. In Section 2 we describe52

the TEXES observations at IRTF and Gemini North. In Section 3 we describe53

our analysis of the observations. Section 4 presents numerical experiments and54

the comparison of model output to observations. In Section 5 we discuss the55

results of our paper and conclusions are presented in Section 6.56

2. Observations57

The TEXES instrument (Lacy et al., 2002) was used to take high-resolution58

mid-infrared observations of Jupiter on thirteen observing runs between 201259

and 2017. Giles et al. (2020) Section 2 provides additional information about the60

observations and data reduction, while Section 3 details the radiative transfer61

modeling. Here we present information pertinent to our specific study of the62

spatial structure of Jupiter’s stratosphere.63

TEXES is a cross-dispersed grating spectrograph, covering wavelengths of64

4.5–25 µm in the mid-infrared. The instrument has a scan-map mode, al-65

lowing the slit to be stepped across an extended object. In order to study66

Jupiter’s stratospheric temperatures, the instrument’s highest spectral resolu-67

tion was used (R=80,000) and the observations were centered at 1247.5 cm-1
68

(8.02 µm), with a spectral bandpass of ∼7 cm-1. This allows six strong CH4 ν469

emission lines to be resolved; together, these emission lines are sensitive to the70

temperature profile in the 0.1–30 hPa pressure region. The scan-map mode was71

used to build up full longitudinal coverage on each observing run, resulting in72

three-dimensional spectral datacubes of the planet.73

The observations of Jupiter were analyzed with the data-reduction pipeline74

described in Lacy et al. (2002). Observations from several consecutive nights75

were combined to produce a single cylindrical map with 2◦ latitude2 bins, which76

were then zonally averaged. These zonally averaged TEXES spectra were ana-77

lyzed using a radiative transfer and retrieval code Greathouse et al. (2011) to78

extract the vertical stratospheric temperature profile as a function of latitude.79

The line-by-line radiative transfer code calculates the top-of-atmosphere radi-80

ance for given atmospheric profile and the optimal estimation retrieval code uses81

a Levenberg-Marquardt approach to fit the modeled spectrum to the observed82

2All observation latitudes are in planetocentric coordinates unless otherwise noted.
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spectrum. For each of the TEXES spectra, the vertical temperature profile in83

the stratosphere was allowed to vary to fit the observations. Figure 1 in Giles84

et al. (2020) shows an a priori atmospheric profile and example quality of the fit85

of November 2015 TEXES dataset. The formal error bars on the temperature86

retrievals are ∼1.5 K between ±30◦ latitude, but we adopt a more conservative87

error of 2 K to include systematic effects for all of the data.88

One of these thirteen observing runs was conducted at Gemini North, while89

the other twelve took place at NASA’s IRTF. After many years of tracking the90

JESO with TEXES at the IRTF, we conducted similar observations with TEXES91

mounted on Gemini North (abbreviated here after as Gemini) to confirm92

that the spatial resolution afforded by TEXES on the IRTF was capable of fully93

resolving the JESO’s spatial structure. Moving to the larger aperture 8-m class94

Gemini telescope allowed for approximately 2.5 times better spatial resolution95

than that achievable on the 3-m IRTF (as spatial resolution depends linearly on96

the telescope diameter for a given wavelength). Observations made at Gemini97

used the same spectral setup and observing mode as those at the IRTF, and the98

same data reduction and temperature retrieval process was applied to all data.99

When TEXES was moved from IRTF to Gemini, certain aspects to perform100

a consistent spatial sensitivity study with the same instrument at different ob-101

servatories are now discussed. The plate scale in m/radian at the slit is equal to102

the effective focal length of the telescope + our fore-optics, which is equal to the103

f# at the slit times the telescope diameter. Since we modified the fore-optics104

to properly couple TEXES to the Gemini telescope, keeping the f# at the slit105

constant, the plate scale changed by a factor of 8m/3m. As a result the slit106

width projected onto the sky decreased by a factor of 3/8. The diffraction limit107

decreased by the same factor. Gemini is able to perform fast tip/tilt correction108

allowing for diffraction limited performance at 8 µm (image motion being the109

dominant seeing effect at this wavelength), significantly smaller than the 0.5′′110

(arcseconds) wide slit used for these observations. The seeing on Mauna Kea is111

approximately equal to the diffraction limit of the IRTF at 8 µm and the two112

are less than the 1.4′′ wide slit employed for our observations at the IRTF. Thus113

the image performance on both telescopes is approximately diffraction limited114

and more importantly, slit width limited in the case of our study. This is dif-115

ferent from the situation with a visible wavelength instrument, in which the116

spatial resolution is set by the seeing disk, which requires a larger slit relative117

to diffraction on a bigger telescope.118

Figure 1 shows how the Jupiter’s stratospheric temperatures we retrieved119

vary over the 2012–2017 time period. The three lines show the zonally-averaged120

retrieved temperatures near 14 hPa at three different latitudes: 13◦S, 0◦, and121

13◦N. The Gemini observation is highlighted by the grey shaded region. The122

sinusoidal-like oscillation with time is characteristic of the JESO and the 2012–123

2017 time period covers approximately 1.5 cycles. The equatorial and off-124

equatorial temperatures near 14 hPa exhibit strongly anti-correlated tempera-125

ture variations consistent with prior observations sensitive to pressures of 10–20126

hPa (Leovy et al., 1991; Orton et al., 1991; Friedson, 1999; Simon-Miller et al.,127

2006). The magnitude of the JESO signals at 14 hPa is at least ±6 K away from128
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the median temperature for both the equator and off-equatorial latitudes with129

a period slightly longer than ∼4.5 Earth years (Giles et al., 2020). Since we are130

not exploring the variability in the period of JESO, as done in Antuñano et al.131

(2020), we use QQO throughout the paper when referring to the oscillation’s132

frequency of four Earth years.133

The long-term behavior of the QQO, as seen in the TEXES observations, has134

previously been studied by Cosentino et al. (2017) and Giles et al. (2020). In135

this paper, we initially focus on observing runs conducted in 2017; these consist136

of three IRTF observing runs (January, May, and July 2017) and the one Gemini137

observing run (March 2017). The tight clustering of these observing runs and the138

slow evolution of the QQO allows us to investigate this time period in detail.139

Observations from the IRTF in 2013 were compared to 2017 data since they140

represent two separate QQO relative minima phases at 14 hPa. We additionally141

analyzed 2015 when the QQO was in the opposite relative maximum phase.142

Figure 2 panel (a) shows retrieved equatorial vertical temperature profiles143

for the QQO relative maximum and minimum in 2015 and 2017, respectively.144

The reference temperature profile is the average of the maximum and minimum145

in the time series at each pressure level. This reference approximates a median146

temperature, which is favored in lieu of the mean to avoid over-weighting closely147

spaced observations of a non-uniformly sampled time series (e.g. the numerous148

observations in 2017). Vertical profile deviations for the QQO relative maximum149

phase at 14 hPa are shown in Figure 2 panel (b) displaying a mirrored vertical150

structure to those in panel (c), which is in the opposite QQO relative minimum151

phase at the same pressure. The three profiles in Figure 2 panel (c) show good152

agreement over the time spanned by data acquired from different observatories.153

The pressure range between 11–16 hPa is where we focus our analysis of the154

QQO’s meridional structure, and is indicated by the shaded region of interest155

(ROI) in Figure 2 panel (c).156

Figure 2 panel (c) indicates that equatorial temperatures in 2017 between157

10–20 hPa are consistent with each other when considering our estimated 2 K158

uncertainty. The descent rate of the QQO thermal extrema from Cosentino et al.159

(2017) of 0.05 cm s−1 translates to roughly 1.3 km/month, which corresponds160

to ∼7 km of vertical displacement from January to July. This translation is a161

fraction of the ∼25 km scale height in Jupiter’s stratosphere at these pressures.162

The slow descent rate and agreement of data demonstrate there is very little163

vertical evolution in the QQO over these observations, and provides the best164

opportunity to investigate the meridional temperature structure of Jupiter’s165

stratosphere at this time.166

Retrieved temperatures in the pressure range 1–30 hPa for latitudes ±25◦167

from IRTF and Gemini data in January and March 2017 are shown in Figure 3168

panels (a–b), respectively. Contours are spaced at 2 K intervals, approximating169

our adopted uncertainty, and the dashed horizontal line at 30 hPa represents our170

high pressure limit. There is good agreement in the 2D retrieved temperature171

contour magnitude and spacing, especially near the equator at 14 hPa, indicated172

by y-axis tick marks. Figure 3 panel (c) introduces a different representation173

of the data by showing a comparison of the meridional temperature profile for174
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the Gemini data along with profiles from the preceding and following IRTF175

observations in 2017. The meridional profiles virtually overlap each other and176

adjacent pressures exhibit a similar morphology (see appendix Figure A.1). In177

the next section, we will analyze the meridional profiles in greater detail to178

quantify the structure of the QQO as seen from the different observatories.179

3. QQO Meridional Width from IRTF and Gemini180

This section focuses on the meridional structure of the observations shown181

in Figure 3 panel (c) and additionally analyzed data from February 2013 and182

April 2015. We developed two fitting methods to quantify the QQO’s structure183

between 11–16 hPa for these observations; representing opposite relative ex-184

trema. At first glance, the retrieved temperatures at the relative QQO minima185

in Figure 3 panel (c) somewhat resemble a sine curve. We used a non-linear least186

squares fitting procedure to model the meridional shape of retrieved tempera-187

tures between 11◦S–11◦N. The “best fit” converged solution optimized model188

free parameters for the temperature data; amplitude, phase, offset, and wave-189

length. We also quantified the meridional width by fitting a Gaussian curve190

to the same data using a similar method with different free parameters; ampli-191

tude, baseline, and standard deviation. This two-pronged approach allows for192

the comparison of the half-wavelength from the sine curve fit to the FWHM193

of the Gaussian fit to quantify the equatorial structure of the QQO, which as194

shown in Figure 4 is essentially measuring the same physical quantity.195

Figure 4 chronologically shows retrieved temperature profiles at 14 hPa from196

different QQO phases along with their respective sine curve and Gaussian fits.197

The Gemini observation taken with increased spatial resolution is shown in198

Figure 4 panel (c) with its sinusoidal (dashed) and Gaussian (solid) fits. Figure199

4 panel (a) shows data and fits from the previous relative minimum and bears200

a strikingly similar appearance to panel (c). The opposite relative maximum201

phase in 2015 is shown in Figure 4 panel (b). All of the sine half-wavelength and202

Gaussian FWHMs for Figure 4 are listed in Table 1. We also present results203

from the other observations in 2017 at pressures within the ROI in Figure 2204

panel (c).205

The sine curve half-wavelengths and Gaussian FWHMs of the March Gemini206

data are consistent with fits from IRTF observations taken before and after when207

one considers the 2◦ latitude bins of the spectral data. Gemini data acquired208

with increased spatial resolution do not show any obvious or significant depar-209

tures from the other low-resolution IRTF observations. Both fitting methods210

quantify the meridional width of the QQO minimum phase to be ∼12◦ latitude;211

±6◦ from the equator. This is further supported by analysis of the 2013 QQO212

relative minimum phase at 14 hPa which found a similar meridional width ∼12◦213

latitude. Our dataset only contains a single QQO relative maximum at 14 hPa214

and fits produce a slightly smaller meridional width for this phase but there is215

not enough variation to speculate that they are significantly different at this216

time. The sine fit for 16 hPa IRTF data from January 2017 is our sole notice-217

ably different fitted value found in Table 1. We attribute this anomaly to fitting218
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transitions between different QQO extrema phases which is elaborated in the219

appendix.220

We computed the standard deviation of the fits at each pressure for results221

in Table 1. We also wanted to estimate uncertainties associated with the fitting222

methods by varying the latitude domain by 2◦ on either side of the 11◦S–11◦N223

nominal case shown in Figure 4 and in Table 1. There generally was less than224

∼1◦ change in fitted widths for 9◦S–9◦N and 13◦S–13◦N from the values reported225

in Table 1. Considering the 2◦ latitude bins, a 1◦ change in the fitted meridional226

extent of the QQO’s equatorial structure is insignificant and our results are227

largely not sensitive to small changes in the number of data used to generate228

fits. This stems from both fitting methods concentrating on data at the equator229

where adding or removing a single pair of points at the end of the fits are not a230

driving factor in determining the converged solutions for the different functional231

form fits. We also resampled the Gemini data in 0.5◦ bins, taking advantage232

of the telescope’s increased resolution, and found no significant changes in the233

thermal structure or fits to the QQO’s meridional extent.234

There are three main results from analysis in this section: (1) The two fitting235

methods mostly found similar meridional widths for pressures between 11–16236

hPa for the 2017 data. (2) These were acquired at two different telescopes over a237

relatively short time span (compared to the QQO four-year period), with Gemini238

taken at a higher spatial resolution than IRTF, and there is no significant change239

in the ∼12◦ meridional structure found. (3) Two different fitting methods found240

similar structure for data representing a previous QQO equatorial minima phase241

in 2013 at 14 hPa. The consistency of our results from these analyses support242

that the meridional width of retrieved QQO temperature structure are well-243

resolved at both telescopes and the results of our fitting methods are generally244

robust.245

We applied these fitting methods to the entire times series of data shown in246

Figure 1 and discuss those results later and in the Appendix; see Figure A.2.247

4. QQO Modeling248

We used the Explicit Planetary Isentropic Code (EPIC, Version 3.8 Dowling249

et al. (1998)) GCM to simulate the QQO in Jupiter’s stratosphere. EPIC inte-250

grates the hydrostatic, primitive equations on an oblate sphere, and it can be251

initialized with a zonal wind profile in the horizontal direction and with observed252

temperature profiles in the vertical. A brief summary of the model, domain, and253

parameters of Cosentino et al. (2017) is provided in the next paragraph.254

Cosentino et al. (2017) used a stochastic gravity wave drag (GWD) module255

to randomly sample momentum flux amplitudes and phase speeds of waves to256

force the QQO. The method combined computational efficiency (Eckermann,257

2011) with latent heat release from convective effects in a GCM (Alexander258

& Pfister, 1995) to simulate a source of waves from moist convection based259

on observations (Gierasch et al., 2000; de Pater et al., 2019). The period of260

the oscillation is primarily determined by the stress term from breaking waves,261
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forcing the opposite jets to descend, which correspond to oscillations in the262

region’s temperatures via thermal wind balance.263

In this study, we specifically investigated how the horizontal extent of wave264

drag and initialized Gaussian jet width affected the modeled stratospheric tem-265

perature amplitudes and meridional structure. The modeling presented here, as266

in Cosentino et al. (2017), utilizes a zonal forcing wave parameterization in a 2D267

GCM domain of latitude and pressure. The model meridional horizontal resolu-268

tion of 1.1◦g extending between ±45◦g planetographic latitude3 and the 60 vertical269

layers from 1000 to 0.01 hPa were unchanged from Cosentino et al. (2017). An270

idealized equatorial Gaussian jet was initialized with a velocity range of 81-79271

ms−1 from the model bottom layer to the top, respectively, providing a starting272

vertical shear condition. A time step of 40 seconds was used and the model was273

run for 20 Earth years allowing for the QQO to mature and stabilize such that274

we could analyze the third oscillation. The top six layers of the model were set275

as “sponge” layers to dampen numerical instabilities from developing near the276

model upper boundary. All other parameter values and details of the GCM to277

reproduce the QQO not specifically mentioned, such as hyperviscosity, etc. are278

provided by Cosentino et al. (2017).279

The FWHM of the GWD and the QQO jet were changed by 1◦g increments280

spanning 2-10◦g in latitude within EPIC. Those two parameters were varied281

exploring values away from the “best” case in Cosentino et al. (2017), which282

had FWHMs of 5◦g for the GWD and an initialized QQO jet of 8◦g. Our GCM283

horizontal resolution is nearly twice that from our observations such that EPIC284

can sufficiently resolve the impact of parameters changes and their effect on285

simulated QQO properties when compared to TEXES data. Cases that had286

GWD widths centered at the equator of ≤2◦g did not produce a QQO, and287

cases with GWD ≥8◦g were numerically unstable4; these are not shown. All288

simulations presented in this paper were numerically stable and had multiple289

QQO periods of ∼4.0 ±0.2 years.290

We developed analyses that allowed us to compare different QQO phases291

from TEXES observations to the results of our parameter space exploration of292

EPIC simulations. Figure 5 panel (a) shows the meridional retrieved temper-293

ature profiles for different observed QQO relative extrema; equatorial temper-294

ature maximum in 2015 and minimum in 2017 at 14 hPa. Underneath that,295

Figure 5 panel (c) shows the deviation of these profiles from the average of the296

opposite phases per latitude; essentially displaying the QQO amplitude. We297

applied this same analysis to the different QQO phases in a simulation with298

GWD and jet FWHMs of 5◦g and 8◦g, respectively, shown in Figure 5 panel (b).299

The resulting simulated QQO amplitudes versus latitude shown in300

Figure 5 bear similarities to our observational analysis in shape and301

signature location of off-equatorial latitudes. It is worth noting that302

3EPIC planetographic latitudes, noted by subscript “g”, are converted to planetocentric
when compared to observations.

4See Appendix Figure A.3 for more information on the numerical stability of specific cases.
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while the simulated QQO amplitudes have magnitudes less than those303

found in observations, our model is able to reproduce the QQO’s spa-304

tial signatures. The analyses presented in Figure 5 allows us to quantify305

characteristics in the observed QQO and identify trends in EPIC simulations as306

model parameters changed.307

Figure 6 panel (a) shows simulated QQO temperature amplitudes at 14 hPa,308

calculated in the same manner as those in Figure 5 panels (c-d). In this panel,309

we show results from a constant jet FWHM of 8◦g for different GWD meridional310

forcing widths. These results numerically confirm the theoretical relationship311

between the width of wave forcing and its impact on the amplitude of the312

stratospheric oscillation (Andrews et al., 1987; Friedson, 1999). Figure 6 panel313

(a) also shows that the predicted latitude of the anti-correlated off-equatorial314

QQO signal, designated as φ∗, increases with the width of wave forcing (Andrews315

et al., 1987; Friedson, 1999). Observations dating back to 1980 consistently316

find that this off-equatorial signal is maximum at φ∗=±13◦, in planetocentric317

coordinates (Leovy et al., 1991; Orton et al., 1991; Friedson, 1999; Cosentino318

et al., 2017; Antuñano et al., 2020). Simulations with GWD FWHMs >8◦g (7◦319

planetocentric coordinates) were numerically unstable; see appendix Figure A.3.320

Figure 6 panel (b) shows QQO temperature amplitudes from simulations where321

the GWD FWHM was held constant at 5◦g (4.4◦ planetocentric coordinates) for322

different jet widths. There is no significant impact of varying the FWHM of the323

jet for the same width of wave forcing on QQO temperature amplitudes or the324

location of φ∗.325

We applied the same sinusoidal and Gaussian fitting analyses to simulated326

QQO temperatures from EPIC. Gaussian FWHM values of the modeled equa-327

torial temperature structure at 14 hPa for the QQO minimum phase for simu-328

lations in Figure 6 panel (a) were ∼8-10◦, while the sine curve half-wavelengths329

were slightly larger, ∼9-11◦. At the simulated QQO maximum phase, we found330

that both Gaussian FWHM and sine curve widths were ∼10-13◦. The widths331

of both QQO phases are similar or just below those found from analysis of the332

QQO from TEXES observations. The results from measuring adjacent pressure333

levels in EPIC yielded similar results. The more interesting results from our334

simulations that we will discuss in the next section are the trends in amplitude335

and the location φ∗ as the wave forcing is increased, and what those potentially336

imply about the actual temperatures and winds in Jupiter’s stratosphere and337

the source of waves driving the QQO.338

5. Discussion339

Results from our analysis of meridional structure of the QQO from TEXES340

observations at different telescopes found similar widths via two different fit-341

ting methods. The higher-resolution data obtained from Gemini are consistent342

with all of the other IRTF observations supporting the fact that the QQO343

is well resolved by the IRTF. As future observations continue to monitor the344

QQO’s evolution, there is no significant scientific advantage gained by conduct-345
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ing QQO monitoring observations at increased spatial resolutions higher than346

those achieved with the combination of the IRTF and TEXES.347

Figure A.2 shows that the sine curve fitting routine does not converge on348

half-wavelengths at times when the QQO is not at a relative maxima or min-349

ima. Instead, very large half-wavelengths are found at transitions or mid-points350

between opposite QQO phases. On the other hand, Gaussian FWHMs are fairly351

consistent for all of the observations at different QQO phases and transitions352

between relative extrema. This could result from the behavior shown in Figure353

5 panel (b) where the sine curve fit is more appropriate for the relative minimum354

phase, but not necessarily the relative maximum phase.355

The location of φ∗ is related to the width of wave forcing and the response356

of stress in the stratosphere to produce a secondary circulation. Observations357

over the last four decades consistently indicate φ∗=±13◦ (Cosentino et al., 2017;358

Antuñano et al., 2020). Figure 5 panels (b) and (d) show that the simulated359

QQO amplitudes peak at the equator but also at slightly lower latitudes than360

φ∗=±13◦. Figure 6 panel (a) shows that a GWD FWHM of 6.1◦ (or ±7◦g)361

produces a QQO amplitude pattern that is in agreement with the location of362

φ∗ in Figure 5 is consistent with observations. High-frequency gravity waves363

from convection are more favorable as the main source of momentum driving364

the QQO when compared to planetary waves because the latter easily become365

equatorially trapped, such as the eastward propagating Kelvin wave observed in366

the New Horizons flyby in 2007 (Simon et al., 2015). That wave only spanned367

the equator by ±2◦ and had a phase velocity of 80 ms−1, which both rule it out368

as a major source of momentum driving the QQO for two reasons. First, its369

width is much less than ±6.1◦ needed to generate the off-equatorial signal at φ∗370

seen in observations. Second, the relatively low phase speed confines the wave371

very close to the equator (Orton et al., 2020). Such a wave located at a latitude372

of 8◦N would require phase speeds >200 ms−1, but there is no observational373

evidence of planetary waves in such regions with these properties.374

Naturally, the planetary wave features near ±7◦ come to mind as candidates375

to provide QQO momentum at higher latitudes, but as previously stated, their376

low phase speeds rule out scenarios of wave propagation and interaction at the377

equator and higher altitudes. Additionally, their larger horizontal wavelengths378

imply large vertical structure, perhaps 2-3 scale heights (30–60 km). The QQO379

region spans approximately 100 km in altitude and the ability of waves so ver-380

tically extended to interact with shear zones spanning distances less than their381

vertical wavelengths make it more likely for them to reflect or be evanescent in382

this region. High-frequency gravity waves from convection, like those parame-383

terized in our QQO simulations, are still the most likely candidate to provide384

the majority of necessary forcing because they can have relatively high phase385

speeds and are not trapped as strongly towards the equator as planetary waves.386

Computer models are emerging that fully resolve horizontal and vertical wind387

structure and waves on gas-giant planets, and they are spontaneously producing388

jet banding and stratospheric oscillations (Showman et al., 2019; Young et al.,389

2019; Bardet et al., 2021). As with Earth’s QBO, the QQO could require a390

combination of large- and small-scale waves in order to reproduce all of its ob-391
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served properties and structure of Jupiter’s stratosphere (Dunkerton, 1985; Li392

& Read, 2000).393

Figures 5 and 6 demonstrate how our simulations fall short in reproducing394

the observed magnitude of QQO amplitudes at the equator and φ∗, but there395

may be an explanation in the results of our meridional width fitting shown in396

Figure A.2. The thermal wind relates the meridional gradient in temperature to397

a vertical gradient in zonal velocity. It therefore could be that our simulations398

have the correct forcing width based on the location of φ∗, but are unable to399

reproduce the observed thermal amplitudes because of limitations to horizontal400

and vertical resolutions in GCMs. Figure A.3 shows that we can not simply401

increase GWD forcing to obtain higher QQO amplitudes before numerical in-402

stabilities develop from vertical layers merging and crossing each other. We also403

found that increasing the GCM’s spatial resolution results in similar numerical404

instabilities. It is possible that the lower EPIC QQO amplitudes are the result405

of lower temperature gradients resolved in the model as compared to those that406

actually exist in Jupiter’s stratosphere. Specifically, the dual eastward jets at407

7◦S and 7◦N could have significant vertical structure and would create tempera-408

ture gradients not realized in our simulations, but previous efforts to incorporate409

more realistic winds ended up not producing successful QQOs.410

More detailed analysis of datasets like TEXES could study subtleties in411

temperature gradients in efforts to investigate vertical wind structure near the412

equator. Advances in thermal-wind applications combined with data taken at413

sub-millimeter wavelengths provide unique opportunities to study this region of414

Jupiter’s atmosphere (Marcus et al., 2019).415

6. Conclusions416

1. The TEXES instrument at IRTF is fully capable of resolving the spatial417

structure of Jupiter’s QQO/JESO; confirmed by observational analysis418

finding similar ∼12◦ meridional widths of Gemini North data taken with419

increased spatial resolution.420

2. The meridional structure of stratospheric temperatures centered about421

the equator was found to have a common FWHM of ∼12◦ for pressures422

spanning 10–20 hPa for different JESO phases. Transitions between op-423

posite phases may be more difficult to analyze because of quickly evolving424

temperature gradients.425

3. The width of wave forcing supplying momentum to JESO directly impacts426

the location of anti-correlated off-equatorial temperature signals at φ∗;427

which for almost four decades has been observed at ±13◦ planetocentric428

latitude. The consistent location of φ∗=±13◦ is best supported by wave429

forcing originating from below with a FWHM of at least ∼7◦ centered at430

the equator.431
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Figure 1: Equatorial (solid red) and off-equatorial (dashed blue and green) retrieved tem-
peratures from TEXES at IRTF and Gemini (March 2017 shaded region). Variations of the
equatorial temperature near 14 hPa are anti-correlated with temperatures observed at ±13◦

planetocentric latitude.
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Figure 6: Panel (a) shows the effect of changing the FWHM of the GWD on QQO temperature
amplitudes while panel (b) shows there is virtually no effect on changing the FWHM of the
QQO jet. The QQO temperature amplitudes y-axis label applies to both panels. The vertical
dashed lines show the observed anti-correlated QQO temperature amplitude location at ±13◦.
All latitudes are in planetocentric coordinates.
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Table 1
Temperature Fits Between 11–16 hPa

11 hPa 14 hPa 16 hPa
Telescope Date Fit Method (Degrees) (Degrees) (Degrees)

IRTF 2013-02 Sine [λ/2] 14.2 12.0 11.5

Gaussian [FWHM] 12.1 11.1 10.7

IRTF 2015-04 Sine [λ/2] 10.2 10.1 10.4

Gaussian [FWHM] 9.6 9.4 9.6

IRTF 2017-01 Sine [λ/2] 14.0 13.7 26.4

Gaussian [FWHM] 11.6 11.5 12.6

Gemini 2017-03 Sine [λ/2] 13.6 13.9 15.6

Gaussian [FWHM] 11.8 11.9 12.4

IRTF 2017-05 Sine [λ/2] 12.0 11.3 10.6

Gaussian [FWHM] 11.0 10.5 10.0

IRTF 2017-07 Sine [λ/2] 12.3 11.8 11.2

Gaussian [FWHM] 10.9 10.6 10.1

STD DEV Sine [λ/2] 1.5 1.5 6.2

STD DEV Gaussian [FWHM] 0.9 0.9 1.3

Table 1: The domain of data used for reported fit results in this table were ±11◦ latitude.
These results typically varied by less than ∼1◦ for domains of ±9◦ and ±13◦ latitude, which
we estimate is our approximate uncertainty in the fitting methods to the TEXES data and
similar to the calculated standard deviation.
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Appendix A. Additional Analysis

Figure A.1 shows meridional profiles for retrieved temperatures for Gemini
and IRTF observations in 2017 at several pressures. These pressures span the
range of the QQO equatorial relative minimum phase and all of the profiles have
a similar equatorial structure to those shown in Figure 3 panel (c). Figure A.1
displays the temperatures over a larger latitude domain which shows there are
differences in observational structure away from the equator and a north-south
asymmetry. The is also a slight increase seen at all latitudes of the Gemini mea-
sured temperatures relative to the IRTF measurements and is likely due to the
different foreoptics used within TEXES to couple the two different telescopes.
Slight differences in cold stop filling factors can lead to small shifts in the cali-
bration given that our radiometric blackbody calibration is necessarily inserted
into the instrument line of sight after the telescope. The vertical translation of
the retrieved temperatures, most prominent at 11 hPa in Figure A.1, had no
significant impact on the analysis of the meridional structure presented in the
main body of the paper.

The sine curve half-wavelengths occasionally do not converge on meridional
widths that resemble surrounding calculations, but this behavior is not observed
for fitting a Gaussian. We believe the sine curve does not fit transitions between
QQO relative extrema phases because a flattened temperature profile might re-
sult in a very large half-wavelength, while the Gaussian FWHM appears more
easy to constrain. We did not vary initial values in our curve fitting analysis for
individual observations, but kept them constant. Figure A.2 shows only a few
sine curve fitted widths measure extremely large widths that all occur during
QQO extrema phase transitions. It might be possible to extract vertical wind
structure by analyzing the thermal wind relation at the equator with more com-
plicated analyses presented in Marcus et al. (2020) and systematically studying
initial conditions of TEXES temperature retrievals. The strong prograde jets
at 7◦S, 7◦N, and 24◦N would be ideal candidate areas to investigate because
their high velocities make them likely to have gradual decreases in the vertical
direction according to stability arguments.

Figure A.3 shows that the equatorial temperature amplitudes increased as
the FWHM of the GWD was increased and that the QQO temperature am-
plitude is largely independent of the initialized jet FWHM. The cases with a
GWD FWHM of ≤2◦ did not produce simulations with a QQO. Cases that had
GWD FWHM ≥8◦ did not produce a stable QQO within the model and are
not shown. Simulations that were unstable are shown with hollow symbols in
Figure A.3 and shows the limitations of EPIC to model the QQO such that we
could not increase the GWD and simultaneously maintain numerical stability.
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Figure A.1: Meridional temperature profiles for 2017 observations at IRTF and Gemini tele-
scopes.

22



F
ig

u
re

A
.2

:
M

er
id

io
n

a
l

w
id

th
s

ca
lc

u
la

te
d

fr
o
m

b
o
th

th
e

si
n

e
cu

rv
e

h
a
lf

-w
a
v
el

en
g
th

s
(S

sy
m

b
o
l

d
a
sh

ed
li
n

e)
a
n

d
G

a
u

ss
ia

n
F

W
H

M
(G

sy
m

b
o
l

so
li
d

li
n

e)
.

23



Figure A.3: Equatorial temperature amplitudes at 14 hPa in simulations exploring the initial
jet and GWD parameter space. The FWHMs for GWD and QQO jet width are in plane-
tographic degrees latitude. Unstable simulations that did not develop multiple stable QQO
cycles are indicated by hollow symbols.
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