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Abstract

:

The mid-infrared spectral region provides a unique window into the atmospheric temperature, chemistry, and dynamics of the giant planets. From more than a century of mid-infrared remote sensing, progressively clearer pictures of the composition and thermal structure of these atmospheres have emerged, along with a greater insight into the processes that shape them. Our knowledge of Jupiter and Saturn has benefitted from their proximity and relatively warm temperatures, while the details of colder and more distant Uranus and Neptune are limited as these planets remain challenging targets. As the timeline of observations continues to grow, an understanding of the temporal and seasonal variability of the giant planets is beginning to develop with promising new observations on the horizon.
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1. Introduction


The mid-infrared region of the electromagnetic spectrum provides a unique and important window into the atmospheric physics and chemistry of the giant planets. Linking the near- and far-infrared, it spans a range of wavelengths (variously defined), over which the dominant source of planetary radiation transitions from scattered sunlight to intrinsic thermal emission. As the scattered solar component fades with increasing wavelength, the various features and colors that define the planets’ appearances in visible and near-infrared images give way to distinct thermal structures shaped by the temperatures and chemistry of these atmospheres. Against this changing backdrop of scattered and emitted radiation, numerous molecules leave their distinct spectral signatures, indicative chemical abundances, kinetic temperatures, and ambient pressures. The observation and analysis of reflected and radiant energy can thus be used to reveal the composition, temperature, and structure of a planetary atmosphere from afar, providing remote measurements of fundamental properties largely inaccessible by other means.



From more than a century of mid-IR observations, a rich picture of the four giant planets’ atmospheres has emerged. Now, with the anticipated results from the new JWST promising to revise our knowledge of these planets in the years ahead [1], we use this opportunity to look back and take stock of the field. In this review, we examine remote sensing of the Solar System’s giant planets across the mid-infrared. We trace an observational history from its modest beginnings to present-day efforts, highlighting what we have learned along the way and what questions remain for future work.



1.1. The Mid-Infrared


Infrared radiation (IR) occupies the region of the electromagnetic spectrum between visible light and radio waves (specifically, microwaves), corresponding to wavelengths from about 750 nm to 1 mm. In the modern literature, it is commonly divided into three subdivisions—near-, mid-, and far-infrared (see Figure 1). The precise boundaries of these divisions are generally not agreed upon and differ widely across various disciplines and applications. The International Commission on Illumination [2], for example, defines the mid-IR as radiation with wavelengths of only 1.4 to 3 microns, while the International Organization for Standardization (ISO) [3] adopts a much broader range for the mid-IR, spanning from 3 to 50  μ m. In some engineering literature, the infrared is divided into five regions, classified as short-wave (1–3  μ m), mid-wave (3–5  μ m), long-wave (8–12  μ m), and very-long (12–30  μ m) infrared (e.g., [4]), with significant variation in the defined demarcations.



In astronomy and planetary science literature, the mid-infrared typically refers to wavelengths between roughly 5  μ m and 20 to 30  μ m [9,10,14,15]. These bounds are a natural consequence of practical constraints, namely astronomical detector technology and the transparency of Earth’s atmosphere. This adopted lower limit around 5  μ m roughly coincides with the longest wavelengths detected by most common near-infrared detectors, typically composed of indium antimonide (InSb) or mercury-cadmium-telluride (HgCdTe) (see Figure 1). At longer wavelengths, arsenic- or antimony doped silicon (Si:As and Si:Sb) Impurity Band Conduction (IBC) detectors are typically employed, sensitive to ranges of ∼6–27  μ m and ∼14–38  μ m, respectively, followed by germanium photoconductive detectors and bolometers in the far-infrared [7,8,9,10,11,12,13]. Case in point, the JWST Near Infrared Camera (NIRCam) instrument uses HgCdTe detectors for the 0.6–5  μ m region, while the JWST Mid-Infrared Instrument (MIRI) uses a Si:As detectors to measure radiation from 5 to 28  μ m [16,17,18]. As discussed in the next section, the so-called atmospheric window of infrared transparency provides a natural upper boundary to the mid-infrared around 30  μ m, beyond which little infrared radiation is transmitted through the atmosphere.



For the purpose of this review, we will adopt the definition of the mid-infrared as radiation between 5 and 30  μ m (or 2000–333 cm    − 1   , in terms of wavenumber) and limit our scope to remote sensing within this wavelength range. We will also restrict ourselves to the giant planets without our Solar System, leaving the growing number of extrasolar planet infrared observations to other reviews [19,20].




1.2. Atmospheric Transmission, Emission, and Mid-Infrared Sub-Bands


Gaseous absorption, primarily by telluric water vapor, renders the Earth’s atmosphere largely opaque to extraterrestrial infrared radiation as seen from the ground at various wavelengths. Between about 30  μ m and several hundred microns, the atmosphere is nearly continuously opaque, marking the adopted cutoff between the mid- and far-infrared (see Figure 1). Owing to this absorption, the far-infrared (or sub-millimeter) spectral region is only accessible from extremely high-altitude, airborne, and space observatories [21]. The atmospheric transparency begins to increase once again approaching the millimeter region, which has been used to sense deeper into the atmospheres of the giant planets than that which can be accessed by visible and infrared observations [22,23,24].



Between 5 and 30  μ m, the atmospheric transmission is more variable and frequency dependent, with H   2  O, CO   2  , O   3  , CH   4  , and nitrous oxides contributing to the opacity [25,26,27] (see Figure 2). Strong absorption by CO   2   between 14 and 17  μ m effectively blocks the atmospheric window near its center, and thus mid-infrared is typically divided into two sub-regions known as the N and Q bands in photometric systems. The precise ranges of these bands are not universally standardized, but the N band is typically recognized as ranging from roughly 8 to 14  μ m, while the Q band extends between 17 and 25–27  μ m [9,10]. These bands are often divided further into various sub-bands for filtered imaging (e.g., Q1, Q2, Q3, etc.), naturally demarcated by the numerous absorption lines [9,28].



Additionally, corresponding to a narrow window of atmospheric transparency between 4.6 and 5.0  μ m, the M band straddles the rough boundary between the near- and mid-infrared. It has been grouped with the mid-infrared in at least some literature (e.g., [29]), although it is more commonly considered as a near-infrared band [9].



The gases in Earth’s atmosphere do not only absorb radiation—they also emit, with an emission spectrum characteristic of the atmospheric temperature and composition. Given the Earth’s effective temperature of 255 K, the atmosphere’s black body thermal emission peaks near 12  μ m (see Figure 2). Likewise, the telescope itself inescapably emits thermal radiation corresponding to the observatory’s ambient temperature (typically 280–290 K at the VLT, for example [30,31]) leading to an additional source of thermal radiation that also peaks in the N-band [31]. This combined telluric emission easily overwhelms the faint celestial emission from the colder, distant atmospheres of the outer planets. One solution to this problem is to actively cool the instrument and to place the telescope above as much of the Earth atmosphere as possible, ideally well into space. However, when space is out of reach, observations from the ground are still possible over much of the mid-IR owing to specialized techniques developed by observers over the past century.



The standard approach is to attempt to remove the thermal contribution of the sky and telescope by a process known as chopping and nodding [32]. Chopping entails oscillating the telescope’s secondary mirror at a frequency of several hertz, cycling on and off target in order to isolate and subtract the sky’s thermal contribution from the total signal. Likewise, nodding attempts to remove the residual, non-uniform emission from the telescope by alternating the telescope’s pointing every few minutes. By this approach, measurements of Uranus’ 13- μ m emission, for example, can be made from the ground despite being roughly 100,000 times fainter than the combined sky and telescope emission [33]. However, even this approach cannot overcome the atmosphere’s considerable infrared opacity beyond the atmospheric window, and significant portions of the infrared spectrum (e.g., ∼5.5–8  μ m, 13.5–17  μ m, and 25–30  μ m) remain inaccessible from the ground.
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Figure 2. The atmospheric transmission (top) and emission (bottom) in the mid-IR, for conditions at Cerro Paranal, as described in Figure 1. Transmission is indicated by the blue–gray interface varying between 100% (full transmission) and 0% (total attenuation) from the top of the atmosphere down to the surface [5,6]. Emission from the atmosphere is indicated by the red shaded curve, assuming annual average temperatures, 1.5 mm PWV, and an airmass of 1.16. Additional emission from the telescope is shown for two different assumed values of emissivity, spanning typical values found in the literature ( ϵ  = 0.07–0.17) [31,34,35], and typical ambient temperature of 280 K. The total telluric thermal radiance is orders of magnitude greater than that received from the giant planets. 
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1.3. Why We Observe in the Mid-Infrared


While observations of scattered sunlight at visible wavelengths define our most familiar views of the giant planets, they do not reveal a complete picture of the important processes that shape these atmospheres. A complementary understanding of the atmospheric environment, within and above the clouds, can be achieved with infrared observations. Although scattered sunlight from aerosols can contribute to mid-IR radiances (particularly at shorter wavelengths), mid-IR is dominated by intrinsic emission from the atmosphere, indicative of temperature and composition (see Figure 3).



With effective temperatures of less than 125 K, the idealized black body emission of the Solar System’s giant primarily emit energy in the infrared region of the electromagnetic spectrum. The spectral radiant black body emission of Jupiter’s and Saturn’s peak in the mid-infrared, while emission from the colder atmospheres of Uranus’ and Neptune’s peak at longer wavelengths of the far-infrared (see Figure 2). In either case, considerable energy is radiated in the mid-infrared, and this thermal emission is relatively more accessible to observers on Earth’s surface than that radiating in the far-infrared. Understanding the temperature structure and energy budget of these giant planets, therefore, requires measurements of mid-infrared radiances. This idealized picture of the mid-infrared emission is, however, complicated—and greatly enriched—by the presence of radiatively active molecules, which profoundly alter the emission spectrum.
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Figure 3. Contributions to observed mid-infrared emission from the giant planet atmospheres. Vertical temperature profiles for Jupiter, Saturn, Uranus, and Neptune are shown for pressures ranging from 10 bar to 1 microbar. While scattered sunlight from aerosols weakly contributes at shorter wavelengths, the mid-IR is dominated by intrinsic thermal emission from the atmosphere. The mid-IR emission originates from heights above the cloud layers, within the upper troposphere and lower stratosphere. Stratospheric emission is primarily associated with various stratospheric hydrocarbons that result from methane photochemistry. 
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The mid-infrared is home to rotational-vibrational transitions of numerous molecules found in the giant planet atmospheres, including CH   4  , C   2  H   6   C   2  H   2  , NH   3  , PH   3  , H   2  O, C   2  H   4  , CH   3  , GeH   4  , AsH   3  , C   6  H   6  , CO   2  , and more [36,37,38,39]. In spectroscopic observations, these state transitions show up as emission or absorption features, depending on the vertical temperature and chemical structure within the atmosphere. The intensity of spectral lines is dependent on both the abundance of the emitting or absorbing molecule and its ambient pressure and temperature (assuming local thermodynamic equilibrium, which may be assumed generally valid at pressures corresponding to the tropospheres and lower-to-mid stratospheres). If the ambient temperature is known, the molecular abundance can be inferred, typically by comparison of the observations with simulations from theoretical radiative transfer models (e.g., [40]). Alternatively, if the molecular abundances are known, the observed spectrum can be used to constrain the temperature. The greater the spectroscopic resolution of the observations, the better the vertical resolution of the inferred temperatures or abundances. Imaging essentially provides an integrated radiance over a finite passband and, therefore, yields poorer vertical resolution (effectively vertically averaging), but it typically has the advantage of greater angular (spatial) resolution and radiometric sensitivity.



The detection and measurement of specific molecules can provide unique insight into processes active in giant planets’ atmospheres. Some species are expected as a result of a solar composition atmosphere in thermodynamic chemical equilibrium (CH   4  , for example [41,42]), but are nonetheless useful as indicators of temperatures, vertical structure, and circulation [43,44,45,46]. Others are unexpected given the ambient temperatures and bulk chemistry, and they require specific mechanisms to explain their abundances (for example, CO   2   [47] and H   2  O [48] in Uranus atmosphere, implying external, meteoric sources).



N-band (8–14  μ m) spectroscopy and imaging have been used in numerous investigations to infer temperatures, chemistry, and aerosol abundances in the troposphere and stratosphere of Jupiter (e.g., [49,50,51,52,53,54]) and Saturn (e.g., [55,56,57,58,59,60,61,62,63,64,65]). For Uranus and Neptune, the N band has been used to measure stratospheric emission associated with hydrocarbons (e.g., [33,66,67,68,69,70,71,72,73,74]), but interpretations have been limited by larger uncertainties in both temperatures and chemical abundances.



The dominant components of giant planets’ atmospheres are hydrogen and helium, the collision of which produces continuum absorption dependent on the pressure and temperature. Since the abundance of hydrogen and helium are homogeneous and relatively well constrained by the overall atmospheric density, this collision-induced absorption (CIA) provides a powerful, unambiguous indicator of the atmospheric thermal structure. Q-band observations (17–25  μ m) are dominated by this absorption, and have thus successfully been used to infer atmospheric temperatures in the upper tropospheres of all the Solar System giant planets (e.g., [33,50,51,61,65,72,74,75,76,77,78,79]). Hydrogen emission can also be found in the Q band, and this can additionally serve as a remote sensing thermometer of the stratosphere, as discussed in Section 3.1.



Observations at roughly 5  μ m have notably been used to study Jupiter’s deep atmosphere [80,81,82,83,84,85,86,87,88], producing striking, high-contrast images of Jupiter’s clouds silhouetted against the underlying thermal emission as shown in Figure 4. (See [89] for a review of 5- μ m imaging of Jupiter, and see [90] for a review of Jupiter’s deep clouds). Saturn show less contrast at 5  μ m owing to thicker, scattering hazes, but such observations have helped constrained vertical cloud structure and deeper chemistry [91,92,93,94,95,96]. As a consequence of their colder temperatures and weakly scattered sunlight, the Ice Giants have smaller radiances at 5  μ m, and as a result, have largely been unexplored at this wavelength [69,76,97]. JWST promises to provide the first detailed observations of the Ice Giants in this spectral region in the years ahead. It will be one of many observational breakthroughs that JWST promises in the mid-infrared, as it observes the giant planets with unprecedented precision and sensitivity.





2. A Historical Overview: Observing the Giant Planets in the Mid-Infrared


Infrared characterization of the giant planets developed in parallel with the evolution of broader infrared astronomy in general. It is marked by advances in theory, technology, and techniques that sparked new discoveries, inevitably prompting new theories, technologies, and techniques. Unlike galactic and most stellar astronomy, however, planetary astronomy has the advantage of being able to apply remote sensing with relatively generous proximity, including very close encounters via robotic spacecraft. Robotic missions to the giant planets have afforded leaps in knowledge in recent decades, building upon and complementing a long history of ground-based observing. Beginning with basic measurements of effective planetary temperatures, mid-infrared investigations grew to provide critical insight into the chemistry, structure, and dynamics of the giant planets.



Repeatedly over this observational history, Jupiter, by virtue of its superior size, proximity, and brightness, was naturally investigated first and most thoroughly. Successful investigations were then typically extended to Saturn shortly thereafter. Finally, Uranus and Neptune, owing to their great distances and cold temperatures, were investigated if and when even viable, consistently lagging many years behind the Gas Giants in thermal and chemical characterization.



2.1. Beyond the Visible: Measuring Heat from the Giant Planets


In the closing year of the 18th century, William Herschel demonstrated that radiant heating from the Sun extended beyond the red light of the visible spectrum [100], arguably marking the birth of infrared astronomy. Over the following century, quantitative investigations of this “invisible thermometrical spectrum” and the infrared properties of materials developed alongside innovations in optics and instrumentation (e.g., see early reviews by [101]). As theory and tools developed, astronomers pushed their observations further into the uncharted infrared spectrum while aiming their instruments at increasingly fainter celestial targets.



Beginning in the late 1850s, the first successful measurements of the “non-luminous” radiation from the Moon’s surface were made using telescopes equipped with sensitive early thermopiles, which converted observed radiative energy into electrical energy that was then read as needle deflection on a galvanometer. Increasingly sensitive radiometers were subsequently developed, including the Langley bolometer in 1878 [102], giving rise to an enduring limerick, dubiously attributed to Langley’s student:





	“Prof. Langley devised a Bolometer.

It’s really a sort of Thermometer.

It’ll detect the heat

Of a Polar Bear’s feet

At a distance of Half-a Kilometer.” [103,104]).






The bolometer has found continued use in modern submillimeter instruments [105] (e.g., Herschel-PACS [106]).



Lacking spectrometers with dispersive prisms and gratings tuned to the infrared [101,107,108], early observers simply used glass filters, transparent to visible light but opaque to thermal radiation, to remove and isolate the thermal component from the total observed radiation. This filtering approach provided ratios of relative band radiances, leading to the first (somewhat disputed) estimates for the extreme diurnal range of lunar surface temperatures [109,110,111,112,113].



By the early 20th century, observations extended progressively further into the mid-infrared. Improved radiometers and observing techniques were combined with larger reflecting telescopes to provide the first quantitative estimates of thermal emission from the planets. In pioneering work by Coblentz and Lampland [114,115,116,117,118] and Pettit and Nicholson [119,120], observations of Venus, Mars, Jupiter, Saturn, and Uranus were made between 1914 and 1924 using sensitive new radiometers and a series of filters in order to separate observed radiances into five discrete spectral bands ranging between 0.3  μ m to 15  μ m—specifically, a water cell 1 cm in thickness was used to pass radiation between 0.3 and 1.4  μ m, while filters of quartz, glass, and fluorite were transparent up to 4  μ m, 8  μ m, and 12.5  μ m, respectively (see Figure 5).



The combination of filtered observations thus provided the first rough spectra of the giant planets. Analysis of these spectral data revealed Jupiter and Saturn to have temperatures (at the effective emission layers) of 120–140 k and 125–130 K, respectively, while Uranus was colder yet, with an upper limit of 100 K [121,122]—not far from modern estimates of planetary effective temperatures: 124.4 ± 0.3, 95.0 ± 0.4, and 59.1 ± 0.3 for Jupiter, Saturn, and Uranus, respectively [123]. These measured temperatures indicated the giant planets were cold—not much warmer than expected for equilibrium with the solar heating—and therefore contributed to evidence that the low density of the outer planets could only be explained by a bulk composition rich in hydrogen [124].



Over the following decades, improvements in technology and technique continued. Advances in mid-infrared bandpass filters and gratings (i.e., those that transmit only in the mid-infrared) enabled improved calibration of stars and planets by allowing for the direct comparison with known blackbody cavities at the telescope [125]. Errors due to the drift in detector response and changing sky radiance were minimized by shifting the sensor on and off target at high frequency [125,126,127]—an approach that evolved into the chopping and nodding technique still used today to remove the thermal signal of the sky and telescope [32,128]. By the 1960s, photometric systems utilizing mercury-doped germanium detectors cooled by liquid hydrogen allowed for increased sensitivity in the mid-infrared spectral region [128].



Utilizing the new detectors and techniques, observations in the early 1960s provided the first truly spatially resolved photometry of the thermal radiation emitted by a giant planet. Beginning in 1962, radiances across the disk of Jupiter were measured at 8–14  μ m using the Palomar Observatory Hale 200-inch telescope—the world’s largest telescope at the time. These spatially resolved data revealed thermal limb-darkening indicative of temperatures increasing with depth; temperature contrast (∼0.5 K) between the warmer darker belts and the cooler brighter zones [129]; and that the Great Red Spot (GRS) was 1.5–2.0 K cooler than the surrounding disk (see Figure 6).



Soon after, the first observations of Saturn and Uranus at 10  μ m [130] and 17–25  μ m [131,132] were made and flux calibrated by comparison to recently defined photometric standard stars. These observations yielded a 20- μ m brightness temperature and 95 ± 3 K for Saturn, roughly consistent with modern values, and 55 ± 3 K for Uranus, which established “the current lower limit to the brightness temperature of a celestial object which can be measured in the infrared” [132]. The opacity of Earth’s atmosphere limited the infrared spectrum that can be obtained from the ground, leading observers to seek greater heights.



Observations from airborne observatories began in the 1960s, with rockets [133,134], balloons [135,136], and jets [137,138] rising above Earth’s moist lower atmosphere. A 12-inch telescope flown on a modified Lear jet (NASA 701) in 1968 captured thermal radiances from Jupiter and Saturn using a series of broad filters with bandpasses sampling the spectrum between 1.5  μ m to 350  μ m. Analysis of these brightness temperatures showed that both Jupiter and Saturn radiated roughly twice as much energy as they receive [137,138]. The energy balances—ratios of emitted to received radiation—for Jupiter and Saturn have since been revised down to 1.7 and 1.8, respectively, following Voyager measurements [139]; however, following Cassini, the balance for Jupiter was raised to 2.1 [140], while Saturn was shown to be seasonally variable [141].



Neptune’s thermal emission was finally measured years later, when, in 1972, observations were made from the newly constructed high-altitude observatory on Maunakea. At over 4200-m above sea level, the observatory’s altitude sits above a majority of the Earth’s attenuating water vapor, permitting observations further into the mid-infrared. Both Uranus and Neptune were observed between 17 and 28  μ m using a liquid-helium-cooled bolometer mounted on a 2.24-m telescope [142,143]. Surprisingly, it was discovered that Neptune had a brightness temperature of 57.2 ± 1.6 K at 24- μ m —warmer than that of Uranus (54.7 ± 1.6 K) despite Neptune’s greater distance from the Sun [143,144,145]. Combined with observations in the visible, far-infrared, and millimeter wavelengths, this led to the conclusion that Neptune radiates excess heat—  2 .  4  − 0.9   + 1.3     times as much power as it absorbs [146]—similar to Jupiter and Saturn. Uranus was evidently the outlier, as the only giant planet apparently lacking an internal heat source.



Observations continued to improve over the following decades, refining these initial temperature measurements with effective temperatures constrained at longer and longer wavelengths, including far-infrared [147,148], sub-millimeter [149], millimeter [150,151,152], and microwave [153,154] wavelengths. Spatially resolving the temperature structure on the Ice Giants had to wait for spacecraft encounters and larger telescopes in the following decades. Meanwhile, the spectral resolution was quickly improving from the ground, allowing for the detection of discrete spectral signatures [14,155].




2.2. A New Window into the Giant Planets’ Atmospheric Composition


In the 1970s, the focus of mid-infrared planetary studies arguably shifted from temperatures to chemistry. Until then, the detection and measurement of the atmospheric composition had been investigated primarily in the visible and near-infrared for the better part of a century [41,156,157,158,159,160,161,162], but such observations had only succeeded in spectroscopically identifying molecular hydrogen (H   2  ) and methane (CH   4  ) in the giant planets, plus ammonia (NH   3  ) in Jupiter and Saturn. Based on assumptions of solar-composition in chemical and adiabatic equilibrium, the newly-constrained atmospheric temperatures of the planets were used to predict theoretical abundances of several hundred volatile compounds throughout Jupiter’s atmosphere [42,163], while photochemical models were predicting disequilibrium of stratospheric hydrocarbons such as ethane (C   2  H   6  ) and acetylene (C   2  H   2  ) due to photolytic destruction of CH   4   [164,165]. The mid-infrared provided a promising new window to potentially detect these molecular signatures via fundamental rovibrational and pure rotational transitions.



In 1973, excess radiance at 11–14- μ m—as seen in moderate resolution (R ∼ 50–66) spectra of Jupiter [80] from the ground at ∼2500-m (8200-ft) altitude—was correctly identified as the first evidence of stratospheric C   2  H   6   and C   2  H   2   on Jupiter, enhanced by an atmospheric temperature inversion [166,167], confirming photochemical model predictions [164,165]. This 12- μ m C   2  H   6   enhancement was also seen in the spectrum from Saturn the following year [168].



Following from theory and techniques applied in the analysis of terrestrial satellite data [169,170], spectral inversion techniques were at this time being developed for the giant planets in order to infer vertical temperature profiles and chemical abundances [171,172]. In particular, Taylor [171] showed that measurements of the   ν 4   branch of CH   4   (at ∼7.74  μ m) could be inverted to provide temperature profiles for relatively warm Jupiter and possibly Saturn. For colder Uranus and Neptune, collision-induced rotational S(0) absorption by hydrogen at 25–40  μ m could be used to infer temperature profiles. Indeed, measurements of S(0) and S(1) collision-induced H   2   absorption were successfully used to retrieve upper tropospheric temperature structure in the giant planets from Voyager-IRIS spectra decades later [173].



An instrumental leap forward came with the advent of high-resolution Fourier Transform Spectrometers (FTS) in the late 1960s [155,174,175], which allowed for greater spectral resolution (R»500) at longer wavelengths. With the promise of further discoveries already evident in modest-resolution high-altitude observations [80], high-resolution mid- and far-infrared spectroscopy rapidly emerged, opening a window to new molecules and greater constraints on atmospheric composition and vertical temperature structure.



Spectroscopy in the decade that followed yielded the first detections of CH   3  D [176], 13-NH   3   [177], H   2  O [178], PH   3   [179,180], GeH   4   [84], and CO [181,182] in the atmosphere of Jupiter. Given that PH   3  , GeH   4  , and CO are not thermodynamically stable at the low temperatures and pressures at which they were detected, their presence suggested strong vertical mixing from below producing tropospheric disequilibrium chemistry [183,184]. Similarly, CH   3  D [185] and PH   3   [186,187] were detected in Saturn’s atmosphere, along with conclusive evidence of stratospheric C   2  H   6   [188] and tentative detection of C   2  H   4   [189]. NH   3   was also found [190], but at a factor of at least 20 less than on Jupiter, consistent with Saturn’s colder temperature and deeper condensation levels. Likewise, disequilibrium GeH   4   on Saturn was not detected until a decade later [191]. With even greater distances and colder temperatures, the chemistry (and temperature structure) of Uranus and Neptune remained almost unconstrained in the mid-infrared until their encounter with Voyager 2.




2.3. Remote Sensing Up Close: Missions to the Giant Planets


Beginning in the 1970s, robotic spacecraft missions to the giant planets permitted infrared remote sensing of the giant planets at relatively close proximity without attenuation from the Earth’s atmosphere. Infrared radiometers on Pioneer 10 and Pioneer 11 flew by Jupiter in 1973 and 1974, respectively, [192], equipped with broadband filters (11- and 26- μ m-wide) centered at roughly 20  μ m and 40  μ m, respectively. Though broadly filtered in wavelength, the spatially resolved measurements provided new, stronger constraints on the energy balance [193,194] and thermal structure of Jupiter [49]. Similarly, Pioneer 11 observed Saturn in 1979, providing similar refinements of Saturn’s thermal structure and energy balance [43,195], before continuing out towards interstellar space. The first to encounter Jupiter and Saturn, the Pioneer missions were envisioned as precursors to a more ambitious Mariner program mission to the giant planets, later renamed as the Voyager Program.



Launched in 1977, Voyager 1 and Voyager 2 carried the Infrared Interferometer Spectrometer and Radiometer (IRIS) experiment—arguably the most fruitful infrared instrumentation in the history of solar system exploration. A combination of three instruments, IRIS included a Michelson interferometer that operated in the infrared from 2.5  μ m to 55  μ m (180 and 2400 cm    − 1   ) with a spectral resolution of R∼42–558 (4.3 cm    − 1   ), in contrast to the Pioneer radiometer’s filters.



Voyager 1 reached Jupiter in March 1979, followed four months later by Voyager 2. Initial findings from these observations included refined estimates of the effective temperature and energy balance [196]; improved measurements of meridional thermal structure and cold anomaly of the Great Red Spot (GRS) [197]; confirmation of excess thermal emission near Jupiter’s north magnetic pole [198] new constraints on the ammonia cloud density and particle sizes [199]; new constraints on the chemical abundances [197], including that of helium [200]; and the first detection of several new hydrocarbons, including C   2  H   4  , C   3  H   4  , and C   6  H   6   [198]. Similarly, IRIS placed new constraints on the temperature structure and chemistry of Saturn during the Voyager 1 and Voyager 2 encounters in 1980 and 1981, respectively, [44,55,201,202,203,204,205]. Following the Saturn encounters, Voyager 1 began its extended mission on course to depart the solar system, while Voyager 2 continued onward towards the Ice Giants.



The subsequent Voyager 2 flybys of Uranus in 1986 and Neptune in 1989 marked watershed moments in the exploration of the outer planets. With unprecedented spatial resolution and phase-angle coverage, Voyager substantially improved constraints on the Bond albedos, effective temperatures, thermal structure, and energy balances [139,206,207,208] of both planets, confirming that Uranus was indeed anomalous in its lack of interior heat. In particular, the spatial resolution allowed the upper-tropospheric temperature structure of both planets to be mapped for the first time, revealing relative cold anomalies (2–4 K) at mid-latitudes compared to the warmer low and high latitudes [209]. This latitudinal structure was interpreted as evidence of mid-latitude upwelling and resulting adiabatic cooling as part of a meridional circulation cell, compensated by downwelling at the equator and poles [209,210,211]. New constraints were also placed on the helium abundances of both planets [207,208], although stratospheric hydrocarbons remained poorly constrained due to insufficient instrument sensitivity at wavelengths less than 25  μ m. Nonetheless, the Voyager 2 flybys of the Ice Giants remain to be the only close encounter with these distant worlds and the definitive account of their temperature structure.



Notably, the IRIS observations also allowed for the first measurement of ortho-para hydrogen disequilibrium in the outer planets. Pressure-induced H   2   absorption at ∼17  μ m and ∼27  μ m result from transitions in ortho-H   2   and para-H   2   energy levels, respectively, and the ratio of these absorption features are theoretically dependent on temperature [212,213]. Conrath and Gierasch found ortho-para fractions were not in equilibrium with the retrieved temperatures on Jupiter, particularly at the equator, implying upwelling from warmer depths [214]. Combined with implied zonal wind shear inferred from thermal wind relations, these observations provided powerful new insight into the atmospheric circulation on the giant planets [72,77,173,201,215].



Following the success of Voyager, the Galileo orbiter examined the Jupiter system over the course of 35 orbits between 1995 and 2003 [216,217,218,219]. On-board instruments included the Near-Infrared Mapping Spectrometer (NIMS) [220], which observed from 0.7 to 5.2  μ m, and the Photopolarimeter-Radiometer (PPR) experiment [221], which observed in five mid-infrared spectral bands between 15 and 100  μ m. The NIMS spectra, combined with contemporaneous visible imaging, found evidence of deep water clouds [222] and showed that most, but notably not all, bright clouds blocking thermal emission extended vertically to the upper troposphere [223,224,225]. The PPR was used to derive the 200–700-mbar temperature field of the Great Red Spot (GRS) using four discrete mid-infrared filters centered on 15, 22, 25, and 37  μ m. These filtered data showed that the GRS was roughly 3 K colder than regions to its east and west, consistent with Voyager and previous investigations [226].



While Galileo was still in orbit around Jupiter, the next great flagship mission to the outer planets was already en route to Saturn. The Cassini-Huygens spacecraft launched in 1997, beginning its two-decade-long journey of exploration [227,228]. It observed Jupiter over a period of roughly six months, reaching its closest approach in December 2000 at just under 10 million kilometers [229], before entering orbit around Saturn in July 2004.



The Cassini spacecraft was equipped with two state-of-the-art instruments sensitive to the infrared: the Cassini Visual and Infrared Mapping Spectrometer (VIMS) [230] and the Composite Infrared Spectrometer (CIRS) [231,232]. VIMS was an improved successor to Galileo-NIMS [220] (even inheriting some of its mechanical and optical parts from the original NIMS engineering model [230]). As an imaging spectrometer, it produced spectra for each pixel (or spaxel) in an image. It was composed of a visible and infrared channel, allowing for measurements from the ultraviolet to the edge of the mid-infrared (0.3–5.1  μ m). By simultaneously sensing both near-infrared scattering and thermal emission, VIMS allowed for new constraints on Saturn’s cloud opacity and composition [94,233,234,235] (see Figure 7). For observations at longer wavelengths, Cassini’s CIRS instrument was used [231,232]. Unlike Galileo’s infrared instrument (PPR), Cassini’s CIRS was a proper spectrometer. Following the FTS principles used since the 1960s, CIRS was composed of a mid-infrared Michelson interferometer and a far-infrared polarizing interferometer that could together provide spectra from 7.1 to 1000  μ m at a spectral resolution that could be set between 0.5 and 15.5 cm    − 1   .



With its unprecedented spectral coverage, CIRS observations of Jupiter provided new constraints on temperature structure [236], energy balance [237], cloud structure and composition [87,238,239], and chemical abundances, including that of NH   3   [240], PH   3  [241,242], C2H2 [243] and C2H6 [243], the D/H ratio [244], halides [245], and trace hydrocarbons [246,247]. Then, from its unrivaled vantage point in orbit around Saturn for more than 13 years, CIRS revolutionized our understanding of Saturn’s seasonally variant chemistry and thermal structure [78,231,248,249,250,251,252,253]. It placed the new and improved constraints on numerous molecular and isotopic abundances [45,60,242,244,254,255,256,257,258,259,260,261,262]. The CIRS observations of Saturn remain the definitive measurements of the planet at mid-infrared wavelengths, and largely define our current knowledge of Saturn’s temperature and chemistry (see [263] for a comprehensive review).
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Figure 7. Images of Saturn from Cassini-VIMS. Top: False-color mosaic of Saturn from February 2006 showing thermal infrared radiation at 5.02- μ m (in red) and scattered sunlight at 1.07  μ m and 2.71  μ m (in blue and green, respectively). Discrete clouds appear silhouetted against the glow of Saturn’s thermal emission at 5- μ m, while the rings cast a shadow upon Saturn’s northern hemisphere. Bottom: The last images from VIMS, captured on 14 September, 2017, as the spacecraft made its final descent towards Saturn. Thermal emission at 5  μ m appears brighter where the cloud opacity is less. The dotted ellipse marks the approximate location where the Cassini spacecraft soon thereafter entered into the atmosphere, concluding the mission. Image credits: NASA/JPL-Caltech/University of Arizona. 
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2.4. From High above the Atmosphere: Observations from Space Telescopes


While robotic spacecraft missions were venturing far into the outer Solar System, new discoveries were being made relatively closer to home with a series of space-borne telescopes. Though modest in size compared to ever-larger ground-based telescopes, these versatile observatories were unencumbered by telluric absorption, possessing a sensitivity only possible in the coldness of space.



The Infrared Space Observatory (ISO) was the first such space observatory to make great contributions in mid-infrared (and far-infrared) observations of the giant planets. Operated from 1995 to 1998, it was equipped with the Short Wave Spectrometer (SWS)—a scanning spectrometer sensing from 2.35 to 45.4  μ m with grating resolutions between 930 and 2450 ( λ /  Δ λ  ) and a higher resolution Fabry–Pérot mode (20,600–31,000) [264,265]. The combination of high spectral resolution and coverage led to the new detection of several molecules on all four giant planets [266,267], although Uranus and Neptune proved too faint to be observed below 7  μ m. Discoveries included the detection of water vapor in Saturn’s troposphere at 5  μ m [266]; detection of new hydrocarbons (e.g., CH   3  C   2  H and C   4  H   2  ) in Saturn’s stratosphere [268]; detection of stratospheric CO   2     ν 2   bands on Saturn [268], Jupiter [269] and Neptune [48]; and the first detection of methyl (CH   3  )—a molecule diagnostic of the height to which methane is mixed—in the stratospheres of Saturn [267] and Neptune [270]. Numerous discoveries were also made at longer wavelengths with the Long Wavelength Spectrometer (LWS). See Encrenaz et al. [271] for an excellent summary.



ISO was followed by the Spitzer Space Telescope, launched in 2003 [272]. Sensing from 5.2 to 38  μ m with low (R∼60–130) and moderate (R∼600) resolution spectroscopy, the Spitzer-Infrared Spectrograph (IRS) [273] observed Neptune on four occasions between 2004 and 2006 [274,275], and Uranus in 2004 [47] and 2007 [71,76], near the time of the planet’s equinox. With a primary mirror of 0.85 m, Spitzer, like ISO, was not able to spatially resolve the Ice Giants’ disks, but the observations nonetheless led to strong new constraints on the planets’ disk-averaged temperature structure [76,275,276] and chemistry [71]. The observations yielded the first detections of C   2  H   6   and possibly CH   3   on Uranus and the first detections of methylacetylene (C   3  H   4  ) and diacetylene (C   4  H   2  ) in both Ice Giants [47,274].



Finally, it is worth noting that the new JWST promises to far surpass these previous mid-infrared space observatories and provide the definitive mid-infrared spectra of the giant planets. The Mid-Infrared Instrument (MIRI) [18] is capable of providing spatially resolved (integral field unit) spectra from 5 to 28  μ m with resolving powers from 1300 to 3700 ( λ /  Δ λ  ). The telescope successfully launched on 25 December 2021 and is expected to be operational for 20 years. All four giant planets will be observed in the first two years following launch. With superior sensitivity and spatial resolution, the results are anticipated to greatly advance our understanding of Uranus and Neptune, in particular.




2.5. Matured Mid-Infrared Observing from the Ground


Back on the ground, improvements in detectors, telescopes, and observing techniques advanced ground-based observations to a quality rivaling spacecraft observations (e.g., see Figure 4 and Figure 8). The early contour maps of Jovian brightness temperatures from Palomar [129] gave way to raster-scanned maps from the NASA Infrared Telescope Facility (IRTF) in the 1980s and 1990s [50,277], followed by the first modern 2-D array detectors in the 1990s. A notable example of these early 2-D arrays was the Mid-Infrared Array Camera (MIRAC), a 20 × 64-pixel Si:As IBC detector sensitive to radiation from 2 to 26  μ m, made by a collaboration of the University of Arizona, Smithsonian Astrophysical Observatory, and Naval Research Laboratory [278,279].



By the mid-2000s, numerous mid-infrared instruments were in operation on 8-m class telescopes, including: Long Wavelength Spectrometer (LWS) [280] at Keck; Michelle [281] at Gemini North; The VLT Imager and Spectrometer for Mid-Infrared (VISIR) [282] at the Very Large Telescope (VLT); the Thermal-Region Camera Spectrograph (T-ReCS) at Gemini South, [283]; and the Cooled Mid-Infrared Camera and Spectrometer (COMICS) [284] at Subaru. Typically, planetary observations with these instruments have applied narrow-band filters covering spectral ranges between 8 and 13  μ m (the N-band) and 17 to 25  μ m (the Q-band), from which chemistry and/or temperatures were retrieved [33,51,53,65,74,77]. Additionally, such observations were frequently used to complement contemporaneous spacecraft observation, providing greater spatial or temporal coverage than possible from orbit [46,62,78,285].
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Figure 8. Improvements in mid-IR imaging, as illustrated by an early image of Saturn acquired with the IRTF-BOLO1 instrument in 1984 (left) compared to a recent image from the VLT-VISIR instrument in 2019 [65]. 
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In terms of spectroscopy, a notable workhorse of ground-based remote sensing at mid-infrared wavelengths over the past two decades is the Texas Echelon Cross Echelle Spectrograph (TEXES) [286]. Capable of the spectral resolving power of 15,000 to 100,000 ( λ /  Δ λ  ) in windows between 5 and 25  μ m, TEXES has been used to great effect on IRTF and Gemini North to map chemistry and temperatures in Jupiter [287,288,289,290,291,292], Saturn [293,294,295,296], and to a lesser extent Uranus [297,298] and Neptune [70,74], with the exceptionally high spectral resolution needed to resolve fine lines. The resulting quality of retrieved maps of temperature, composition, and aerosols have been noted to even surpass previous spacecraft results for Jupiter [52].



Of the aforementioned mid-IR instruments, only VLT-VISIR and TEXES remain in operation as of 2023. Given the significant and unique information provided by mid-infrared ground-based observations, it can only be hoped that these continue to serve the community until the next generation of instruments is developed, at least.



Looking ahead, promising future mid-infrared instruments to include a mid-infrared imager and spectrometer called MIMIZUKU (Infrared Multi-field Imager for Gazing at the UnKnown Universe) [299], developed for the planned 6.5-m telescope of the University of Tokyo Atacama Observatory (TAO), currently under construction in the Chilean Atacama at a remarkable 5640-m altitude [300]. MIMIZUKU will cover a wavelength range of 2 to 38  μ m with a spectral resolution of  λ /  Δ λ  ∼60–230 and diffraction-limited (wavelength-dependent) angular resolution of 0.077–1.47 arcseconds. This spatial resolution is exceptional by current far-infrared standards, although it will not surpass the current leading resolution of the larger VLT across much of the mid-IR (e.g., TAO-MIMIZUKU’s 0.7    ″    diffraction-limited resolution versus VLT-VISIR’s 0.55    ″    resolution at 18  μ m). The larger disks of Jupiter and Saturn will, therefore, be particularly well suited for MIMIZUKU, but all the Solar System’s giant planets will benefit from its exceptionally broad spectral range, innovative technical design [301], and long-term monitoring capabilities in the years ahead. MIMIZUKU has already seen its first light, having been successfully tested on the Subaru Telescope in 2018 [302].



Looking even further ahead, the European Southern Observatory’s planned 39.3-m Extremely Large Telescope (ELT) first-generation instruments will include the Mid-infrared ELT Imager and Spectrograph (METIS) [303]. METIS promises to provide diffraction-limited imaging and medium resolution slit-spectroscopy from 3 to 13  μ m (covering the M and N bands), as well as high resolution (R∼100,000) integral field spectroscopy (IFU) from 2.9 to 5.3  μ m [304]. N-band imaging will be capable of an amazing 6.8-mas (milli-arcsecond) angular resolution over a 13.5    ″   × 13.5    ″    field of view (FoV). The high spatial resolution and narrow FoV will make the instrument ideally suited for observing the small disks of Uranus and Neptune, while mosaicking or regional targeting will be required for Jupiter and Saturn. Likewise, the even narrower FoV of the M-band IFU (0.58    ″   × 0.93    ″   ) will be optimal for analyzing small-scale, 5- μ m atmospheric features with unprecedented resolution from the ground. With METIS’ first light expected in 2028 [304], the complementary capabilities of MIMIZUKU, VISIR, and METIS promise exciting advances in mid-infrared observations from the ground over the next decade.





3. What We Have Learned


From more than a century of mid-infrared remote sensing, a picture of the general atmospheric thermal structure and chemistry of the giant planets has emerged. For Jupiter and Saturn, the picture can appear quite intricate, with complex structure, unexplained variability, and puzzling correlations across different heights and hemispheres. By comparison, our pictures of Uranus and Neptune in 2023 are little more than rough sketches, lacking details but nonetheless challenging our understanding of temporal variation in the outer solar system.



Figure 9 and Figure 10 compare the observed mid-infrared spectra of the giant planets derived from ISO-SWS [266] and Cassini-CIRS [141,237] for Jupiter and Saturn, and Spitzer-IRS [74,76,275] for Uranus and Neptune. Figure 11 compares ground-based images in three key mid-infrared windows.



3.1. Chemistry and Temperature from Mid-IR Spectra


3.1.1. 5–6  μ m


From 5 to 6  μ m, scattered light and thermal emission contribute to the spectrum, modified by gaseous absorption. On Jupiter and Saturn, NH   3   and H   2  O are the primary absorbers [266,268,305]. Measurements of NH   3  , have been used to provide insights into the accretion stage of the planets’ formation histories. Analyses of the nitrogen ratios (at 5 to 6  μ m and ∼10–11  μ m) indicate identical values of these isotopic ratios for both Jupiter and Saturn, suggesting a similar history of primordial N   2   accretions during the formation of each planet [245,287]. Likewise, the water abundance is important because oxygen is potentially telling of the carbon-to-oxygen (C/O) ratio, which is seen as diagnostic of the planet’s formation history in the solar nebula [306,307,308]. The quest for Jupiter’s and Saturn’s deep water abundances has been a challenge since the mid-IR cannot sense well below the H   2  O condensation level on either planet [309]. The Galileo probe (in situ) and Juno (microwave radiometer) have aimed to resolve this value for Jupiter, but uncertainties remain due to the inhomogeneous nature of Jupiter’s atmosphere. A proper discussion is beyond the scope of this review, but see [88,89].



On Uranus and Neptune, this region of the spectrum was too weak to be observed by ISO-SWS, and even Spitzer-IRS spectra are in doubt [76,275,276]. The high opacity of Earth’s atmosphere, particularly around 6  μ m, makes these observations impractical from the ground. Observations with JWST-MIRI should provide the first comprehensive examination of this spectral region.
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Figure 9. Observed mid-infrared spectra of giant planets in the N- and Q-bands (top and bottom panels, respectively). The spectra of Jupiter (red) and Saturn (orange) are from ISO-SWS [266] and Cassini-CIRS [141,237], while Uranus (green) and Neptune (blue) are disk-averaged radiances from Spitzer-IRS [74,76,275,276]. The rough uncertainty of the spectra (most evident for Uranus) is suggested by the faint transparent envelopes. Select emission features are indicated, and the wavelengths at which different gases broadly contribute to spectra are indicated by the labeled horizontal lines (purple). The atmospheric transmission is indicated by the blue–gray interface varying between 100% (full transmission) and 0% (total attenuation) from the top of the atmosphere down to a surface, as in Figure 2. 
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Figure 10. As in Figure 9, mid-infrared spectra of the giant planets, but now expressed in brightness temperature versus spectroscopic wavenumber. 
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3.1.2. 6–15  μ m


From 6 to 15  μ m, the spectra are shaped by numerous strong emission and absorption features against a backdrop of the hydrogen-helium continuum emission from around the tropopause (roughly 100 mbar). On Jupiter and Saturn, absorption is produced by NH   3  , PH   3  , and H   2  O, while CH   3  D (at ∼9  μ m) and deeper CH   4   absorption is found in the spectra of all four giant planets.



PH   3   is a disequilibrium species in the cold upper troposphere of Jupiter and Saturn, and its presence indicates vigorous vertical mixing on time scales less than that of chemical conversion [186,187,310]. It has yet to be detected on Uranus and Neptune [311]. The spatial distribution reveals latitudinal variation in mixing, as discussed in Section 3.2.



Combined measurements of CH   4   and CH   3  D have been used to estimate the D/H ratio of the planets, providing powerful clues as to their formation history in the solar nebula [312]. From theory, Jupiter and Saturn are expected to have D/H ratios consistent with the solar nebula, from which they derived most of their mass; Uranus and Neptune, however, should have higher D/H ratios if they formed from proportionately larger, deuterium-rich icy cores. Measurements have shown that D/H ratios on Uranus and Neptune are indeed a factor of a few larger than those of Jupiter and Saturn [69,71,244,275,276,313,314,315].



Nearly all the emission lines between 6 and 15  μ m are from stratospheric hydrocarbons, primarily CH   4   (peaking at 7.7  μ m), C   2  H   6   (∼12  μ m), C   2  H   2   (13 to 15  μ m). C   2  H   6  , C   2  H   2  , and other minor hydrocarbons (including methyl radicals (CH   3  ), ethylene (C   2  H   4  ), methylacetylene (CH   3  C   2  H) and diacetylene (C   4  H   2  )), are the result of photochemistry in the stratospheres of the giant planets [39]. Methane from the troposphere is mixed up into the stratosphere, where it is then broken down by ultraviolet radiation, prompting a chain of chemical reactions that result in a mélange of new hydrocarbons [37,39,164,165,316,317]. Estimates of the abundances of these hydrocarbons have been used to infer vertical mixing within the atmospheres and constrain seasonal-chemical models of their formation and destruction, e.g., [317]. Emission from CH   4   has been used to infer stratospheric temperatures on Jupiter and Saturn since it is considered uniformly well mixed in the warm atmospheres of the Gas Giants [171,248,293], whereas it cannot necessarily be used as a thermometer on Uranus and Neptune given that colder temperatures are expected to condense methane and alter the distribution [70]. However, hydrogen is well mixed in all these atmospheres, and the H   2   S(0), S(1), S(2), S(3), and S(4) quadrupole emissions contribute at observed radiances roughly 28, 17, 12, 9.7, 8  μ m, respectively, to varying degrees. The S(2) and S(3) lines are weakly emitted from pressures near 1  μ bar, and though they are detected in the Spitzer-IRS observations of Uranus [276], they are generally lost in the forest of ethane lines on the other planets. The H   2   (S1) and H   2   (S0), observed at longer wavelengths, are most easily measured and have proven the most useful for evaluating temperatures and ortho-para fractions, as discussed below.



The relatively intense spectra of Jupiter and Saturn at wavelengths beyond ∼9  μ m is telling of their relatively warmer upper-tropospheric temperatures, as inferred from the earliest observations of these planets [114]. This can be seen in typical temperature profiles derived from spectra (see Figure 3). Neptune, however, appears relatively bright at 7–8  μ m—comparable to Saturn and indicative of Neptune’s surprisingly warm and methane-rich stratosphere. The large methane abundance is generally interpreted as evidence that Neptune has particularly strong vertical mixing, while Uranus is particularly stagnant [39,144,317]. The stratospheric methane mole-fraction ((1.15 ± 0.10) × 10    − 3    [69,318]) is greater than the expected value limited by the colder temperatures of the underlying tropopause (i.e., the cold-trapped minimum) [209,319,320]. Moist convection has been discussed as a possible explanation for the stratospheric methane enhancement [292,308,321]. Alternatively, another possible avenue for transferring methane from the troposphere to the stratosphere, despite the cold trap, was suggested following discoveries from thermal imaging. Images from ground-based imaging show the south pole of Neptune to be warmer at the tropopause and lower stratosphere than elsewhere on the planet [322]. Orton et al. [322] proposed that methane could potentially be seeping up from the troposphere at the warm pole before spreading to lower latitudes, avoiding cold-trapping. However, evidence of meridional transport or strong stratospheric methane gradients has yet to be found [70,74]. Furthermore, the excess methane and potential associated hydrocarbon hazes are still not enough to explain the high stratospheric temperatures of Neptune, which exceed that expected from radiative heating models [211,323,324,325,326]. Additional modeling is necessary to explain these observations.



The comparison of the planets’ spectra at 12–14  μ m also reveals a striking difference between Uranus and the other giant planets. Uranus appears anomalously faint, with a conspicuous absence of C   2  H   6   emission. Modeling of the stratospheric photochemistry has suggested that this is a consequence of Uranus’ apparently weak vertical mixing, which results in meager lower-stratospheric methane abundances (1.6 × 10    − 5   ) and a lower-altitude homopause (7 × 10    − 5    bars). This limits methane and hydrocarbon photochemistry to relatively higher pressures, where the dominant hydrocarbon reactions and loss rates differ. With less CH   4   in the stratosphere, C   2  H   6   is also less shielded and more easily photolyzed. This results in relatively lower ethane abundances (1.3 × 10    − 7    at 0.2 mbar) [71] compared to Jupiter (2.08 × 10    − 5   [327], Saturn (9 × 10    − 6   [251]), and Neptune (8.5 × 10    − 7    [69]).




3.1.3. 15–30  μ m


Finally, from 15 to 30  μ m, the spectrum is dominated by the hydrogen-helium continuum emission from the upper troposphere and lower stratosphere. At these wavelengths, the differences in radiances between the planets clearly express the relative temperatures around the tropopause (∼40–200 mbar) (see Figure 3). Uranus, with its apparent weak internal flux and vertical mixing of solar-absorbing methane, is overall coldest at these pressures, despite being nearer to the Sun than Neptune. Several small emission features can also be seen, including CO   2   on both Jupiter [48,328] and Saturn [268] at 14.98  μ m; CH   3  C   2  H (methylacetylene) and C   4  H   2   (diacetylene) at 15.80 and 15.92  μ m, respectively, on all giant planets [71,76,268,275,276,329]; likewise CH   3   has been detected at 16.5  μ m, although only tentatively for Uranus [71,267,276]. Retrieved CH   3   on Jupiter and Saturn have been shown to be inconsistent with predicted values based on theoretical eddy diffusivity and CH   3   recombination rates [267]. Subsequent analysis of TEXES spectra also revealed a 3 × greater abundance of CH   3   in Jupiter’s polar regions [292] than predicted by photochemical models [330]. These inconsistencies suggest a need for additional sources of CH   3   production or uncertainties in chemical rates [292], and the topic remains an area of active research.



Standing out among the emission features are the H   2   (S1) and H   2   (S0) hydrogen quadrupoles, observed at roughly 17 and 28  μ m. These lines are unambiguously sensitive to the lower stratospheric temperatures within a larger continuum that is sensitive to the ortho and para fractions [211,212,213]. Retrievals exploiting the H   2   S(1) quadrupole have been particularly important for the Ice Giants, where methane emission cannot be used as an unambiguous proxy for stratospheric temperature owing to its potentially variable distribution. Several studies have used the H   2   (S1) line to determine lower stratospheric temperatures and, combined with the H   2   and He continuum emission, derive vertical temperature profiles [70,74,76,276]. Notably, the H   2   (S1) has also been used to confirm that Neptune’s enhanced polar stratospheric emission and its changes in time are due primarily to variations in temperatures, as discussed in the next sections [74].





3.2. Structure and Dynamics from Spatially Resolved Mid-IR Spectra and Imaging


As current exoplanetary investigations demonstrate, a rich amount of atmospheric data can be inferred from an unresolved target [331,332]. However, constraining many of the processes shaping a three-dimensional atmosphere—often in unanticipated ways—requires observations to characterize the spatial structure.



The Solar System planets vary significantly in observed structure at mid-infrared wavelengths, as can be seen in the representative examples of mid-infrared images shown in Figure 11. Filtered images are shown in three typical mid-infrared passbands for each planet. Each of these filters senses radiation from a different wavelength and is thus associated with different molecular transitions and pressure levels in the atmosphere. The Q-band is represented by the images with filtered bandpasses around 18–19  μ m. These sense thermal emission from the upper troposphere to the lower stratosphere that results from the collision-induced hydrogen-helium continuum. The 12–13- μ m filters are centered on wavelengths dominated by ethane and/or acetylene emission lines originating from the stratospheres. The 7.9- μ m filters are sensing emissions from stratospheric methane.



In general, the measured mid-infrared radiances are dependent on the abundance of the emitting gas as well as the temperature of the gas. In all cases, hydrogen and helium are assumed to be uniformly well mixed throughout the atmosphere below the homopause, and so the observed spatial structure can be explained by spatially varying temperatures. On Jupiter and Saturn, methane is likewise considered well mixed, and thus the 7.9- μ m observations are again indicative of temperatures structure [53,54], but at lower pressures. However, on Uranus and Neptune, it is cold enough for methane to condense in the troposphere, and therefore methane cannot necessarily be assumed to be uniformly well mixed [70,74]. Similarly, stratospheric ethane and acetylene are disequilibrium species, with sources and sinks dependent on photochemistry and temperatures, and so these hydrocarbons are not expected to be uniformly well mixed in pressure or latitude on any of the planets. For these potentially variable gases, the cause of the structure is inherently ambiguous, and interpretation of the radiances requires independent knowledge of the temperatures or assumptions regarding the gaseous distributions. Hence, temperatures derived from thermal observations, particularly from imaging and low-resolution spectra, are inherently subject to large degeneracies with chemical composition (and sometimes cloud opacity), resulting in potentially large uncertainties.
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Figure 11. Mid-infrared images of the giant planets from ground-based observatories at three different wavelengths regions, each primarily sensitive to different molecules and pressures: stratospheric methane (centered at ∼7.9  μ m); stratospheric ethane (∼12.2  μ m, relevant to Jupiter, Saturn, and Neptune) and acetylene (∼13  μ m, relevant to Uranus); and tropospheric hydrogen (∼17–19  μ m). Images have been rotated so that north is up in all cases. Note that Uranus appears remarkably different in structure in its stratospheric emission compared to other planets. Furthermore, note that Uranus images are of starkly poorer quality owing to Uranus’ weaker emission. Images of Uranus at 7.9- μ m do not exist in the literature, given poorer telluric transmission and Uranus’ particularly weak emission at these wavelengths. Images are from the following sources: Jupiter from IRTF-MIRSI in 2010 [333]; Saturn from VLT-VISIR in 2016 [65]; Uranus from VLT-VISIR in 2018 [33]; Neptune from VLT-VISIR, averaged from images dating between 2008 and 2018 [74]. 
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3.2.1. Spatial Structure of Jupiter and Saturn


Jupiter and Saturn show distinct zonal banding across the mid-infrared, indicative of a complex temperature structure associated with belt-zone dynamics [49,197,334,335]. Temperature structures retrieved from spatially resolved spectra are shown in Figure 12. Regions that appear brighter in thermal infrared emission (see Figure 4 and Figure 11) are warmer with thinner clouds, whereas darker areas are colder with thicker clouds. The mechanism behind these regional temperature differences has been interpreted as evidence of adiabatic warming and cooling associated with sinking and rising currents of gas, respectively, [44,173,211,215,334]. However, it has been argued that the temperature anomalies can be sustained dynamically given cyclonic/anticyclonic zonal shear and the strong vertical stability of the tropopause [335]. In this interpretation, pressure differences between cyclonic and anticyclonic shear regions lead to temperature differences, given constraints on the column thickness imposed by the static stability of the tropopause. However, upwelling and downwelling may still be necessary to explain evidence of chemical disequilibrium, including that of ortho-para hydrogen, which suggests equatorial upwelling on Jupiter and Saturn [46,52,214,336,337].



The meridional temperature gradients imply vertical wind shear by the geostrophic thermal wind balance, and the regions of maximum gradients appear well correlated with the latitudes of localized peaks in the zonal winds (i.e., zonal jets) detected by cloud tracking [338,339,340,341,342]. The vertical motions and shears implied by the temperature field must also be balanced by meridional winds, and Cassini-CIRS observations evidence of this meridional transport in chemical tracers (e.g., C   2  H   2  , C   2  H   6  , C   3  H   8  ) on Saturn [60,254,293] and Jupiter [343,344]. Distributions of ammonia [240] on Jupiter and phosphine [242] on both Jupiter and Saturn also show signs of dynamical motions, with maximum abundances in the cool equatorial zone and reduced abundances in the adjacent warm belts. This is consistent with the picture suggested by the temperature field, with strong uplift in the equatorial zone and descent in the neighboring belts at the top of the troposphere. As these results demonstrate, the mid-infrared measurements provide an independent diagnostic of the winds and dynamics, beyond which visual imaging of aerosol scattering alone can provide.



This full picture of the gas giant circulations becomes more complicated when one also considers the distribution of storms, deep ammonia, and microwave radiances—all of which potentially point towards deeper, vertically coincident, but directionally opposite circulation cells (“stacked” circulation cells) on Jupiter [345,346,347,348,349]. A discussion of this circulation is beyond the scope of this review, but see Fletcher et al. [334] for a comprehensive review.



Saturn also displays enhanced emission at its poles, which measures 4–7 K warmer than the surrounding latitudes [78,350]. As can be seen in the consistency across three filtered images in Figure 11, the feature extends from the upper troposphere into the stratosphere. The enhanced emission implies downwelling and adiabatic warming, consistent with the local reduction in phosphine [242]. Observations over time have shown that this is a seasonally varying feature, as discussed in Section 3.3.2.
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Figure 12. Contours depicting retrieved temperatures versus latitude and pressure for each of giant planets, reproduced from Fletcher et al. [334]. Colors suggest the transition from warmer (redder) to colder (bluer) temperatures. Temperature data for Jupiter are from the Cassini-CIRS Jupiter flyby in 2000 [242]. Data for Saturn are from Cassini-CIRS while in orbit around the planet, dating between 2006 and 2010 [351]. Temperature data from Uranus [77,352] and Neptune [72] are from the Voyager 2 flybys in 1986 and 1989, respectively. The vertical lines to the right of each plot indicate the pressures at which temperatures are constrained by the observations; outside these pressure ranges, temperatures simply relax to an assumed starting profile [334]. Vertical dotted and dashed lines indicate the position of prograde and retrograde zonal jets, respectively, (from [338,339,353]). Zonal winds and temperatures are in geostrophic balance. 
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3.2.2. Uranus and Neptune


In the case of Uranus and Neptune, the thermal structures appear, at first glance, less complex. On both planets, the equators and poles appear relatively more radiant than do the mid-latitudes in the Q-band images (18–19- μ m) [33,72,74,77,322,354,355,356]. This is consistent with tropopause pressures (40–200 mbar) being colder (roughly 3–6 K) compared to the warmer equator and poles [33,72,74,77,210,211,352]. The stratospheres of the Ice Giants, however, appear significantly different in structure compared to each other and their tropospheres.



Neptune possesses signs of faint banding at 7.9  μ m and strong limb-brightening at 12  μ m, but only slightly enhanced equatorial brightening [74,292]. The limb brightening can be explained by temperature and ethane profiles that increase with height at the range of pressures sensed [72,74,317], in contrast to the decreasing profile. However, the banding, if truly present, appears somewhat more complicated than the temperature structure below. With some squinting, one may even argue that 7.9  μ m images of Neptune appear vaguely more similar to those of Saturn, with its strong polar vortex and banding, only degraded by poorer spatial resolution. With slightly weaker radiances at mid-latitudes compared to the equator and pole, it is possible that we are simply seeing an extension of the upper tropospheric circulation imprinted upon a more complex stratospheric temperature and/or chemical structure, but this cannot be conclusively determined with existing data [73,74].



Observations of Neptune’s hydrogen quadrupole emission (17.03- μ m H   2   S(1)) suggest that Neptune’s stratospheric emission structure is primarily owing to latitudinal gradients in its temperature field [74]. Assuming that the atmospheric composition is uniform with latitude, retrievals of atmospheric temperatures reveal a strong meridional gradient, with a 30 K difference between the cool mid-latitudes and the warm polar vortex at 0.5 mbar in 2020 (see Figure 13). As discussed in Section 3.3.4, this temperature structure appears variable in time.



Finally, and most peculiar of all, Uranus’ stratosphere appears completely different from all other giant planets. Uranus’ lower stratosphere is very cold and relatively dry [39,71,76,317], and as such, no methane-sensing images (7.9  μ m) currently exist (see Figure 11). However, a few images at 13  μ m, sensitive to stratospheric C   2  H   2  , do exist, and they show excess radiance at high latitudes in the northern and southern hemispheres [33,298,357] (see Figure 14). From existing data, it cannot be determined whether these greater high-latitude radiances are due to warmer temperatures or an enhancement in C   2  H   2   (see Figure 13). Additionally, the peak latitude of this radiance cannot be strongly constrained given the low signal-to-noise ratio (SNR) of the data. It is tentatively placed at 40   ∘   latitude, but it may remain constant poleward of this value, depending on the amount of limb-brightening present [33]. The determination of the distribution is significant. A peak at 40   ∘   would coincide with the latitudes of temperature minima and assumed maxima upwelling in the upper troposphere, implying a dynamical connection from below. This could be in the form of a vertically coincident but opposite circulation cell, or, in contrast, an extension of the existing upper-tropospheric circulation simply supplying excess hydrocarbons to the local stratosphere. However, a uniform distribution north of 40   ∘   would require a completely different explanation. The latter would imply either a separate and somewhat independent circulation, or simply that a completely different mechanism (e.g., annual radiative heating, photochemistry, or breaking waves) is shaping the stratospheric radiance [33]. In any case, the lack of data is limiting our ability to understand the stratospheric dynamics and/or chemistry of Uranus. Fortunately, JWST should soon provide the data necessary to make considerable advances in our understanding of Uranus’ stratosphere.
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Figure 14. Uranus’ stratosphere at 13  μ m, as seen from VLT-VISIR in 2009 (left) and 2018 (right). Differences in the geometry of the observations are illustrated in the bottom panels. The cause and precise spatial distribution of the enhanced radiance at high latitudes is unclear [33]. 
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3.3. Temporal Variability


The atmospheres of the giant planets exhibit significant variation at visible and near-infrared wavelengths, where we observe sunlight scattered and/or absorbed by gases, clouds, and hazes [342,358,359,360,361,362,363,364,365,366,367,368,369,370,371,372] (see Simon et al. [373] for a review). Corresponding variations in atmospheric temperatures and chemistry may naturally be expected. With decades of mid-infrared observations now available, investigations of temporal variability at thermal wavelengths have revealed intriguing findings in recent years.



In general, many potential sources of temporal variability exist in planetary atmospheres, acting over a wide range of timescales [374]. We can divide these sources into two basic groups, categorized as either internal or external mechanisms. Internal mechanisms include meteorological phenomena and generally stochastic processes within the atmosphere that are poorly understood in the giant planets, whereas external mechanisms act upon the atmosphere and may be considered more deterministic (impactors may be considered a notably stochastic exception). The latter category includes solar energy incident upon the atmosphere, the effects of which can be assessed with seasonal models [37,211,317,375,376].



For planets with significant axial tilts (the angle between the direction of the positive pole and the normal to the orbital plane), the daily mean insolation (per unit area) varies seasonally across the disk, with the greatest variation at higher latitudes. The axial tilts are 3.12   ∘  , 26.73   ∘  , 97.77   ∘  , and 28.33   ∘  , for Jupiter, Saturn, Uranus, and Neptune, respectively, (although, note that this differs from the definition adopted by the International Astronomical Union (IAU), which defines Uranus’ north pole as the one that lies on the north side of the Solar System’s invariable plane, thus placing Uranus’s tilt at 82.23   ∘  [377,378]). The period of this cyclic, seasonal variation is determined by the tropical orbital period of the planet (the period of time that the Sun takes to return to the same position in the sky as viewed from the planet), and this period is 11.86, 29.42, 83.75, and 163.72 years for Jupiter, Saturn, Uranus, and Neptune, respectively, [123,377]. With a 98   ∘   axial tilt and 84-year orbit, Uranus arguably serves as the most extreme example of variable seasonal forcing, with much of the planet experiencing decades of uninterrupted summer daylight and winter darkness [206,317]. Although solar fluxes are weak in the outer Solar System, modeling suggests seasonal variation in temperatures and chemistry are likely [37,317], and, in the case of Saturn, well documented by observations [379] (see Section 3.3.2).



In addition to these larger changes in seasonal forcing, the Sun is intrinsically variable over the course of a roughly 11-year solar cycle. While the total solar irradiance differs by little more than 0.1% over a typical solar cycle [380], variation in far-ultraviolet (e.g., 121.57 nm Lyman- α  irradiance) can exceed 40%. Such high-energy photons are the main drivers behind methane photochemistry, and so modulation in the UV flux can potentially produce observable variation in photochemistry if the reaction timescales are sufficiently short [37].



The expected extent of the seasonal variation will depend on the change in solar forcing and the capacity of the atmosphere to respond to that change. Characteristic timescales for the atmospheric responses can be calculated from radiative and chemical models, and by comparing these timescales to the orbital periods, the potential for seasonal changes can be assessed. Figure 15 illustrates the results of two separate studies, in which radiative time constants were calculated by perturbing the temperature profile and calculating the resultant change in cooling rates [211,326]. While significant differences exist between the results (likely owing to the use of updated gaseous absorption coefficients [381] and more rigorous radiative-transfer modeling by Li et al. [326]), both analyses suggest that Uranus is an outlier, with radiative time constants far longer than the orbital/seasonal timescales, as discussed in Section 3.3.3. However, variation in the stratospheric temperatures of the other giant planets seems likely according to the more recent analysis, and, indeed, this potential appears consistent with observed variability.



Analyses of the characteristic timescales of chemical reactions [36,37,317] and dynamical transport [173,211,324,336] have similarly been explored to assess the potential for variability. Uranus again appears relatively sluggish compared to the other planets, with expectations for less seasonal photochemical variation [317] and exceedingly long dynamical time constants (estimated at 700 years compared to ≤200 for the others) [173]. Chemical variation has been detected in the atmospheres of Jupiter and Saturn [63,243,285,290,382,383], but Uranus and Neptune remain poorly constrained given their long seasonal timescales. Likewise, dynamical timescales for all the planets remain highly theoretical and uncertain owing to the obvious challenges of observationally constraining such parameters.
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Figure 15. Theoretical radiative time constants for the giant planets. Plots show these characteristic timescales for each planet over a range of pressures, as derived in two separate studies—dashed lines are Conrath et al. [211] while solid lines are from Li et al. [326]. The left plot presents the radiative time constant in years, with the orbital periods of each planet indicated by the vertical dotted lines (labeled “J” for Jupiter, “S” for Saturn, etc.). The right plot expresses the values in terms of a ratio parameter (of a form akin to the resonance behavior of an underdamped harmonic oscillator [211]), for which values of order unity or smaller indicate the potential for stronger seasonal responses. The approximate pressures sensed by the N and Q bands are suggested at the far right. Note that Uranus has the longest radiative time constants throughout the stratosphere. 
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3.3.1. Jupiter Variability


Multi-wavelength imaging of Jupiter over the past nearly 40 years has revealed surprisingly complex variability in Jupiter’s atmosphere, (e.g., [333]). Data have revealed gradual changes in low latitude temperatures, with little seasonal or short-term variation [384]. Emission at 5- μ m has been used to reveal significant variability in the cloud opacity [54,289,385], while stratospheric temperatures, appear more variable and complicated on shorter timescales [50,386].



Observations of Jupiter’s stratospheric temperatures via methane at 7.9  μ m have been used to infer variability between 1980 and 2011 [387] (see Figure 16). This investigation revealed significantly different periods of oscillation (the quasi-quadrennial oscillation), with a 5.7-year period between 1980 and 1990 and a 3.9-year period between 1996 and 2006. Planetary-scale disturbances in 1992 and 2007 disrupted the predicted quasi-quadrennial oscillation pattern, suggesting that these oscillations are related to vertically propagating waves generated by meteorological sources below [387].



Similar studies have revealed surprising apparent correlations (and anti-correlations) between different altitudes and locations. Equatorial temperature variations in the upper troposphere appear anti-correlated with higher altitudes, in a manner that suggests stratospheric dynamics may also influence the upper tropospheric temperatures below. Intriguingly, anti-correlations in temperatures have been detected for conjugate latitudes in opposite hemispheres [333,387,389].



Though the sources of such oscillations are not definitively known, some are thought to be associated with stratospheric winds and temperature oscillations, analogous to Earth’s quasi-biennial oscillation [50,236,390]. Theories suggest wave or eddy-driven meridional winds likely play an important role in modulating the temperatures and winds in the upper troposphere and stratosphere on seasonal and shorter timescales [391], and analyses of the thermal variability could potentially be used to estimate variation in the mechanical forcing [236].




3.3.2. Saturn Variability


Unlike Jupiter, Saturn has a significant axial tilt (26.73   ∘  ), as illustrated by the changing views from Earth seen in Figure 17. The resulting seasonal variation in sunlight over a Saturnian year (29.4 Earth years) dominates Saturn’s temporal variability in the mid-infrared. The Cassini-Huygens mission orbited Saturn for 13 years—enough to gain unprecedented detail of how the planet changed over the course of nearly two seasons. Cassini-CIRS observed Saturn’s northern mid-latitude stratosphere warming by 6–10 K as this region emerged from ring-shadow in spring, while the southern mid-latitudes cooled by 4–6 K [249] (see Figure 18). The tropospheric temperatures also changed, but to a lesser degree, consistent with theoretical expectations of larger thermal inertia and longer radiative time constants. The fall and winter hemispheres also saw significant depletion in acetylene, consistent with seasonal photochemical modeling [37,392].



As part of Saturn’s seasonal cycle, its polar stratosphere sees the development of a warm circumpolar vortex that peaks in the summer and dissipates in the winter. Cassini-CIRS observed the dissipation of Saturn’s southern polar vortex in southern mid-autumn (2012) [78,379], followed by the eventual formation of the northern polar vortex in late northern spring (2015) [78]. The northern feature was associated with warmer temperatures poleward of ∼75   ∘   planetographic latitude. Interestingly, this feature exhibited a hexagonal boundary, echoing the hexagonal Rossby wave made visible in the clouds far below. This suggests a dynamical link between the features separated by 300 km in height [78]. A comprehensive review of Saturn’s seasonal changes during the Cassini era can be found in Fletcher et al. [63].



A recent multi-decadal study of ground-based mid-infrared imaging similarly found seasonal temperature changes of ∼30 K in the stratosphere and ∼10 K in the upper troposphere, consistent with Cassini observations and predictions from radiative climate models [65]. The most recent observations from VLT-VISIR show warming is continuuing at the northern summer polar stratosphere However, comparison of ∼7.9  μ m-imaging revealed evidence of inter-annual variations at equatorial latitudes. Variations on these timescales are inconsistent with the strictly semi-annual 15-year equatorial stratospheric oscillation [250,393], suggesting the oscillation’s period is either intrinsically variable and/or subject to disruption by storms or other meteorological phenomenon.



Aside from seasonal phenomena, mid-infrared observations have also notably detected warm stratospheric features associated with an immense northern-hemisphere storm that appeared in December 2010. The storm was observed to produce enormous changes in stratospheric temperatures and chemistry, warming the localized region by 80 K compared with its surroundings at 2 mbar [285]. The stratospheric warm “beacons” eventually evolved into a stratospheric anticyclonic vortex in 2011 [62,285] (see Figure 17). Cassini-CIRS observations were compared with chemical models to explain the mid-infrared changes, and it was found that elevated temperatures alone could not explain the enhanced thermal emission from ethane and acetylene. Downwelling winds, transporting hydrocarbons to higher pressures, were also needed to reproduce the CIRS observations.
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Figure 17. Saturn images showing changes between 2004 and 2012, adapted from [65]. Images sense stratospheric temperatures via methane emission at 7.8  μ m (left) and tropospheric temperatures via collision-induced hydrogen at 17.6  μ m (right). Images are from Keck-LWS (2004) [394], Subaru-COMICS (2007), and VLT-VISIR (2008-2012). Note the prominent warm spot associated with a remarkable storm in the northern hemisphere in 2011 [62,395]. 






Figure 17. Saturn images showing changes between 2004 and 2012, adapted from [65]. Images sense stratospheric temperatures via methane emission at 7.8  μ m (left) and tropospheric temperatures via collision-induced hydrogen at 17.6  μ m (right). Images are from Keck-LWS (2004) [394], Subaru-COMICS (2007), and VLT-VISIR (2008-2012). Note the prominent warm spot associated with a remarkable storm in the northern hemisphere in 2011 [62,395].
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Figure 18. Retrieved temperatures of Saturn’s stratosphere at 2 mbar versus latitude over the entire Cassini mission, adapted from Fletcher et al. [78]. The years and heliocentric longitudes–indicating the seasonal phase, with 270 and 360 marking the northern winter solstice and spring equinox, respectively–are indicated by the color bar. 
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3.3.3. Uranus Variability


Reviewing all temporal variability detected in the mid-infrared on Uranus is unfortunately a very brief exercise. There is simply very little to compare given the limited amount of mid-infrared data that exists. Furthermore, what does exist appears largely invariant over the short history of these observations relative to the lengthy 21-year seasons on Uranus.



One might reasonably expect seasonality on Uranus to be interesting given its extreme axial tilt of 98   ∘  , which forces nearly all latitudes into extended periods of total daylight and darkness [317]. However, its atmosphere is sluggish vertical mixing, low stratospheric methane abundances, and cold temperatures result in a great thermal inertia that leads to theoretically small seasonal changes and large lags [211,326,352]. The atmospheric temperatures are thus expected to remain close to the annual mean radiative equilibrium values, even though the seasonal amplitude of the radiative forcing is large [211]. There is some discrepancy in the literature over the length of the theoretical radiative time constants as a function of height for the outer planet atmospheres (see Section 3.3 and Figure 15). Conrath et al. [211] calculated values of over 130 years in the upper-troposphere and stratosphere, but Li et al. [326] found them to be significantly shorter—ranging from roughly 10 to 70 years at pressures of 400 to 70 mbar. The latter would suggest the potential for variability, and observations could potentially confirm or refute these theoretical expectations.



When Voyager-IRIS produced the first temperature maps of Uranus near the time of the southern summer, there were little differences between the summer and winter hemispheric temperatures at the tropopause. The summer pole was no warmer than the winter pole in the tropopause and only marginally warmer in the lower stratosphere [77]. This indicated that seasonal variation in the upper troposphere was indeed very small. Subsequent comparisons between Voyager-era temperatures and ground-based imaging acquired over 20 and 32 years later revealed no significant changes in the upper-tropospheric (70–400 mbar) temperatures more than a full season later [33,77]. Significant temperature changes have yet to be found.



In the stratosphere, observations are even more limited. Only nine years separate the existing images sensitive to stratospheric emission, and they appear invariant within the considerable uncertainties [33] (see Figure 13 and Figure 14). There have been some hints of possible variation in ground-based images [33] and Spitzer-IRS observations, averaged over different sub-observer longitudes, but these have been interpreted as possible evidence of longitudinal variation, rather than temporal variability [276]. A lack of temporal variability in the stratosphere would be consistent with the expected long stratospheric radiative time constants [211,326] (see Figure 15). However, additional mid-infrared observations, repeated frequently over the coming decade, will be needed to determine whether significant temperature or chemical changes actually occur on Uranus.




3.3.4. Neptune Variability


Despite its supremely long seasonal timescales (165 year orbit) and great distance from the Sun, Neptune exhibits remarkable variability at mid-infrared wavelengths. Like Uranus, Neptune’s temperatures were first mapped by Voyager-IRIS. Like Uranus, comparisons with subsequent ground-based imaging have shown the upper tropospheric temperatures are largely invariant in time within uncertainties [72,74]. The possible exception is at the south pole, which demonstrates possible variability in the troposphere with no obvious pattern [72,74], but it is subject to large uncertainties. However, unlike Uranus, Neptune’s stratosphere clearly exhibits considerable variability.



A recent analysis of all mid-infrared observations of Neptune existing prior to 2020 has revealed an overall decline in mid-infrared radiances since reliable imaging began in 2003 [74] (see Figure 19). Combined with spectral data sensitive to atmospheric temperatures via the ∼17.03- μ m H   2   S(1) quadrupole emission, these observations indicated that Neptune’s disk-integrated temperatures dropped by roughly 8 K in the lower stratosphere [74]. These changes are unexpected, since radiative-seasonal models predicted that temperatures should rise in Neptune’s southern hemisphere in early summer [70,211].



While global temperatures dropped, images sensitive to 12- μ m emission from stratospheric ethane showed a dramatic surge in radiance from Neptune’s south pole between 2018 and 2020–again attributed to a rise in temperatures (∼13 K) inferred from nearly contemporaneous H   2   S(1) spectra [74]. This warming circumpolar vortex was combined with a drop in temperatures at nearly all other latitudes (see Figure 20). Radiative and chemical models have predicted a gradual brightening of the south pole following the southern summer solstice in 2005 [70,211], but such rapid change is unexpected.



The cause of these stratospheric temperature changes is currently unknown. Roman et al. [74] speculated that it may be related to seasonal changes in chemistry [317], which alters the cooling rates, but explanations involving solar cycle variations, stratospheric oscillations, and meteorological activity cannot be discounted. With such dramatic and unexpected changes in recent years, regular observations over the next decade will be crucial for understanding the nature and trends shaping the stratospheric variability of Neptune.
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Figure 20. Neptune’s temperatures versus planetocentric latitude from ground-based images dating from different years, adapted from Roman et al. [74]. Shaded envelopes indicate uncertainties. Temperatures are shown at 0.5 mbar ( left ) and 100 mbar ( right ), corresponding to peaks in the contribution from stratospheric ethane (12.2  μ m) and tropospheric hydrogen CIA (∼18–25  μ m). The stratospheric temperatures vary in time, with brightening at the pole in recent years. Tropospheric temperatures are largely invariant, except for the south pole. Data are from Keck-LWS (2003), Gemini-N-Michelle (2005), VLT-VISIR (2006–2018), and Subaru-COMICS (2020). 
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4. Conclusions


From more than a century of remote sensing at mid-IR wavelengths, a remarkably detailed picture of the temperature structure, chemistry, and dynamics of the giant planets has emerged. Many questions and challenges remain, particularly regarding how and why the planets change over time.



Much of the knowledge written in this review will soon be rewritten. The upcoming Solar System observations of the giant planets by JWST-MIRI have the potential to greatly surpass existing observations and revise our knowledge of the atmospheres of the giant planets, particularly regarding the Ice Giants [1,317]. Nonetheless, this brief look into the history and results of mid-infrared remote sensing can hopefully continue to provide insight and inspiration, if simply by considering how far the field has come.
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Figure 1. Idealized blackbody emittance of the giant planets compared to the telluric atmospheric transmission and typical detector sensitivities across the infrared. The assumed boundaries of the near-, mid-, and far-infrared regions are indicated. Colored curves show the black body spectral radiant emittance for the effective temperatures of the giant planets, accounting for their distances, scaled and labeled for clarity. Jupiter and Saturn peak in the mid-infrared, while Uranus and Neptune peak in the far-infrared. The atmospheric transmission is indicated by the blue–gray interface varying between 100% (full transmission) and 0% (total attenuation) from the top of the atmosphere down to a surface altitude of 2640 m (corresponding to the altitude of the Very Large Telescope (VLT) at Cerro Paranal, with a precipitable water vapor (PWV) of 1.66 mm at an air mass of 1.15 [5,6]). Characteristic ranges for various thermal detectors are shown in purple [7,8,9,10,11,12,13]. 
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Figure 4. Images of Jupiter at roughly 5  μ m. Brighter regions indicate strong thermal radiation emerging from the atmosphere below the clouds, while darker patches reveal opaque clouds, silhouetted by underlying thermal emission. The image on the left is one of the earliest examples of 5- μ m imaging, made with the Hale 200-in (5-m) telescope at Palomar Observatory in 1973 [83]. The 4.7- μ m image on the right is from the Near-InfraRed Imager (NIRI) instrument [98] at Gemini North in Hawai’i, composed of multiple images captured in 2017 [99]. The images reveal the dramatic improvement in the imaging quality, as well as changes in cloud structure over the past half-century. 
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Figure 5. Photographs of the Coblentz-Lampland radiometer, used to make groundbreaking measurements of thermal from stars and the giant planets [115]. Top left: Evacuated glass tube containing the thermocouple—a wire of bismuth that converts temperature differences to electric voltage via the thermoelectric effect. The thermocouple is kept in an evacuated tube, with the vacuum maintained by the presence of reactive calcium metal (serving as a getter). Bottom left: The thermocouple is placed into the radiometer, which was fastened to the photographic plate holder of the telescope. The thermocouple was placed in the optical path between the target and eyepiece, while filters of different passbands were selectively rotated in and out of view. By these means, coarse spectra could be inferred. Right: The Lampland 40-inch telescope of the Lowell Observatory, on which the radiometer was mounted for much of Coblentz’s planetary work, inside its dome, ca. 1909 (Image credit: Slipher, E.C., “The 42-inch Lampland Telescope inside of its dome,” Lowell Observatory Archives, https://collectionslowellobservatory.omeka.net/items/show/1047, accessed on 22 December 2022). 
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Figure 6. Among the earliest maps of Jupiter’s mid-infrared radiances, reproduced from Murray et al. [129]. Left: Contours show brightness temperatures derived from 8 to 14  μ m observations, made over five nights in mid-December 1963 using the Hale 200-inch (5.1 m) Telescope of the Palomar Observatory. The contours indicate modest limb-darkening and early hints of possible zonal thermal structure, with the visible belt-zone structure superimposed (oriented south pole upwards). Right: Perpendicular lines represent scans passing through the Great Red Spot (GRS). Corresponding brightness temperature curves (as numbered just to the right and above) show a depression in temperature at the location of the GRS. 
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Figure 13. Retrieved stratospheric properties from ground-based images of the Ice Giants. Left: Neptune’s temperature structure, retrieved from 2020 VLT-VISIR imaging data [74]. Temperatures are indicated by the colored contours at 2 K intervals. The heights constrained by the data are suggested by the vertical curves on the right, with maxima contributions peaking near 100 and 0.5. A warm polar vortex is evident at south polar (planetocentric) latitudes. Right: Meridional gradients in C   2  H   2   (top) and temperature (bottom), consistent with Uranus’ observed stratospheric radiances (see Figure 14). Current data cannot differentiate between the two potential extreme solutions, given the ambiguous nature of the stratospheric emission [33]. 
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Figure 16. Sequences of mid-infrared images of Jupiter at 5  μ m (top) and 7.9  μ m (bottom) showing changes over time, adapted from Antuñano et al. [385] and Antuñano et al. [387]. Variation at 5  μ m suggests changes in tropospheric temperature and cloud opacity, with large temporal variability mainly at the equatorial and tropical latitudes and less temporal variability at mid-latitudes [385]. Dashed blue and green lines mark 16   ∘   N and 10   ∘   S planetocentric latitudes, respectively. Emission at 7.9  μ m sense stratospheric temperatures (via methane emission), revealing roughly periodic variation associated with the quasi-quadrennial oscillation [387]. 5- μ m images are from various instruments on the IRTF, including BOLO-1 (1984) [384], NSFCam (1999, 2001) [388], NSFCam2 (2006) [51], and SpeX (2010, 2013). 7.9- μ m images are from IRTF-MIRLIN (1996, 1997) and IRTF-MIRSI (2008, 2011). 
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Figure 19. A sequence of mid-infrared images showing the variation of Neptune at roughly 12  μ m in different years, along with disk geometry and a Hubble Space Telescope (HST) visible image for comparison. The mid-infrared images were taken from VLT-VISIR (2006, 2009, 2018) and Subaru-COMICS (2020) [74]. The sequence shows a global decline in radiances accompanied by dramatic warming at Neptune’s south pole between 2018 and 2020. The HST image was taken in 2020, three weeks after the Subaru-COMICS image. (HST Image credit: NASA, ESA, STScI, M.H. Wong (University of California, Berkeley), and L.A. Sromovsky and P.M. Fry (University of Wisconsin-Madison). 
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