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Microwave observations constrain the Depth of vortices in Jupiter's atmosphere
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Red Spot (GRS). Jupiter's weather layer, where storms, vortices, and convective clouds are observed, was expected to be constrained to depths above which sunlight penetrates and/or where water condenses. In 1995, NASA's Galileo probe challenged this expectation by finding that water was not well mixed even well below its expected condensation level [START_REF] Niemann | The composition of the Jovian atmosphere as determined by the Galileo probe mass spectrometer[END_REF]. Early results from Juno extended the puzzle by discovering that both ammonia and water vary across most of the planet at much greater depths than their expected saturation levels [START_REF] Bolton | Jupiter's interior and deep atmosphere: The initial pole-to-pole passes with the Juno spacecraft[END_REF][START_REF] Li | The distribution of ammonia on Jupiter from a preliminary inversion of Juno microwave radiometer data[END_REF][START_REF] Ingersoll | Implications of the ammonia distribution on Jupiter from 1 to 100 bars as measured by the Juno microwave radiometer[END_REF], and that the gravitational signatures of the atmospheric zonal flows are present at depths approaching 3000 km [START_REF] Kaspi | Jupiter's atmospheric jet streams extend thousands of kilometres deep[END_REF][START_REF] Guillot | A suppression of differential rotation in Jupiter's deep interior[END_REF] .The depth that atmospheric vortices penetrate provide a means to investigate how Jupiter's weather is constrained by volatile condensation, and assess the relative importance of moist convection, baroclinic instability and deep convection in models of vortex creation and stability.

The Microwave Radiometer (MWR) instrument [START_REF] Bolton | Jupiter's interior and deep atmosphere: The initial pole-to-pole passes with the Juno spacecraft[END_REF][START_REF] Janssen | Microwave radiometer for the Juno mission to Jupiter[END_REF] on the Juno spacecraft is a set of radiometers designed to measure Jupiter's emitted flux (or equivalently brightness temperature) at a range of depths from top of the atmosphere to over 600 km beneath the visible cloud tops.

The instrument observes at six individual frequencies between 0.6 to 22 GHz (wavelengths 50 cm -1.3 cm), each sampling a different depth determined by how atmospheric transparency varies with frequency (8). Jupiter emits more energy than it receives from the Sun and the atmospheric temperature increases with depth (pressure). We report on the vertical structure of two vortices observed April 6, 2019, during Juno's 19 th orbit of Jupiter (designated PJ19 for perijove [START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF]. For PJ19, Juno was placed into a special mapping mode in which the spacecraft spin direction is turned to sample along longitude (instead of the usual latitude). This observing mode is designed to provide radio image maps at as a function of frequency. Each frequency map corresponds to a different depth determined by atmospheric opacity primarily due to water and ammonia.. Because Juno's orbit passes beneath Jupiter's radiation belts, the MWR observes atmospheric thermal emission without significant contamination by synchrotron emission from the planet's magnetosphere. Because the PJ19 scans sample across longitudes, the measurements were taken at different emission angles and thus require a limb darkening correction. To estimate the nadir brightness temperature, Tb, we correct the data using a model based measurements from previous Juno orbits [START_REF] Oyafuso | Angular Dependence and Spatial Distribution of Jupiter's Centimeter-Wave Thermal Emission from Juno's Microwave Radiometer[END_REF]. The brightness temperature at each frequency is the integration of the emission from all atmospheric layers, weighted by the contribution function for each layer at the corresponding frequency (Fig. S6). The resulting radio maps allow us to compare the vertical structures of Jupiter's cyclones and anticyclones, including the Great Red Spot (GRS) which was observed by Juno on July 11, 2017. A cyclonic vortex has winds blowing counterclockwise in the northern hemisphere and clockwise in the southern hemisphere, an anticyclonic vortex has winds blowing opposite to that of a cyclone.

Figure 1 shows the multi-frequency MWR maps from PJ19, compared to infrared (IR) 5-µm and visible-wavelength maps obtained from Earth on the same day (8). The high MWR frequencies correspond to thin slices at shallow depths and lower frequencies correspond to progressively thicker and deeper slices as shown in Figure S6 [START_REF] Bolton | Jupiter's interior and deep atmosphere: The initial pole-to-pole passes with the Juno spacecraft[END_REF][START_REF] Li | The distribution of ammonia on Jupiter from a preliminary inversion of Juno microwave radiometer data[END_REF][START_REF] Ingersoll | Implications of the ammonia distribution on Jupiter from 1 to 100 bars as measured by the Juno microwave radiometer[END_REF][START_REF] Janssen | Microwave radiometer for the Juno mission to Jupiter[END_REF]8). The shallowest MWR slice roughly corresponds to the condensation level of ammonia ice known as the ammonia cloud-deck (22 GHz,centered where the atmospheric pressure is 0.7 bar, about 10 km above 1 bar). At frequencies 5.2-10 GHz, MWR maps pierce through the water condensation level at ~5-8 bar, about 50-75 km below the 1-bar level. At 600 MHz, MWR's lowest frequency, the slices become thicker and deeper reaching over 100 bar, up to 600 km beneath the 1-bar level. Remote observations from Earth at 8-22 GHz previously detected a vortex known as Oval BA and the GRS near ~5 bar, although smaller vortices were not seen at these frequencies, leading to the conclusion that the small vortices are confined to the weather layer in the upper 2-3 bar of the atmosphere [START_REF] De Pater | Peering through Jupiter's clouds with radio spectral imaging[END_REF][START_REF] De Pater | Jupiter's ammonia distribution derived from VLA maps at 3-37 GHz[END_REF]. Our observations extend to lower frequencies, inaccessible from groundbased telescopes, so can test this hypothesis.

Features visible in Fig. 1 at 22 GHz are likely related to Jupiter's upper atmospheric cloud structure seen in the infrared and visible maps observed on the same day as well as previously [START_REF] Terrile | Summary of Historical Data: Interpretation of the Pioneer and Voyager cloud configurations in a time-dependent framework[END_REF][START_REF] Wong | High-resolution UV/optical/IR imaging of Jupiter in 2016-2019[END_REF][START_REF] Giles | Cloud structure and composition of Jupiter's troposphere from 5-µm Cassini VIMS spectroscopy[END_REF]. Two prominent vortex structures are visible at lower frequencies, corresponding to deeper layers, one at 38°N and the other at 19°N (planetographic latitude). These two vortices are also apparent in the visible and infrared maps. They extend to depths far below the 2-3 bar pressure level, reaching to below the expected water condensation level. Near 10°N, within Jupiter's North Equatorial Belt (NEB), there are elongated features (known as rifts or plumes) with N-S extensions that also penetrate below the water condensation level. The zone-belt structure is evident at all MWR frequencies, as previously observed at frequencies > 8 GHz [START_REF] Ingersoll | Implications of the ammonia distribution on Jupiter from 1 to 100 bars as measured by the Juno microwave radiometer[END_REF][START_REF] Oyafuso | Angular Dependence and Spatial Distribution of Jupiter's Centimeter-Wave Thermal Emission from Juno's Microwave Radiometer[END_REF][START_REF] De Pater | Peering through Jupiter's clouds with radio spectral imaging[END_REF]. The presence of zone-belt structure at frequencies < 8 GHz indicates that contrasts in ammonia and/or water persist to depths well below the water condensation level. Any strong vertical wind shear in these features or zonal flows must be accompanied, due to thermal wind balance, by strong latitudinal variations the atmospheric kinetic temperature, Tk. Gravity measurements indicate that zonal winds penetrate much deeper than probed with the MWR [START_REF] Kaspi | Jupiter's atmospheric jet streams extend thousands of kilometres deep[END_REF][START_REF] Guillot | A suppression of differential rotation in Jupiter's deep interior[END_REF], implying an absence of large latitudinal temperature variations (and therefore an absence of srong vertical wind shear). This is consistent with the majority of the variation in Tb being due to varying amounts of ammonia and/or water that change the transparency of the atmosphere rather than changes in Tk.

The feature at 38°N, 96°W (Figs. 1 andS3) is an elongated cyclonic vortex, known as a barge [START_REF] Terrile | Summary of Historical Data: Interpretation of the Pioneer and Voyager cloud configurations in a time-dependent framework[END_REF][START_REF] Vasavada | Jovian atmospheric dynamics: an update after Galileo and Cassini[END_REF]. This vortex is evident at all MWR frequencies except at 0.6 GHz, where it is only 2𝜎 above the background (Figure S3). At frequencies below 2.6 GHz the barge follows the shape and extent of the signatures at higher frequencies and in the visible/infrared maps, demonstrating that the deepest detection is not related to a jet-stream. At pressures <3 bar, (>5.2 GHz) the vortex has a higher Tb than its surroundings. This reverses at pressures >9 bar (<2.6 GHz), with the barge exhibiting a lower Tb than its surroundings. Although our data do not directly measure wind motion, cyclonic motion is implied by the warm upper tropospheric temperatures typically observed in barges, and because vortices would be short lived if they rotated in the opposite direction to the horizontal wind shear produced by the adjacent zonal jets [START_REF] Vasavada | Jovian atmospheric dynamics: an update after Galileo and Cassini[END_REF][START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF] 
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At 19°N there is a small anticyclonic vortex, just north of the NEB and within the North Tropical Zone. MWR data from 2.6 GHz to 22 GHz show a low-Tb anomaly in the upper part of this anticyclone, opposite in sign to the high-Tb anomaly of the cyclone at 38°N. The low-Tb anomaly fades in the 2.6 GHz to 1.25 GHz channels, but there appears to be a ring-shaped high-Tb anomaly surrounding the feature's center near 99°W at these frequencies (Fig. 1 andS2). Rings associated with anticyclones have been seen at lower pressure regions in both radio and infrared observations [START_REF] De Pater | Persistent Rings in and around Jupiter's Anticyclones -Observations and Theory[END_REF].

Figure 2 compares nadir Tb profiles of these two vortices with the GRS, Jupiter's largest and possibly oldest anticyclone [START_REF] Peek | The Planet Jupiter[END_REF]. A feature in the deepest MWR slice implies that the GRS base is potentially deeper than 100 bar. The top of the 19°N anticyclone is characterized by a negative ~3% Tb anomaly, a characteristic similar to the GRS. However, unlike the GRS, the disturbance disappears rapidly, being barely visible at 2.6 GHz and not detected (<0.2%) in the two deepest channels. The 38°N cyclone has a different inverted structure: a positive 1-3% anomaly at low pressures that becomes negative at the 2.6 GHz channel and invisible in the 0.6 GHz channel (Tables S1,S2). Similar results are obtained when comparing each vortex against its local background, both in longitude and latitude (see methods, Figs. S2,S3).

We fitted models to the data for all three vortices, applying an inversion technique to the radiance measurements to determine the vertical structure of each vortex. This method is independent of whether the observed Tb anomalies are due to variations in ammonia abundance or temperature. Using the relative variation δ ! (𝑃) to represent the pressure dependent fluctuations arising from either ammonia abundance or kinetic temperature, we select perturbations matching the perturbations Δ𝑇 b /𝑇 b seen at each MWR frequency (see methods). The results are shown in Figure 3. Because the GRS is spatially complex and extended, we show only a single latitude, selected to be representative of the spatially resolved northern component.

All three vortices have deep roots, extending below the water condensation level in the 5-10 bar region, with the GRS likely extending further than the other vortices (beyond 100 bar). Gravity measurements have independently constrained the GRS depth to less than 500 km (660 bar) [START_REF] Parisi | The depth of Jupiter's Great Red Spot constrained by the Juno gravity overflights[END_REF]. The best-fitting model for the 19°N vortex has a likely root depth extending to ~20 bar, with possible solutions ranging between 8 and 80 bar. The 38°N vortex is deeper, with the best-fitting model implying a likely root depth ~100 bar with possible solutions ranging between 20 and 200 bar.

The 38°N cyclone is characterized by a positive anomaly at low pressures that inverts to a negative anomaly at pressures between 3 to 6 bar and extends to pressures of 30 bar or more. This requires ammonia to be transported downwards from the upper to deeper layers in Jupiter's atmosphere, possibly due to the formation of special multi-layered ammonia-water Jovian hail known as mushballs [START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: I. Microphysics of "Mushballs[END_REF][START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: II. Explaining the Juno observations[END_REF]. An inversion of the opposite sign is observed for the 19°N anticyclone, indicated by the sharp decrease in signal between 5.2 GHz and 2.6 GHz, and the overlap in the contribution functions of these frequencies (Fig. S6). The transition region for this vortex is therefore located between 6 to 12 bar, much shallower than that inferred for the GRS.

Similarly, the GRS exhibits an inversion with a brightness temperature anomaly that is negative at high frequencies and positive at low frequencies. This inversion indicates an upper part with increased volatile content (and/or lower temperature) switching to a lower part with decreased volatile content (and/or higher temperature) at pressures near ~30 bar, consistent with the gravity measurement [START_REF] Parisi | The depth of Jupiter's Great Red Spot constrained by the Juno gravity overflights[END_REF].

The models of all three vortices in Fig. 3 allow a wide range of perturbations due both to ammonia or temperature variations. To compare the 19°N and 38°N vortices, we obtained a map of the ammonia abundances (Fig. S4) using data from PJ19 by using a radiative transfer model assuming a fixed temperature profile [START_REF] Oyafuso | Angular Dependence and Spatial Distribution of Jupiter's Centimeter-Wave Thermal Emission from Juno's Microwave Radiometer[END_REF]. We find the background atmosphere has an ammonia abundance that increases globally from the 1 bar level -where we find 130 parts per million by volume (ppmv) at 19°N and 230 ppmv at 38°N -to 350 ppmv at pressures deeper than 100 bar (Fig S5). The 19°N anticyclone has a positive +60 ppmv ammonia abundance anomaly at low pressures that inverts to a -20 ppmv anomaly near 5 bar, and fades to zero at pressures deeper than 10 bar. The 38°N cyclone is characterized by a -40 ppmv anomaly at low pressures that inverts to +20 ppmv around 10 bar, and fades to zero at pressures deeper than about 30 bar.

These results in Fig. 3 indicate that the mid-planes of the anticyclonic vortices (19°N and the GRS) occur at different depths, very deep for the GRS but near the water condensation level for the 19°N anticyclone. The dynamics of the GRS, its circulation pattern and driving force, may be very different from other vortices in Jupiter's atmosphere. The structures of the north part of the GRS and the 19°N vortices are consistent with theoretical predictions for Jovian anticyclonic vortices, which have a dense/cold upper part over a low density/warm lower part to maintain hydrostatic and geostrophic balance [START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF][START_REF] Flasar | Thermal structure and dynamics of the Jovian Atmosphere 1. The Great Red Spot[END_REF]. The anticyclones are well-mixed vortices embedded in a stably stratified background medium, analogous to Earth's oceanic eddies or salt lenses [START_REF] Prater | A meddy off Cape St. Vincent. Part I: Description[END_REF][START_REF] Bars | The universal aspect ratio of vortices in rotating stratified flows: experiments and observations[END_REF][START_REF] Hassanzadeh | The universal aspect ratio of vortices in rotating stratified flows: theory and simulation[END_REF]. For comparison, studies of the Jovian anticyclone Oval BA indicated a transition at lower pressures, between 0.7 and 3 bar [START_REF] Marcus | Three-dimensional vortices generated by self-replication in stably stratified rotating shear flows[END_REF][START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF]. Conversely, the 38°N vortex is more stratified than the background atmosphere. This may indicate that the thermal and compositional stratification are maintained by precipitating convection [START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: I. Microphysics of "Mushballs[END_REF][START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: II. Explaining the Juno observations[END_REF].

The deep Tb anomalies we observe constrain simulations of Jupiter's vortices [START_REF] Lemasquerier | Remote determination of the shape of Jupiter's vortices from laboratory experiments[END_REF][START_REF] Heimpel | Simulation of deep-seated zonal jets and shallow vortices in gas giant atmospheres[END_REF][START_REF] Yadav | Deep-convection driven vortex formation on Jupiter and Saturn, accepted[END_REF]. The GRS and the 19°N anticyclone are both characterized by lower Tb than the surrounding regions at high altitude, evolving to higher Tb than the surroundings at deeper levels. These two anticyclones have a more mixed internal composition than the stratified composition in the background, while the 38°N cyclone shows the opposite behavior -more stratified than the background and with higher (lower) volatile concentration in the lower (upper) branch. This is consistent with the existence of a deep stable layer extending well below the water condensation level [START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: II. Explaining the Juno observations[END_REF][START_REF] Flasar | Thermal structure and dynamics of the Jovian Atmosphere 1. The Great Red Spot[END_REF][START_REF] Prater | A meddy off Cape St. Vincent. Part I: Description[END_REF][START_REF] Bars | The universal aspect ratio of vortices in rotating stratified flows: experiments and observations[END_REF][START_REF] Allison | Planetary Waves in Jupiter's equatorial atmosphere[END_REF]. Such a layer would result from a balance between mixing by anticyclones and mushball precipitation occurring in cyclones and embedded storms [START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: I. Microphysics of "Mushballs[END_REF][START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: II. Explaining the Juno observations[END_REF]. The different characteristics and depths of the observed vortices indicate a variable extent of this stable layer as a function of latitude. Ammonia and water have previously been considered inert tracers below the clouds, so were expected to be uniformly mixed up to the relevant cloud bases, which are above the 1-bar level for ammonia and ~5-8 bar level for water. The mixing ratio was only expected to change within the clouds, due to meteorological processes. The detection of individual vortex signatures at depths deeper than the water condensation level suggests the presence of small-scale dynamic processes, such as precipitation and downdrafts [START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: I. Microphysics of "Mushballs[END_REF][START_REF] Guillot | Storms and the depletion of ammonia in Jupiter: II. Explaining the Juno observations[END_REF][START_REF] Becker | Small lightning flashes from shallow electrical storms on Jupiter[END_REF], at much deeper levels than expected. The sign and reversal of the Tb anomalies visible in the MWR data is consistent with vortices decaying with depth [START_REF] Vasavada | Jovian atmospheric dynamics: an update after Galileo and Cassini[END_REF]. The deep roots of the GRS and other anticyclones may indicate coupling between Jupiter's interior and deep atmosphere. c,f,i show pressure histograms. Grey histograms show the lowest pressures at which the perturbation in the vortex has decayed to less than 10% of its maximum, blue histograms show the transition pressures at which the perturbation is mid-way between its minimum and maximum, and red histograms show the deepest pressures where the perturbation decayed to less than 10% of its maximum. In panels a-c, the hashed region indicates the maximum GRS extent compatible with Juno gravity measurements [START_REF] Parisi | The depth of Jupiter's Great Red Spot constrained by the Juno gravity overflights[END_REF]. 

Materials and Methods

Estimation of signal strength

The MWR data set shown in Figure 1 is comprised of samples every few tenths of a degree in longitude (varying over the map) and approximately every 1.5 degrees in latitude. A screening algorithm was used to remove observations significantly contaminated by synchrotron emission.

However, this did not result in removal of data from our data set because synchrotron emission contamination is only important for observations when the antenna beam is not completely on the planet or for observations at latitudes poleward of ~60°N [START_REF] Janssen | Microwave radiometer for the Juno mission to Jupiter[END_REF][START_REF] Oyafuso | Angular Dependence and Spatial Distribution of Jupiter's Centimeter-Wave Thermal Emission from Juno's Microwave Radiometer[END_REF]. The thermal emission brightness temperatures, Tb, are then deconvolved from the antenna temperatures taking into consideration the antenna beam pattern including potential synchrotron contamination in the side lobes [START_REF] Janssen | Microwave radiometer for the Juno mission to Jupiter[END_REF][START_REF] Oyafuso | Angular Dependence and Spatial Distribution of Jupiter's Centimeter-Wave Thermal Emission from Juno's Microwave Radiometer[END_REF]. Figure S1 shows the half-power beam width resolution for MWR (at 10 GHz), indicating the resolution of the maps in Figure 1.

For the 38°N feature, frequencies at and above 1.25 GHz, observed at ~ 36.6°N, 38.1°N and ~ 39.7°N bracketing a feature with a peak observed in the 38.1°N scan (Fig. 1). The latitude above this observed peak shows the feature flips to the opposite sense (colder vs warmer depending on frequency observed). At 0.6 GHz, the antenna is mounted on a different side of the spacecraft from the other MWR antennas, and thus samples the planet one third of a spin (10 seconds) later than the other frequencies, observing a slightly different latitude due to the spacecraft motion. The scans at 0. To analyze the two features at 19°N and 38°N we selected regions to use as the background by extracting Tb from scans surrounding the features from nearby latitude and longitudes ±~20°). From this selected data set, we define a quiet region to be used as background outside the regions exhibiting perturbations related to the two features, then normalized all Tb measurements to this background. For the 19°N feature the background corresponded to longitudes in System III coordinates [START_REF] Dessler | Coordinate systems[END_REF] of 102°W to 107°W. For the 38°N feature the background corresponded to System-III longitudes from 90°W to 95°W. We de-trended the signal for the 1.25 GHz and 0.6 GHz frequencies as a function of longitude using a degree-5 polynomial, dividing the Tb variations obtained at each MWR frequency by their median value to obtain an estimate of the Tb variation for each feature in each channel. The normalized, detrended data are plotted for the six MWR frequencies as a function of longitude and latitude in Fig. S2.

The 19°N anticyclone is identified in Figure S2A-F with a decrease in Tb of about 2% at 22 GHz, 3.5% at 10 and 5.2 GHz and about 1% at 2.6 GHz. It is not detected at the two lowest frequencies. The 38°N feature is identified in Figure S2G-L with the cyclone elongated in longitude, and well-defined in latitude. Unlike the 19°N anticyclone, the 38°N feature appears warmer at 5.6 GHz and above, and colder at frequencies below 5.6 GHz.

To quantify the depth of the features and assess corresponding uncertainties, we selected points at the center and outside of the features, both at different longitudes with similar latitudes and at different latitudes with similar longitudes. We compare the variations in Tb for these three ensembles of points in Figure S3. For the 19°N feature, the values of the background points are similar but with a larger spread for the points at the same longitude, a consequence of the anticyclone character and its perturbation of the surrounding zonal flow. Focusing on the difference between the center of the anticyclones and the points in a quiet region at longitudes 102°W to 105°W, Figure S3 reveals a decrease in Tb at frequencies at 2.6 GHz and above. The signal is lower than the background at 0.6 GHz and 1.2 GHz. We estimate the uncertainties by adding the standard deviations quadratically. The resulting change in Tb in all six MWR frequencies is listed in Table S1.

For the 38°N cyclone one ensemble of points inside the cyclone and two ensembles of points outside the cyclone were selected at different latitudes and different longitudes. As seen in Figure S3, these two ensembles of control points have very similar properties. The Tb variations of the 38°N cyclone are listed in Table S2.

For a comparison with the GRS, we select the 18°S latitude, which is characterized by an inversion in the brightness temperature variation compared to the background. Data obtained at PJ7 for the GRS structure was compared to the background signal at that latitude by calculating the median of the brightness temperatures obtained for PJ1,3,4,5,6,8 and 9. The offset due to the GRS was calculated from the difference between these values. The corresponding uncertainty was estimated from the standard deviation of the background during the multiple perijoves (except PJ7). The results are listed in Table S3. The GRS is a very old, extended and complex vortex. We focus on a representative region of the anticyclone, however other latitudes do not show a similar inversion in the brightness temperature. This implies powerful circulation inside the vortex.

Tables S1 to S3 list brightness temperature anomalies for the 6 MWR frequencies of each vortex, compared to the background longitudinal averages. These data characterize the vortices, not the zonal flow.

Analysis of vortex structure and depth

In the microwave regime, the flux emitted by an atmosphere with a temperature profile 𝑇(𝑧) can be approximated by

𝑇 b = ∫ 𝑇 𝑒 #$ 𝛼𝑑𝑧, (s1) 
where

𝜏 = ∫ αdz % & ! &
is the optical depth, α the absorption coefficient for the wavelength considered, and 𝑧 the altitude (2:7). This approximation is accurate to a precision of ~ℎ𝑐/(λ𝑘𝑇), which is ∼ 10 #' for a temperature 𝑇=300 K and a wavelength of λ=5 cm, and valid in the one dimensional approximation, The contribution function 𝐶(𝑧) is defined such that

𝑇 b = ∫ 𝐶(𝑧)𝑑 ln 𝑃, (s2) 
i.e.,

𝐶(𝑧) = 𝑍𝑒 #$ α () " *+ , ( s3 
)
where 𝑍 is the gas compressibility factor, 𝑅 the gas constant, µ the mean molecular weight, 𝑔 the planet's gravitational acceleration , assuming hydrostatic equilibrium.

We seek to determine how perturbations from a known temperature or ammonia abundance (thus absorption) profile may affect the measured brightness temperature in a given MWR channel.

We first consider a perturbation in temperature, 𝑇 % , such that 𝑇 % = (1 + δ ) )𝑇, with δ ) ≪ 1, and assume that the absorption profile is unchanged. In that case, the perturbed contribution function becomes, to first order,

𝐶′(𝑧) = 𝑍𝑒 #$ α () " *+ (1 + 2δ ) ). ( s4 
)
The change in brightness temperature Δ𝑇 b ≡ 𝑇 b % -𝑇 b (with 𝑇 b % being the brightness temperature associated with the new 𝑇 % temperature profile) then becomes

Δ𝑇 b = ∫ 𝐶(𝑧)2δ ) 𝑑 𝑙𝑛 𝑃. (s5) 
A relative change in brightness temperature can thus be associated to a relative change in temperature profile with half the magnitude.

We next consider the case of a perturbation that leaves the temperature profile unchanged but modifies the ammonia abundance, so therefore the absorption profile changes. We also assume that absorption is proportional to the ammonia abundance (an assumption which is valid at most altitudes (2,3:7,9). Therefore, α % = (1 + δ , )α, implying

𝐶′(𝑧) = 𝑍𝑒 #$% α () " *+ (1 + δ , ). (s6) 
The perturbed optical depth can be calculated if we further assume that the absorption and δ ! are constant on the scales of interest, i.e., when the values of 𝐶(𝑧) are the largest. In that case, τ % = τ(1 + δ , ), implying

𝐶 % (𝑧) = 𝐶(𝑧)𝑒 #$-# (1 + δ , ). (s7) 
Because we are considering levels for which the optical depth is small, we consider that τδ ! ≪ 1, thus

𝐶 % (𝑧) ≈ 𝐶(𝑧)[1 -(τ -1)δ , ]. (s8) 
The change in brightness temperature associated with a change in absorption is thus

Δ𝑇 b ≈ -∫ 𝐶(𝑧)(τ -1)δ , 𝑑 𝑙𝑛 𝑃. ( s9 
)
This implies that an increase in absorption leads to a larger contribution to the brightness temperature from levels at low optical depth (τ < 1) and a smaller one from the deeper levels.

Because the temperature is increasing with pressure, the second effect dominates and leads to a brightness temperature variation that is inversely proportional to the change in absorption.

In the limit that the changes in temperature and/or ammonia abundance occur on length scales that are long compared to the extent of the weighting functions for the different MWR channels, both effects can be combined by seeking values of δ ! compatible with the measured variations Δ𝑇 b such that

Δ𝑇 b ≈ ∫ 𝐶(𝑧)δ ! 𝑑 𝑙𝑛 𝑃. ( s10 
)
Changes 𝛿 ! can then be attributed to changes in temperature, in which case 𝛿 ) = 𝛿 ! /2; or to changes in absorption/ammonia abundance, in which case 𝛿 . ≈ -(𝜏 eff -1)𝛿 ! , and 𝜏 eff is an effective optical depth, dependent on the channel used.

To estimate the feature structure and depth, we use the contribution functions 𝐶 1 (𝑃) (with i=1 to 6 corresponding to the six MWR frequencies) from Figure S1 to calculate the relative Tb variation ∆𝑇 2,4 /𝑇 2,5 that would arise from a perturbation in opacity or temperature 𝛿 ! (𝑃). From our observations of Jupiter's GRS and from theoretical models of anticyclones [START_REF] Vasavada | Jovian atmospheric dynamics: an update after Galileo and Cassini[END_REF][START_REF] Marcus | Three-dimensional vortices generated by self-replication in stably stratified rotating shear flows[END_REF][START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF], we expect 𝛿 ! (𝑃) to change sign in the atmosphere. We therefore parametrize it as a sum of three error functions (erf):

𝛿 ! (𝑃) = 𝑎 2 X1 + erfY𝛼 0 (log𝑃 -𝑥 0 )Z[ + 𝑏 -𝑎 2 X1 + erfY𝛼 1 (log𝑃 -𝑥 1 )Z[ - # $ 11 + erf2𝛼 $ (log𝑃 -𝑥 $ )56 (s11)
We then perform a Monte Carlo analysis, varying the parameters 𝑎, 𝑏, 𝑥 ! , 𝑥 " , 𝑥 # , 𝛼 ! , 𝛼 " , 𝛼 # until we find values of ∆𝑇 $%& matching those arising from our analysis of the MWR measurements. The parameters are selected randomly with uniform distributions, in the ranges listed in Table S4. To avoid unnecessary calculations, the range of values of parameters 𝑎 and 𝑏 differ for each vortex, without affecting the final results. The other parameters are the same for the three vortices.

We seek models that minimize

𝜒 # = " ' `∑ bc ∆) $,& ) $,& d *+,* -c ∆) $,& ) $,& d -./ e # /Y𝜎 ∆) $,& /𝑇 $,& Z # 12",' f "/# (s12) where c ∆) $,& ) $,& d -./
and 𝜎 ∆) $,& /𝑇 $,& are the relative brightness temperature variation and standard deviations relative to the median 𝑇 $,& , listed in Tables S1 andS2. We retain models for which

𝜒 # ≤ 1.
The contribution functions 𝐶 1 (𝑃) are obtained assuming an adiabatic temperature profile anchored to 166.1 K at 1 bar, using established methods [START_REF] Janssen | Microwave radiometer for the Juno mission to Jupiter[END_REF][START_REF] Bellotti | Jupiter: A study of atmospheric composition, structure and dynamics using microwave techniques[END_REF] and including the additional opacity provided by alkali metals at 1600 K and higher temperatures. For each feature, we calculate two extreme contribution functions as follows. We use the minimum and maximum NH3 abundances as a function of pressure [START_REF] Li | The distribution of ammonia on Jupiter from a preliminary inversion of Juno microwave radiometer data[END_REF][START_REF] Oyafuso | Angular Dependence and Spatial Distribution of Jupiter's Centimeter-Wave Thermal Emission from Juno's Microwave Radiometer[END_REF], both for the 19°N and 38°N regions, respectively (see Fig. S4 andS5). For the GRS, we use the profiles obtained around 18°S to calculate an upper and a lower abundance of ammonia as a function of depth that encompasses most of the solutions. The resulting abundances are shown in Fig. S5. We then account for the emission angles of the 19°N and 38°N features, ~20° and ~45°, respectively and assume a nadir observation of the GRS. (As a result, the contribution functions of the 38°N cyclone are shifted towards lower pressures.) The resulting contribution functions are shown in Fig. S6.

Our lowest envelope of ammonia abundances for the GRS pushes the maximum of the contribution function at 0.6 GHz down to great depth (Fig. S6). This is due to an assumed slow increase of the ammonia abundance from 225 ppmv to 350 ppmv between 100 and 1000 bar.

However, the maximum depth of the GRS obtained from the Juno gravity observations rules out that the GRS is extending to more than ~660 bar, at the 3𝜎 level [START_REF] Parisi | The depth of Jupiter's Great Red Spot constrained by the Juno gravity overflights[END_REF].

Supplementary Text Comparison of analyses

The results obtained in Fig. 3 for the 19°N and 38°N features are consistent with the results obtained from a full inversion and shown in Fig. S4. Comparing the background atmosphere and the latitudes in the region of the two features in Fig. S4 shows that, for the 19°N anticyclone, the transition from a high to a low ammonia abundance takes place around 5 bar, and the perturbation fades away by about 20-30 bars. The 38°N cyclone has a low ammonia abundance relative to the background at low pressures until it transitions to a high ammonia abundance between 2.5 and 6 bar. For the assumptions used to calculate Fig. S4 (9), the perturbation tails off near 30 bars.

For the GRS, we obtain a transition from a negative to a positive anomaly between 30 and 100 bar, in agreement with the analysis of Juno gravity data [START_REF] Parisi | The depth of Jupiter's Great Red Spot constrained by the Juno gravity overflights[END_REF].

Determining the sign of vorticity of the 19°N and 38°N vortices

No measurements of wind motion are available for these features, so their vorticity is determined indirectly. First, we assume that the features have vorticities that are the same sign as the horizontal wind shear in their environment or they would be destroyed in approximately their rotation period [START_REF] Marcus | Vortex dynamics in a shearing zonal flow[END_REF]. Long-lived Jovian vortices with measured vorticities have the same sign as that of the shear in which they are embedded [START_REF] Vasavada | Jovian atmospheric dynamics: an update after Galileo and Cassini[END_REF].

Upper-tropospheric low-temperature anomalies can be used to identify cloud features as anticyclonic [START_REF] Cheng | Changing characteristics of Jupiter's Little Red Spot[END_REF][START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF]. The Great Red Spot was observed as a cold thermal feature by Voyager [START_REF] Flasar | Thermal structure and dynamics of the Jovian Atmosphere 1. The Great Red Spot[END_REF], leading to the suggestion that rising motions and adiabatic cooling are responsible for the cold anomaly. This has been generalized to all anticyclones [START_REF] Marcus | Three-dimensional vortices generated by self-replication in stably stratified rotating shear flows[END_REF][START_REF] Palotai | 3D modeling of interactions between Jupiter's ammonia clouds and large anticyclones[END_REF] and used to predict the converse outcome: warm upper temperatures occur for cyclones. We therefore expect anticyclones to be cold, humid, cloudy regions in the upper troposphere and cyclones to be warm, dry and clear at that altitude. We sought verifying observations of temperatures, as well as cloud opacity and the relative abundance of ammonia gas, a condensate, from Juno-supporting mid-infrared observations [START_REF] Rogers | Jupiter in 2019[END_REF][START_REF]Excerpted from a map created by Marco Vedovato from color image by Lean-Luc Dauvergne[END_REF].

The closest such observations to PJ19 (6 April 2019) were made a few weeks later on 26 May 2019 using the COMICS instrument at the Subaru Telescope [START_REF] Kataza | 8 th Asian-Pacific Regional Meeting[END_REF]. The features at 19°N and 38°N were tracked by the amateur community during that period [START_REF] Rogers | Jupiter in 2019[END_REF] and are identified in a composite visible image made three days later (Figure S7, panel A). At this time, the dark feature at 38°N has drifted to the east in longitude away from the feature at 19°N. Brightness-temperature maps of this region from the COMICS observations are shown in panels B-D of Figure S7. The 20.5-µm thermal emission is sensitive to physical temperatures near the 300-mbar level in Jupiter's upper troposphere, the 10.3-µm and 8.7-µm emission is sensitive to the distribution of ammonia gas near 300-mbar, above the condensation level, and to the opacity of an ammonia-condensate cloud whose base is near 700 mbar.

The visibly dark feature at 38°N is recognizable as a relatively bright/warm region in panels B-D of Figure S7. It is warmer than its surroundings by ~0.8-1.0K at 20.5 µm (Fig. S7, panel B), implying an equivalent temperature increase near the 300-mbar level of the upper troposphere. Its relatively bright appearance in at 10.3 µm (panel C) and 8.7 µm (panel D) are consistent with it being a relatively warm and/or ammonia-depleted and aerosol-free region, whose reduced opacity allows radiation to emerge from warmer depths of the atmosphere. These properties are consistent with being cyclonic in nature with prevailing vertical downwelling motions at this level of the atmosphere, confirming conclusions in the main part of this paper. On the other hand, determining whether the compact feature at 19°N is a relatively cold, "humid" and cloudy anticyclone is complicated by the diffraction-and seeing-limited resolution of these images, on the order of 3°-4°, which is larger than feature itself. As a result, this feature is unresolved, particularly at 20.5 µm (panel B of Fig. S7), and exacerbated by the presence of the very warm region associated with the North Equatorial Belt (NEB) immediately to its south. The cold "notch" in the warm NEB at 10.3 µm (panel C) would not be inconsistent with the feature having relatively higher ammonia and more opaque cloud layer, but we cannot make any more definitive statement. Inversion of these measurements to retrieve physical properties of the atmosphere for many regions in these maps to compare with MWR results is beyond the scope of this paper, but is to be addressed in future work.

Figure 1 IR and Visible maps description

Infrared and visible maps in Fig. 1 show variation in cloud properties over a limited altitude range, which is complementary to MWR observations of gas density (via ammonia concentration and kinetic temperature) extending to much deeper levels [START_REF] Wong | High-resolution UV/optical/IR imaging of Jupiter in 2016-2019[END_REF]40). The infrared images were acquired by the NIRI instrument at Gemini North Observatory, and the visible images were acquired by the WFC3 instrument on the Hubble Space Telescope. Data acquisition and processing are fully described in [START_REF] Wong | High-resolution UV/optical/IR imaging of Jupiter in 2016-2019[END_REF].

The MWR footprint coordinates were used to crop full global infrared and visible maps to cover the same regions of Jupiter's atmosphere in Fig. 1 of the main paper. Figure 8 in [START_REF] Wong | High-resolution UV/optical/IR imaging of Jupiter in 2016-2019[END_REF] shows the full global map source data. S1 andS2). The different colors represent data corresponding to different latitudes. The color for the Juno tracks intersecting the latitude of the feature (i.e., between 18°N and 20°N for the 19°N feature and between 37°N and 39°N for the 38°N feature) is highlighted by black boxes on the color bars. The location of the vortices in longitude is show in the bottom panels (F and L). 
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Figure 1 .

 1 Figure 1. Maps of Jupiter's Atmosphere at radio, infared and optical wavelengths. Maps (a-e) show the cross-track MWR observations at frequencies labeled below each map. Also labelled are estimated pressures where the physical temperature is equal to the average brightness

Figure 2 .

 2 Figure 2. Horizontal slices of vortices at different depths. Visible light image (top) followed by Juno MWR data at frequencies of 22, 10, 5.2, 2.6 1.25 and 0.6 GHz (from top to bottom), labelled with the corresponding pressures and depths (referenced to the 1-bar pressure level). (a) The GRS in 2017. (b) 19°N storm in 2019 (top layer HST image (13)). (c) 38°N storm in

Figure 3 .

 3 Figure 3. Models of Jupiter's atmospheric vortices: observations and constraints on vortex structure. The relative deviation between the vortex brightness temperature and the surrounding background Δ𝑇 b /𝑇 b , the vortex perturbations δ ! and the transition regions (histograms) are shown as a function of pressure. Panel a-c show GRS (18°S), panel d-f; 19°N anticyclone, panel g-i; 38°N cyclone. Panels a,d,g show relative deviation between vortex Tb and background. Vertical error bars indicate full width half maximum of contribution functions (8). Panels b,e,h show relative perturbations in atmospheric opacity and/or temperature required match MWR data. Negative values indicate higher opacity, positive values indicate lower opacity (relative to background. In all panels, models matching observations are shown in brown and the best-fit model in yellow. Panelsc,f,ishow pressure histograms. Grey histograms show the lowest pressures at which the perturbation in the vortex has decayed to less than 10% of its maximum, blue histograms show the transition pressures at which the perturbation is mid-way between its minimum and maximum, and red histograms show the deepest pressures where the perturbation

Figure S1 .

 S1 Figure S1. Half-power beam width resolution for MWR at 10 GHz. To illustrate the resolution of MWR maps, the microwave beam patterns for 2.4 to 22 GHz channels are shown in blue overlayed on the 10 GHz map of Figure 1. MWR maps at frequencies between 2.4 and 22 GHz have similar resolution. At frequencies of 1.2 GHz and 0.6 GHz, the beam width is approximately twice that shown.

Figure S2 .

 S2 Figure S2. Brightness temperatures for the 19°N anticyclone and 38°N cyclone. MWR brightness temperature data points from cross-track data binned by latitude and west longitude for the 19°N anticyclone (A-F) and for the 38°N cyclone (G-L)). Each panel provides a comparison of brightness temperature relative to the background for all MWR frequencies (see values listed in TablesS1 and S2). The different colors represent data corresponding to different latitudes. The color for the Juno tracks intersecting the latitude of the feature (i.e., between 18°N and 20°N for the 19°N feature and between 37°N and 39°N for the 38°N feature) is highlighted by black boxes on the color bars. The location of the vortices in longitude is show in the bottom panels (F and L).
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Figure S3 .Figure S4 .

 S3S4 Figure S3. Histogram of the brightness temperature variations measured inside and outside of the 19°N anticyclone (A-F) and 38°N cyclone (G-L).The histograms correspond to brightness temperatures inside the feature (red bars), at similar latitudes but different longitudes (black bars) and at similar longitudes but different latitudes (blue bars). Gaussian models fitted to the histograms are shown as dashed curves. See table S5 for a list of the latitudes and longitudes used.

Figure S5 .

 S5 Figure S5. Extreme NH3 mixing ratios as a function of pressure obtained at latitudes 18°S, 19°N and 38°N. The values account both for the atmosphere in the presence of vortexes and without these (Fig. S4). Solid lines indicate maximum values and dashed lines indicate minimum values.

Figure S6 .Figure S7 .

 S6S7 Figure S6. MWR contribution functions for MWR observation frequencies. Contribution functions for each vortex shown: the GRS (A), the 19°N anticyclone (B) and the 38°N cyclone (C). The contribution functions are adapted from a standard Jovian atmospheric model (2), to

  

  

Table S2 . Median brightness temperature, brightness temperature variation and residual for the anticyclone at 38°N vs. MWR frequency.

 S2 Frequency 𝑇 $ ∆𝑇 $ /𝑇 $ ∆𝑇 $ /𝑇 $

				uncertainty
	22 GHz	140.9 K	0.0099	0.0072
	10 GHz	189.3 K	0.0325	0.0067
	5.2 GHz	246.9 K	0.0101	0.0053
	2.6 GHz	331.6 K	-0.0144	0.0035
	1.25 GHz 463.3 K	-0.0127	0.0046
	0.6 GHz	861.8 K	-0.0056	0.0048

Table S3 . Median brightness temperature, brightness temperature variation and residual for the GRS at 18.2°S vs. MWR frequency.

 S3 Frequency 𝑇 $ ∆𝑇 4 /𝑇 $ ∆𝑇 4 /𝑇 $

				uncertainty
	22 GHz	139.8 K	-0.0132	0.0102
	10 GHz	190.0 K	-0.0183	0.0118
	5.2 GHz	244.8 K	-0.0122	0.0072
	2.6 GHz	329.7 K	-0.0140	0.0024
	1.25 GHz 460.9 K	0.0083	0.0021
	0.6 GHz	857.7 K	0.0256	0.0025
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Table S4 : Range of parameters chosen for the Monte-Carlo calculations

 S4 

	Parameter	GRS	19°N	38°N
	a	[-0.1,0.0]	[-0.1,0.0]	[0.0,0.1]
	b	[0.0,0.2]	[-0.05,0.05]	[-0.1,0.0]
	x0		[-1,0]	
	x1		[0,1.2]	
	x2		[0.5,3.0]	
	Log10𝛼0		[0,2]	
	Log10𝛼1		[0,2]	
	Log10𝛼2		[0,2]	

Table S5 : Latitude and longitude ranges used for the brightness temperature histograms 10 shown in Figure S3. VORTEX Latitudes Longitudes Line Color

 S5 

	19°N anticyclone	18.5°N, 20°N	99°W, 100.1°W	Red: inside vortex
	19°N anticyclone	18.5°N, 20°N	102.5°W, 105°W	Black: similar latitudes,
				different longitudes
	19°N anticyclone	15°N-17°N, 21-25°N	99°W,100.1°W	Blue: similar longitudes
				different latitudes
	38°N cyclone	37°N, 38°N	97°W, 103°W	Red: inside vortex
	38°N cyclone	37°N, 38°N	85°W, 95°W	Black: similar latitudes,
				different longitudes
	38°N cyclone	34°N-36°N, 40-43°N	97°W, 103°W	Blue: similar longitudes
				different latitudes
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