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Abstract12

The Cassini mission has provided the best opportunity to date to exten-13

sively study the seasonal variation in Titan’s atmosphere, with observations14

spanning almost half a Titan year (Ls = 293 − 93◦). An important feature15

in the Titan middle-atmosphere is the formation of a polar vortex. Observa-16

tions have shown that an initially well-developed northern vortex enriched17

with trace gas species gradually breaks down after spring equinox as a new18

vortex emerges in southern winter. Here we use Cassini CIRS observations to19

derive the temperature and composition of the middle-atmosphere. We use20

the gradient wind equation to first estimate the mean zonal winds, and then21

the Potential Vorticity (PV) throughout Titan’s atmosphere over the timespan22

of the Cassini mission. PV is a useful diagnostic quantity for studying the dy-23

namics of polar vortices because it is materially conserved for adiabatic and24

frictionless flows, and can be inverted to find all other dynamical fields. Our25

results show the formation of a strong zonal jet in the winter hemisphere, with26

wind velocities reaching 220 ms−1, which is consistent with previous studies.27

An annular PV structure is also observed over the winter poles, whereby a ring28

of PV encircles a local minima over the pole. Such distributions are often found29

to be unstable without a restoring force, yet they are seen here in numerous ob-30
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servations in both the northern and southern hemispheres. A comparison with31

the annular Martian vortices shows that latent heat release from condensation32

or subsidence-induced adiabatic heating may explain the origin and stability33

of the annulus. Finally, we investigate the evolution of the size of the vortices34

and the role of strong PV gradients as a dynamical mixing barrier for trace gas35

species across the vortex edge. We find that longer lived gases are less confined36

to the vortex than those with shorter photochemical lifetimes.37

1. Introduction38

Titan is Saturn’s largest moon and shares many similarities with the Earth.39

The atmospheric composition is approximately 98% nitrogen and 2% methane,40

with a surface pressure close to 1.5 bar (Fulchignoni et al., 2005). Active photo-41

chemistry in Titan’s upper atmosphere produces a rich variety of hydrocarbon42

and nitrile species through the break down of nitrogen and methane into free43

radicals by ultraviolet light and magnetospheric electrons (Wilson and Atreya,44

2004; Lavvas et al., 2008; Krasnopolsky, 2009; Dobrijevic et al., 2014; Loison45

et al., 2015; Vuitton et al., 2019). The products of these photochemical reac-46

tions subside into the cold stratosphere where they may condense, resulting47

in varying vertical abundance gradients (Teanby et al., 2009). The strength of48

enrichment in the stratosphere depends on atmospheric mixing and transport49

and also the rate of production of the gases and their photochemical lifetimes,50

which can vary significantly (Wilson and Atreya, 2004; Vuitton et al., 2019).51

Titan is tidally locked to Saturn and orbits the planet with a period of52

around 16 Earth days with one Titan year equivalent to the orbital period of53

Saturn - approximately 29.5 Earth years. Titan also orbits with Saturn’s obliq-54

uity of 26.7◦, similar to Earth’s 23.5◦. As with the Earth, this leads to uneven55

insolation in the atmosphere throughout the year forming seasons. During56

Titan’s winter the stratospheric temperatures at the winter pole have been ob-57

served to be up to 50K colder than at the equator (Teanby et al., 2019). This58

large temperature gradient is accompanied by the formation of strong zonal59
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winds and a mid-latitude zonal jet in addition to the background superrota-60

tion (Achterberg et al., 2008b; Newman et al., 2011), creating the polar vortex.61

The polar vortex is typically characterised by (i) cold stratospheric tempera-62

tures, (ii) a hot stratopause due to subsidence and adiabatic heating and (iii) in-63

creased trace gas abundances advected downwards from the photochemically64

active upper atmosphere. The range of lifetimes of trace gases in the vortex also65

allows their use as tracers of atmospheric dynamics (Teanby et al., 2008). Atmo-66

spheric circulation on Titan is dominated by an upwelling of gas at the summer67

pole travelling towards the winter pole before subsiding down into the lower68

atmosphere. This is briefly interrupted around equinox when the circulation69

is expected to form a two cell system with air upwelling over the equator and70

travelling towards both poles where subsidence continues to occur. The circu-71

lation is then expected to return to a one cell system with upwelling from the72

summer pole and subsidence over the new winter pole (Hourdin et al., 1995;73

Lebonnois et al., 2012a; Vinatier et al., 2015).74

The Cassini-Huygens mission provides us with the most comprehensive75

coverage of Titan’s atmosphere to date. Orbiting the Saturnian system from76

2004 to 2017 (Ls = 293◦ − 93◦) and observing Titan on 127 fly-bys, Cassini of-77

fers almost half a Titan year of seasonal coverage of both hemispheres (Nixon78

et al., 2019). On Cassini’s arrival Titan was about one third of the way through79

northern winter, with equinox occurring in August 2009. We therefore have a80

range of data covering the breakdown of the northern polar vortex in northern81

summer and the formation of the southern vortex in southern winter (Teanby82

et al., 2017, 2019; Sharkey et al., 2020). In this study we use infrared data83

collected by the Composite InfraRed Spectrometer (CIRS) on-board Cassini84

(Flasar et al., 2004). CIRS is sensitive to many IR-active gases in Titan’s at-85

mosphere and so combined with a radiative transfer code offers us the op-86

portunity to investigate the temperature and compositional changes in Titan’s87

atmosphere.88

A useful quantity for investigating vortex dynamics is potential vorticity89

(PV) which can be used as a diagnostic of atmospheric flow. PV is materially90
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conserved under the assumption of adiabatic and frictionless flows, and strong91

horizontal PV gradients can act as a mixing barrier and are also important for92

the propagation of Rossby waves (Hoskins et al., 1985; Nash et al., 1996). Pre-93

vious Titan based studies have also used these assumptions and PV as a means94

to investigate the polar vortices (Achterberg et al., 2008a; Teanby et al., 2008;95

Achterberg et al., 2011).96

Examining such PV distributions will allow us to examine where the vor-97

tex edge is and subsequently the size of the vortex. As the vortex edge is98

also a mixing barrier to many gases, examining the variation in gas abundance99

across this region will allow us to better understand how well gases mix across100

the vortex edge, as a previous study noted a link between gas lifetime and101

the mixing of the gas outside of the polar vortex (Teanby et al., 2008). Ear-102

lier CIRS studies have investigated the PV distribution in Titan’s atmosphere,103

although they only observed northern winter and did not fully cover polar104

regions (Achterberg et al., 2008a; Teanby et al., 2008; Achterberg et al., 2011).105

However, a PV distribution with opposing horizontal gradients was observed,106

such that a ring of high PV off-pole encircled a local minima near the pole.107

This ’annulus’ structure is not expected to persist as opposing PV gradients108

should be barotropically unstable (Rayleigh, 1879; Dritschel, 1986). However,109

Sharkey et al. (2020) found Titan’s northern vortex to remain zonally uniform110

in temperature and composition, suggesting that no large scale barotopic in-111

stabilities were observed. With the entire Cassini dataset available, we are able112

to examine the PV of Titan’s vortices with greater spatial and seasonal cover-113

age than any study before. Here we investigate the PV distribution in Titan’s114

atmosphere to determine the origin and stability of Titan’s annular vortices as115

the northern vortex weakens into summer and as the southern vortex grows116

with the onset of winter. We also investigate the changing size of the vortices117

and their relative strengths. Finally, by examining the change in gas abundance118

over the vortex edge we also attempt to describe the polar vortices’ abilities to119

inhibit mixing across their edge.120
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2. CIRS Data121

CIRS is a Fourier transform spectrometer capable of recording in the far122

IR and mid IR (10− 1500 cm−1, 1mm− 7 µm). This spectral range includes a123

large number of IR-active gases in Titan’s atmosphere which can be used to124

derive temperature and composition. CIRS covers this range using three focal125

planes and a shared telescope and scanning mechanism. The far IR is covered126

by FP1 (10− 600 cm−1), whilst the mid IR is covered by FP3 (600− 1100 cm−1)127

and FP4 (1100− 1500 cm−1). CIRS has an apodized spectral resolution which128

is adjustable between 0.5 and 15.5 cm−1. Here we use the MIDIRTMAP nadir129

observations which have a spectral resolution of 2.5 cm−1 and sufficient spatial130

coverage and resolution for this study. We use FP3 and FP4 which include both131

the ν4 CH4 band (1240− 1360 cm−1) and emissions from a variety of trace gas132

species. These observations typically probe pressure levels between 10 mbar133

and 0.001 mbar, although the extent of their reach depends on the latitude and134

season of each observation, which can shift the location of the contribution135

functions.136

In this study we use MIDIRTMAP observations from all 127 fly-bys to inter-137

pret the seasonal evolution of the polar vortices over the entire Cassini mission138

timespan. Although the number of fly-bys extending coverage all the way to139

the northern and southern poles is limited to 39 and 32 respectively, inclusion140

of lower latitude coverage is useful for the deduction of overall seasonal hemi-141

spheric trends. Coverage of the CIRS instrument over the Cassini mission is142

summarised in Nixon et al. (2019). The coverage of the data used in this study143

is shown in Figure 1. With this data, both poles are generally well covered in144

time from 2007 (Ls = 320◦) onwards, with the exception of an approximately145

4 year gap between 2009 and 2013 (Ls = 355◦ − 40◦) where only equatorial146

latitudes are observed, until summer solstice in mid-2017 (Ls = 90◦) where the147

Cassini mission ended.148

We use the DS4000 (version 4.2) calibration provided by the CIRS team in149

order to improve the signal to noise ratio and remove the background and sky150
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contributions (Jennings et al., 2017). To further improve the signal to noise151

ratio, we use the data binning technique outlined in Teanby et al. (2006) which152

tessellates Titan’s surface into equal area hexagonal bins, with a bin size of153

approximately 3◦, with spectra recorded within each bin averaged.154

3. Methods155

3.1. Radiative Transfer156

Inversion of the IR spectra to temperature and composition is carried out157

using the NEMESIS radiative transfer retrieval code (Irwin et al., 2008). NEME-158

SIS uses a correlated-k approximation (Lacis and Oinas, 1991; Pierrehumbert,159

2010) based on the constrained iterative nonlinear retrieval method (Rodgers,160

1976). In this method, model parameters are iteratively optimised in an at-161

tempt to match the measured data without straying too far from the model a162

priori input. In our forward model we set the abundance of CH4 to 1.48%, the163

value measured by the GCMS on the Cassini-Huygens entry probe (Niemann164

et al., 2010). The vertical apriori profiles of gas species are set to a uniform165

value, which will be scaled by a factor during the retrieval process, with values166

taken from previous CIRS-based studies (Flasar et al., 2005; de Kok et al., 2007;167

Coustenis et al., 2007, 2016). Furthermore we use apriori temperature profiles168

constructed from multiple CIRS observations including far-IR, limb and nadir169

observations as detailed in Teanby et al. (2017, 2019); Sylvestre et al. (2020).170

The same two-stage retrieval method as described in Sharkey et al. (2020)171

is used. The method is briefly outlined here. Fixing the CH4 abundance al-172

lows continuous temperature profiles to be derived using the ν4 CH4 band173

(1240− 1360 cm−1) in FP4. These temperature profiles are then used with174

trace gas emissions from FP3 (600− 1100 cm−1) to derive mean trace gas abun-175

dances in the atmosphere by scaling the uniform apriori vertical abundance176

profiles of each gas. As NEMESIS scales each gas profile to best fit the data,177

there is no vertical resolution in retrieved abundances. Uncertainties on both178

temperature and compositions are also derived from a combination of a for-179

ward model error and variance of the spectra used in the retrieval. Examples180
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of the 2.5 cm−1 resolution spectra recorded in these wavenumber ranges can be181

seen in Figure 2 and a typical retrieved temperature profile and corresponding182

contribution functions showing the sensitivity of the ν4 CH4 band is shown183

in Figure 3. The temperature contribution functions typically peak around184

1 mbar, with the tails extending downwards to near 5 mbar and upwards to185

a few nanobar. The peaks can be shifted up to between 0.1 and 0.01 mbar near186

the winter poles due to increased temperatures near the stratopause. However,187

even as the retrieved temperatures relax towards the apriori profile, tempera-188

tures should still remain reasonable between around 10 - 0.001 mbar as the189

apriori profiles are constructed from retrieval results from a variety of CIRS190

observations (Teanby et al., 2017).191

3.2. Wind and Potential vorticity determination192

Calculation of PV requires zonal wind velocities to be known. Following193

Flasar et al. (2005) we calculate mean zonal winds in Titan’s stratosphere us-194

ing the gradient wind equation which relates the vertical gradient of the zonal195

wind velocity to the meridional temperature gradient. The gradient wind196

equation is written197

∂

∂z||

(
2Ωu +

u2

r cos φ

)
= − g

T
1
r

(∂T
∂φ

)
p

where Ω = 4.56× 10−6 s−1 is Titan’s rotation rate, φ is latitude, and g198

is the altitude-dependent gravitational acceleration, with a surface value of199

1.35 ms−2, T is the temperature, r is the radius to the calculated position, z||200

is the direction along cylinders parallel to the rotation axis along which the201

derivative is calculated and u is the zonal wind velocity. The gradient wind202

equation allows us to calculate winds which are in cyclostrophic balance, whereby203

the centrifugal accelerations are balanced by the horizontal pressure gradients,204

which is the case for superrotating atmospheres such as Titan where the Cori-205

olis accelerations are small by comparison (See supplementary info of Flasar206

et al. (2005) or Read and Lebonnois (2018)). Titan’s northern vortex was previ-207

ously shown to exhibit no significant zonal variation (Sharkey et al., 2020) and208

7



so we use zonally averaged temperatures to improve the signal to noise. We209

take the zonal average of temperatures in latitude bins of 1◦ width. With the210

binning method outlined in section 2, this results in around 5 data points per211

1◦ latitude bin on average.212

Calculation of the zonal wind from this equation requires a boundary con-213

dition to be specified. We choose to use the same condition outlined in Achter-214

berg et al. (2008b), such that the zonal wind speeds at 10 mbar are equal to215

four times the surface angular velocity, as measured by the Huygens Doppler216

Wind Experiment (Bird et al., 2005; Folkner et al., 2006). This boundary con-217

dition is the addition of a constant value to the calculation, and so variations218

in this value do not result in changes to the thermal wind structure, and min-219

imal changes to the calculated values. As the derivative is taken parallel to220

the rotation axis, wind velocities close to the equator are unconstrained by the221

gradient wind equation, although a new formulation by Marcus et al. (2019)222

now allows thermal wind calculations over the equator. The gradient wind223

equation involves temperature gradients, so to avoid the amplification of noise224

temperatures at each pressure level have been smoothed using a 1 dimensional225

Gaussian convolution with standard deviation of 3◦ of latitude.226

The potential vorticity (PV) can further be calculated from the retrieved227

temperatures and derived zonal wind fields. As described in Read et al. (2006)228

and Teanby et al. (2008) using the hydrostatic approximation, potential vortic-229

ity q can be written230

q = −g
(

f + ξθ

) ∂θ

∂p
where f = 2Ω sin φ is the Coriolis parameter, θ is the potential temperature,231

p is the pressure and ξθ is the vertical component of relative vorticity calculated232

on surface of constant potential temperature, defined as233

ξθ = −
1

r2 cos φ

∂

∂φ

(
ru cos φ

)
The potential temperature θ is the temperature a parcel of air would have if234
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it were moved adiabatically to a reference pressure level (Houghton, 2002).235

θ = T
( p0

p

)κ

where p0 is the 10 mbar reference pressure, with κ = (cp − cv)/cp = 0.281236

the ratio of heat capacities taken from Teanby et al. (2008). The smoothed237

temperatures used in the wind calculations, and the resultant winds are both238

passed onto the PV calculations. As mentioned previously, temperatures are239

zonally averaged and resampled into 1◦ latitude bins. Calculated zonal winds240

(and subsequently PV) resolution is limited by the size of the averaging bins241

(3◦). It should be noted that latitudinal variations in wind or PV on a finer scale242

than this, if present on Titan, will not be picked up by this method.243

4. Results244

4.1. Temperature Retrievals245

The temperature of Titan’s middle atmosphere has been studied extensively246

since the arrival of Cassini. A brief overview of the temperature retrieval re-247

sults is presented here, but the reader is referred to other studies for greater248

detail (e.g. Teanby et al. (2019), Sylvestre et al. (2020), Vinatier et al. (2015)).249

The seasonal variation of temperature in Titan’s atmosphere is illustrated250

in Figure 4 which shows the zonally averaged temperature evolution at the251

1, 0.1 and 0.01 mbar level over the Cassini mission. The northern pole is ini-252

tially seen to be around 30 K colder than the equator at 1 mbar, with a hot253

stratopause visible at the 0.1 and 0.01 mbar levels due to adiabatic heating. As254

Titan passes equinox (Ls = 0◦), the temperatures near the northern pole in the255

upper stratosphere begin to cool, whilst the southern pole shows a strong tem-256

perature decrease from around Ls = 30◦ onwards. An increase in temperature257

is observed over the southern winter pole near winter solstice (Ls = 90◦), most258

likely due to strong adiabatic heating (Teanby et al., 2017). Cross sections of259

mean zonal temperature also illustrate these features and are shown in Figure260

5 between 10 and 0.001 mbar across 4 different time periods. Each temperature261

cross section is the calculated as the average of the temperatures from each262
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observation in the time period. The mean zonal potential temperature for the263

same time periods is also shown in Figure 6. As seen in Figure 3, sensitivity264

for the ν4 CH4 band is typically between 10 - 0.001 mbar depending on the265

season. In potential temperature coordinates, peak sensitivity (1 mbar) occurs266

around 350K, with 0.1 and 0.01 mbar corresponding to approximately 700K,267

1250K respectively.268

4.2. Mean Zonal Winds269

Figure 7 shows the cross section of mean zonal winds calculated from the270

average temperatures shown in Figure 5. In the northern hemisphere, a strong271

jet is initially inferred at around Ls = 330◦ and between 0.1 and 0.01 mbar,272

with peak velocities close to 200 ms−1. As northern winter progresses into273

summer the winds gradually decrease and the jet vanishes, with maximum274

wind velocities of around 120 ms−1 observed in the northern hemisphere by275

Ls = 90◦. After equinox (Ls = 0◦) the southern mean zonal wind velocities276

begin to increase rapidly with a strong peak of over 220 ms−1 observed at Ls =277

57◦ around 60◦ south and upwards of 0.1 mbar. By Ls = 90◦ the maximum278

winds have decreased slightly moved equatorwards to around 40◦ south with279

peak values close to 180 ms−1 around 0.1 mbar, forming a strong jet similar to280

that observed in northern winter.281

In Figure 8 the seasonal change in wind velocities at 1, 0.1 and 0.01 mbar282

is shown. The largest wind velocities are seen to transition from the northern283

hemisphere to the southern hemisphere as northern winter passes and south-284

ern winter emerges. Solving the gradient wind equation for zonal wind ve-285

locity requires the use of the quadratic formula. The discriminant contains the286

cumulative horizontal temperature gradient along the cylinder for which the287

calculation is being performed. This value can become negative, turning the288

discriminant negative, resulting in regions where no wind values can be cal-289

culated. This is most likely due to noise in the data combined with taking the290

derivative of the temperature field. This typically happens high over the win-291

ter pole, as seen in the zonal wind cross sections of Figure 7 and later in the PV292
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distributions in Figures 9 and 11, although generally winds can be calculated293

for most fly bys with no issues.294

The calculated uncertainty on the mean zonal wind can also be seen in Fig-295

ure 8. Uncertainties are obtained by calculating the mean zonal winds N times296

and taking the standard deviation. In each calculation, the temperatures used297

include the addition of a random value from a normal distribution with the298

corresponding temperature error from the retrieval process used as the σ value.299

Similarly, PV uncertainties are calculated by taking the standard deviation of N300

PV calculations, with winds and temperatures varied each time with the addi-301

tion of random noise. In both cases uncertainties were obtained from N = 100302

calculations. For the zonal winds, the boundary condition is taken from one303

measurement in Titan’s atmosphere and used across all seasons and latitudes,304

therefore there is likely to be a significant uncertainty on this value. Whilst it is305

difficult to quantify the boundary condition uncertainty with no further mea-306

surements, its effects on the overall wind uncertainty can readily be calculated307

for a given value, as the boundary condition is a constant addition to the wind308

calculation.309

4.3. Mean Zonal PV310

Passing the calculated zonal winds and temperatures into the potential vor-311

ticity equation allows inspection of the cross-sectional variation of PV. Figure312

9 shows the PV distributions calculated from the average temperatures and313

winds shown in Figures 5 and 7. The seasonal variation of PV can also be seen314

in both hemispheres in Figure 10 on 350K, 700K and 1250K isentropic surfaces315

(approximately 1, 0.1 and 0.01 mbar). PV is plotted on constant potential tem-316

perature surfaces as it is conserved on isentropic surfaces for frictionless and317

adiabatic flows (Waugh, 1997). The dependence of potential temperature on318

the ( 1
p ) factor results in the values of PV increasing rapidly with height. Scal-319

ing the PV by a function θn, as first suggested by Lait (1994), allows the vertical320

variation to be significantly reduced, whilst preserving the relative horizontal321

structure, and conservative properties of PV. They suggest n = −9/2 as a suit-322
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able value for an isothermal atmosphere, however Teanby et al. (2008) found a323

value of −7/2 to more effectively remove the vertical variation for Titan, and324

so n = −7/2 is used in this study. In all plots, the sign of southern PV values325

has been flipped to better compare the northern and southern PV distributions.326

During northern winter, maximum PV values are observed in the northern327

hemisphere with values peaking around 70◦. As with the northern winds, the328

maximum PV values gradually decrease in the north as winter transitions into329

summer, with PV values close to 0 over the hemisphere by Ls = 90. Similarly,330

in the south after equinox a rapid increase in PV is observed with maximum331

values found near the pole around Ls = 57◦ exceeding the maximum values332

found in the north. By Ls = 90◦ maximum values have decreased and moved333

equatorwards, but still exceed those values observed in the north.334

Figure 11 shows the latitudinal PV distributions for both the northern and335

southern hemispheres over various points in each season using PV units (1336

PVU = 10−6 m2s−1Kkg−1). In northern winter the PV distribution in the north337

is seen to exhibit an annulus with a local maximum in PV equatorward of the338

pole encircling a local minimum over the pole. As the northern hemisphere339

transitions into summer the maximum PV values steadily decrease and from340

about Ls = 40◦ onwards PV monotonically increases towards the pole. By341

around Ls = 60◦ the distribution appears to be mostly uniform with no signif-342

icant increase towards the pole. In the southern hemisphere, before equinox343

the vortex has not developed and the PV distribution is flat. After equinox,344

however, there is a sharp increase in PV, with the maximum value observed345

over the pole. As winter progresses the maximum PV value decreases and346

the latitude it occurs at shifts equatorwards, becoming annular from around347

Ls = 50◦ onwards. Although the PV values calculated in the south are larger348

than the north, they are not measured at comparable times in the seasonal cy-349

cle. As discussed earlier, strong horizontal gradients in PV imply a barrier to350

mixing processes and maxima in the gradient can be used as an estimator of351

the vortex edge. Figure 12 shows the latitudinal variation of PV and the hori-352

zontal PV gradient for selected observations in both the northern and southern353
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Hemisphere Ls coverage (◦) Θ coverage (◦)
Northern 293◦ − 93◦ 113◦ − 273◦

Southern 293◦ − 93◦ 293◦ − 93◦

Table 1: Solar longitude coverage for northern and southern hemisphere in a new frame combining
observations from both hemispheres to represent a single polar vortex. Hemisphere of data and
regular solar longitude is shown on the top axis.

hemisphere on the 350K isentropic surface. The latitude of the maximum PV354

gradient is seen to shift poleward in the north as winter turns to summer, and355

equatorwards in the south as winter develops.356

4.4. Combining Northern and Southern Vortex Observations357

The lack of year-round coverage of both the northern and southern vortices358

makes a comparison between the two difficult as we have observations approx-359

imately covering winter and spring in the northern hemisphere, and summer360

and autumn in the southern hemisphere. In order to better visualise how a361

typical Titan polar vortex may behave over the course of a year, we combine362

northern and southern hemisphere data into one vortex. To do so we define a363

new solar longitude frame, Θ, which is equivalent to Ls for southern observa-364

tions and Ls − 180◦ for northern observations. In other words, Θ is the solar365

longitude from autumnal equinox in each hemisphere. The seasonal coverage366

provided by each hemisphere in this frame is listed in Table 1. However, it367

is important to note that due to Saturn’s elliptical orbit, perihelion occurs at368

around Ls = 279◦ and so Titan’s northern winter receives less insolation and369

is shorter than its southern counterpart. The discrepancy in solar heating be-370

tween the hemispheres could lead to an asymmetry between the strengths of371

the winters, and subsequently the polar vortices. Figures 13 and 14 show the372

replotting of Figures 8 and 10 in this new frame.373

Seasonal variation of the PV in the vortices can be seen in the leftmost col-374

umn of Figure 15. The maximum PV value observed on the 350K isentropic375

surface shows a rapid increase and then decrease shortly after equinox, with376

values peaking at around Θ = 45◦. From Θ = 90◦ onwards the PV values377

appear to slowly decrease as the vortex enters late winter and early summer.378
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Gas Photochemical Lifetime (s) Titan Years
HCN 3.8× 1011 408
C2H6 4× 109 4.30
C2H2 9.1× 108 0.98
C3H4 1.9× 108 0.20
HC3N 8.2× 107 0.08
C4H2 2.6× 107 0.03

Table 2: Photochemical lifetimes of gases used in this study in Titan’s atmosphere at 300km. Values
taken from Vuitton et al. (2019).

By Θ = 240◦ there appears to be no variation in the maximum PV values, with379

values remaining constant through the remainder of the year, suggesting there380

is no sign of the vortex in the PV distributions by this point. A similar dis-381

tribution is seen in the maximum horizontal gradients observed, again with382

almost no sign of a strong PV gradient by Θ = 240◦. The latitudes of the maxi-383

mum positive PV gradients indicating the vortex edge show a clear growth in384

the vortex size, with the earliest observations at around Θ = 45◦ showing the385

vortex extending to around 15 degrees from the pole, and quickly extending386

to 40 degrees from the pole by Θ = 90◦. The vortex appears to remain fairly387

uniform in size until around Θ = 180◦ where it begins to shrink. By Θ = 240◦388

the vortex extends to just 20◦ from the pole, with determination of the vortex389

edge becoming increasingly difficult due to the mostly flat PV distributions.390

4.5. Trace gas abundance variation across the vortex391

Investigating the variation in gas composition across the vortex edge will392

allow us to determine the effectiveness of the vortex as a mixing barrier. We393

investigate the meridional variation of HCN, C2H6, C2H2, HC3N, C4H2 and394

C3H4 and the relation between their variation with the vortex edge and their395

photochemical lifetimes, which are listed in table 2. Figure 15 illustrates the396

changing composition of the vortices over the seasons. After equinox we see397

the vortex becoming enriched in all selected trace gases, with the maximum398

abundance observed typically peaking sooner for shorter lived gases. For the399

shorter lived gases (HC3N, C4H2 and C3H4) the maximum abundance in the400

vortex begins to decrease from Θ = 90◦ onwards, whereas the longer lived401
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gases either peak at Θ = 90◦ and remain constant until Θ = 210◦ (C2H6) or402

continuously increase until Θ = 210◦ (HCN, C2H2). From Θ = 210◦ onwards,403

all trace gases begin to show a sharp decline in maximum abundance in the404

vortex. As noted in previous studies (Teanby et al., 2009) there is an inverse405

relationship between trace gas photochemical lifetime and the relative enrich-406

ment of the vortex. Examination of the maximum abundance gradients shows407

a similar trend, with the shortest lived gases exhibiting the largest abundance408

gradients. All gas abundance gradients are seen to decrease as the vortex be-409

comes depleted in that gas, from Θ = 210◦ onwards. Figure 15 also shows the410

locations at which the maximum abundance gradients occur, indicating when411

the gas variation is greatest. All gases shown generally follow the same pat-412

tern, with a sharp increase after equinox from between 10− 20◦ from the pole413

to around 35− 50◦ from the pole by Θ = 90◦ in a similar manner to the ob-414

served PV distribution. From then on, the peak gas gradients appear to slowly415

migrate poleward up to Θ = 270◦. Beyond this, this abundance distributions416

have become flat and peak gradient locations do not convey much information.417

To better investigate the relationship between peak gas gradient locations418

and peak PV gradients, we take the average of multiple observations. In Fig-419

ure 16 the separation between the vortex edge and the maximum gas variations420

are shown as a function of photochemical lifetime for various times through-421

out the year. In early winter as the vortex is forming, the vortex edge lags422

behind (poleward of) the peak gas variation for all gases. As the vortex begins423

to grow in size, the edge becomes more in line with the peak gas gradients.424

Between Θ = 50◦ − 90◦ there is equatorward movement of all gas gradients425

and a more rapid growth of vortex size. By solstice (Ls = 90◦) the vortex426

has reached its maximum size and the edge now more closely coincides with427

most of the gas gradients. The vortex size remains roughly uniform through428

to Ls = 180◦, throughout which time we see the shorter lived gases maximum429

variation drawing back towards the pole, falling in the vicinity of the vortex430

boundary, indicating that they do not mix greatly across the boundary during431

this period. However, the two longest lived gases (HCN and C2H2) appear432
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to have their peak variation equatorward of the vortex edge. Finally, from433

Θ = 220◦ we see the vortex shrinking in size and weakening (as seen in the434

maximum PV gradients in Figure 15). As the vortex weakens, the edge deter-435

mination becomes more sporadic and the mean edge uncertainty envelopes a436

larger range of latitudes, during which time all gases show their peak variation437

creep poleward as the vortex depletes.438

5. Discussion439

5.1. Mean Zonal Winds and PV distribution in the middle atmosphere440

This study used CIRS nadir data over the entire Cassini mission to esti-441

mate zonal winds in both hemispheres. The mean zonal winds calculated here442

are consistent with values obtained via a variety of methods. Previous studies443

have used earlier CIRS nadir and limb data, and the same gradient wind equa-444

tion as used in this study, to obtain estimates of zonal wind velocities in the445

northern winter hemisphere. Achterberg et al. (2008b) found peak wind veloc-446

ities of around 190 ms−1 near 0.1 mbar at 30− 50◦N during mid northern win-447

ter (Ls = 293− 323◦). Achterberg et al. (2011) later found similar values for late448

northern winter (Ls = 347− 5◦). Other methods of measuring wind velocities449

have also produced similar results. Stellar occultations have provided values450

of around 180 ms−1 at 65◦N/S (Ls = 128◦)(Hubbard et al., 1993) and 200 ms−1
451

at 55◦N (Ls = 290◦)(Sicardy et al., 2006). Similarly, Kostiuk et al. (2005) found452

values of around 190 ms−1 at altitudes greater than 200 km (∼ 1− 0.1 mbar)453

near the equator (Ls = 290◦) using heterodyne spectroscopy.454

Titan General Circulation Models (GCMs) also provide estimates of zonal455

wind velocities for comparison. Such GCMs have often struggled to accu-456

rately reproduce the superrotating winds observed in Titan’s middle atmo-457

sphere (Lebonnois et al., 2012b; Lora et al., 2019). The Institut Pierre Simon458

Laplace (IPSL) Titan GCM (Lebonnois et al., 2012a) predicts zonal wind struc-459

ture and seasonal variation similar to the pattern shown in Figures 7 and 8 (See460

Figures 7 and 8 of Lebonnois et al. (2012a)). However, the magnitudes of the461

zonal winds are typically underestimated and peak approximately one order462
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of magnitude in pressure lower (∼ 100km lower) compared to previous obser-463

vations and the values calculated in this study. The Titan Atmospheric Model464

(TAM) (Lora et al., 2015) more closely matches our observations, with the over-465

all structure of the zonal winds in agreement (See Figure 5 of Lora et al. (2015))466

although the magnitudes of the peak zonal winds are still underestimated by467

around 70 ms−1 for northern mid-fall. Similarly, the Titan Weather Research468

and Forecasting (TitanWRF) model (Newman et al., 2011) reproduces the over-469

all structure of the zonal winds seen in our observations, but slightly underesti-470

mates the magnitude and altitude of peak velocities during certain seasons (see471

Figures 8 and 9 in Newman et al. (2011)). Near Ls = 0◦, the peak zonal winds472

in TitanWRF are around 160 ms−1 and occur between 1− 0.1 mbar compared473

to our 200 ms−1 between 0.1− 0.01 mbar. However, at Ls = 90◦ our results474

are in closer agreement with the simulated zonal winds, both of which show475

peak wind velocities of around 180 ms−1, with the peak GCM winds occurring476

1− 0.1 mbar and our calculated peak winds around 0.1 mbar.477

We also observe for the first time an annulus of maximum PV encircling the478

poles in both hemispheres in multiple flybys. PV distributions derived from479

CIRS data have previously suggested an annular PV distribution, as opposing480

PV gradients in the polar region were observed with a peak in PV occurring481

around 65◦N, but coverage did not extend all the way to the pole and were482

limited to a few northern winter observations (Achterberg et al., 2008b; Teanby483

et al., 2008; Achterberg et al., 2011). These results are consistent with the PV484

distributions calculated in this study, shown in Figure 11 for the northern vor-485

tex in late winter, and the southern vortex approaching winter solstice. These486

annular PV distributions observed on Titan are not expected to persist, as such487

distributions have been shown to be barotropically unstable (Dritschel, 1986).488

However, the annular distribution is consistently seen in the northern hemi-489

sphere before equinox, and in the southern hemisphere after around Ls = 50◦.490

There must therefore be a mechanism by which the annular PV distribution is491

maintained for the vortices. An important factor in discussing the observed PV492

distributions is the resampled resolution of our data, which is limited to 1◦ of493
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latitude due to the zonally averaged data used in this study. This resolution is494

sufficient for analysing the hemispheric behaviour of PV, but will be unable to495

identify finer scale structure which is often important for barrier mixing pro-496

cesses, as on Earth (Mitchell et al., 2015).497

In Figures 15 and 16 we combine both northern and southern vortex ob-498

servations to discuss a typical Titan vortex. As mentioned earlier, the eccen-499

tricity of Saturn’s orbit results in differences in insolation and length of winter500

between the hemispheres, with the shorter northern winter receiving more in-501

solation than southern winter. Despite this discrepancy, variations in the peak502

gas abundances and peak PV observed in the vortices appear to show a co-503

herent seasonal trend as seen in Figure 15, suggesting that the eccentricity of504

Titan’s orbit does not result in significant differences between the polar vor-505

tices. Similarly, Jennings et al. (2015) found that the condensate cloud identi-506

fied by its far-infrared signature at 220 cm−1 also shows a coherent seasonal507

trend between the northern and southern seasons.508

5.2. The origin and stability of the annular PV distribution509

The polar vortices of Mars have been studied in great depth and also exhibit510

an annular PV distribution (Banfield et al., 2004; Mitchell et al., 2015; Waugh511

et al., 2016). Understanding the mechanisms maintaining the annuli in the512

Martian vortices may help explain the persistence of Titan’s annular vortices.513

Mitchell et al. (2015) suggest that the distribution could possibly be maintained514

by the circulation, where strong adiabatic heating from the poleward descend-515

ing air in the global Hadley cell may produce the annular distribution. Titan’s516

winter poles also exhibit strong adiabatic heating from the downward branch517

of the global circulation, which may help to create the annuli observed.518

Toigo et al. (2017) later suggested that the role of CO2 in the global circu-519

lation is responsible. They show, using the MarsWRF GCM, that the annular520

PV structure can be attributed to the condensation of CO2 in the Martian at-521

mosphere. The latent heat released during condensation acts to destroy the522

PV over the winter pole, forming the annular structure (Toigo et al., 2017). Ice523
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clouds of HCN and C6H6 have been observed over Titan’s southern winter524

pole (de Kok et al., 2014; Vinatier et al., 2018) and a large condensate cloud was525

observed by West et al. (2016) over the southern pole using Cassini Imaging526

Science Subsystem (ISS). It may also be the case that the latent heat released527

by the condensation of these gases is significant enough to destroy the PV over528

the pole. However, it remains unclear whether latent heat, adiabatic heating or529

a combination of the two produce the observed PV annulus on Titan.530

More generally, Seviour et al. (2017) went on to investigate the possible531

factors which determine the stability of the annular Martian vortex. They532

found that the level of barotropic instability in the Martian vortex is related533

to the width of the PV annulus, with larger wavenumber components domi-534

nating for thinner annuli. Generally, a wider annulus was less likely to pro-535

duce barotropic instability. Although defining the thickness of the PV profiles536

observed in this study is not necessarily intuitive, comparing them with the ini-537

tial profiles used by Seviour et al. (2017) or indeed predicted by Mitchell et al.538

(2015), they typically show a wider annulus. This may suggest that the PV539

distributions in Titan’s polar vortices are unlikely to produce barotropic insta-540

bilities. Recent analysis of zonal variations in the temperature and composition541

of Titan’s northern polar vortex also found no convincing sign of barotropic in-542

stability across the vortex (Sharkey et al., 2020). Furthermore, Seviour et al.543

(2017) showed that sufficiently strong topographical forcing or thermal relax-544

ation timescales longer than the instability timescale could produce a mono-545

tonic PV distribution. The former is unlikely to disrupt an annulus on Titan546

as the topography is relatively flat and not expected to produce waves which547

can propagate into the stratosphere (Lorenz et al., 2011; Sharkey et al., 2020).548

Radiative timescales in Titan’s atmosphere vary greatly, from longer than 10549

Titan years in the troposphere (Strobel et al., 2009) to comparable to a Titan550

day near 0.1 mbar (Lebonnois et al., 2014; Bézard et al., 2018). The persistence551

of the annuli suggests that the instability timescales must therefore be longer552

than these radiative timescales.553

A final point on the PV distribution is the variation with altitude. PV in554
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the northern vortex is seen to tilt towards the equator with increasing altitude,555

whilst the southern vortex shows a less distinct poleward tilt. The PV struc-556

ture of Earth and Mars’s vortices tend to tilt equatorward and poleward re-557

spectively, a difference which is attributed to the level of gravity wave activity558

present, with gravity waves depositing greater energy in Earth’s atmosphere559

than the Martian atmosphere (Mitchell et al., 2015). Gravity waves have pre-560

viously been identified in Titan’s atmosphere (Lorenz et al., 2014), although561

further investigation into their presence in the polar regions is needed to better562

understand if and how they alter the vortex.563

5.3. The vortex edge as a dynamical mixing barrier564

Teanby et al. (2008) first examined the latitudinal variation of trace gas565

abundance across Titan’s northern polar vortex. They found that the longest-566

lived gases observed in their study (C2H2, HCN) showed “tongues” extending567

equatorward from the vortex. They suggest that gases with such long life-568

times are able to escape the vortex via small scale wave mixing and barotropic569

instabilities, although trace gases may also escape at lower stratospheric alti-570

tudes where the assumption of frictionless flow breaks down and the vortex571

mixing barrier is less effective, and subsequently be advected equatorward572

by the descending branch of the mean meridional circulation. These results573

are consistent with this study, which finds that for the fully developed vortex574

(Θ = 145− 180) the longest-lived gases generally exhibit their peak variation575

outside of the vortex which can be seen in Figures 15 and 16 showing the lati-576

tudinal extent of gas mixing in relation to the vortex edge over different stages577

in the vortex evolution.578

Our results show that there is a close relationship between the seasonal579

evolution of the PV gradient and the latitudinal variation of trace gas species.580

Once the vortex appears to have reached its maximum size (Θ = 145− 180), the581

longest lived gases exhibit their maximum variation equatorward of the vortex582

edge, indicating that their mixing across the vortex edge is not greatly inhib-583

ited. However, the shorter lived gases are found to vary most in the region of584
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the vortex edge, indicating that these gases are long lived enough to escape the585

vortex mixing barrier and interact with the main meridional circulation. How-586

ever, the shorter lived gases vary most in the region of the vortex edge, indicat-587

ing photochemical lifetimes less than the meridional transport timescale. We588

also found that even after the vortex had significantly weakened and no longer589

appeared to present a mixing barrier, maximum variation of trace gas abun-590

dance began to regress poleward. This result is in agreement with Teanby et al.591

(2019) who found that after the vortex broke up, trace gases did not spread592

to lower latitudes. They suggest that the main mechanism for stratospheric593

trace gas depletion is due to the reversed Hadley cell advecting low-latitude594

trace gas depleted air into the polar mid stratosphere, and increasing insola-595

tion causing photochemical loss of trace gases. As mentioned previously, the596

process of mixing across the vortex barrier can also be enhanced by PV fila-597

mentation. However, such fine scale structures are unlikely to be resolved in598

this study.599

6. Conclusion600

Using Cassini CIRS nadir data, we investigate the evolution of Titan’s po-601

lar vortices, observing both the breakup of northern vortex which was well602

developed on Cassini’s arrival (Ls = 293◦) and the formation of the southern603

winter vortex towards the end of the mission (Ls = 93◦). We use retrieved604

temperatures to calculate the mean zonal winds in Titan’s atmosphere, and605

subsequently calculate the Potential Vorticity (PV) structure in the polar vor-606

tices.607

We produce the first mean zonal wind calculations displaying seasonal608

variations over the entire Cassini mission for Titan’s middle atmosphere. Our609

results initially show the formation of a strong zonal jet in the northern winter610

hemisphere which gradually migrates to the southern hemisphere as insolation611

varies, with calculated magnitudes consistent with measurements obtained via612

a variety of methods. Similarly, we produce seasonal zonal mean PV maps613

throughout the Cassini mission.614
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Previous CIRS studies had observed opposing PV gradients near the north-615

ern winter pole (Teanby et al., 2008; Achterberg et al., 2008b, 2011). Our results616

here confirm this distribution, with an annulus of PV being observed for long617

periods over both the northern and southern winter poles. Such a PV distri-618

bution is not expected to be stable. A comparison with our understanding of619

the (stable) annular PV distribution on Mars helps us to explain why Titan’s620

also persists for so long. An investigation into the stability of the Martian an-621

nulus found that wider annuli tended to show less barotropic instability than622

thinner annuli, although stability also relied on little topographical forcing and623

relatively short radiative timescales (Seviour et al., 2017). Titan’s topography is624

relatively flat, and we find Titan has a relatively broad annulus by comparison625

with Mars. Both of which would help to explain the stability of Titan’s annular626

vortices.627

We also discuss the possible causes for the existence and stability of the628

annular PV structure. Again, studies into the annular nature of the Martian629

PV aid in understanding Titan’s PV. Explanations for Martian annular PV in-630

clude a forcing mechanism by dynamical heating from the descending branch631

of the Hadley cell (Mitchell et al., 2015) and latent heat from condensing CO2632

over the winter pole (Toigo et al., 2017) acting as a PV sink to force the annular633

structure. Both suggestions may also play a role in producing Titan’s annular634

vortex. Strong adiabatic heating occurs over Titan’s winter poles and observed635

condensation of trace gas species over Titan’s southern winter pole may pro-636

duce latent heat which can play a similar role in destroying PV.637

Finally, we investigate the relationship between trace gas abundances and638

the vortex edge as a dynamical mixing barrier. We find that as winter begins on639

Titan, the winter pole is rapidly enriched with trace gases, with the formation640

of the vortex following closely behind. The winter vortex reaches its maximum641

size by solstice. From here onwards we find evidence that the vortex edge acts642

as a mixing barrier for trace gas species, inhibiting mixing across between the643

polar and equatorward air. Longer lived gases are found to extend outside the644

vortex much more than shorted lived gases, suggesting that they more readily645

22



mix across the barrier. This is likely due to the mixing timescale for the vortex646

edge, with those gases with photochemical lifetimes greater than the mixing647

timescale escaping the vortex via small scale mixing across the boundary. As648

the vortex weakens and dissipates, the now unconstrained gases’ gradients649

don’t migrate equatorward, but instead move poleward, most likely due to650

photochemical loss and the reversed Hadley circulation drawing trace gas de-651

pleted air from low latitudes towards the pole.652
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Bézard, B., Vinatier, S., Achterberg, R. K., Mar. 2018. Seasonal radiative model-669

ing of Titan’s stratospheric temperatures at low latitudes. Icarus302, 437–450.670

23



Bird, M. K., Allison, M., Asmar, S. W., Atkinson, D. H., Avruch, I. M., Dutta-671

Roy, R., Dzierma, Y., Edenhofer, P., Folkner, W. M., Gurvits, L. I., Johnston,672

D. V., Plettemeier, D., Pogrebenko, S. V., Preston, R. A., Tyler, G. L., Dec 2005.673

The vertical profile of winds on Titan. Nature 438, 800–802.674

Coustenis, A., Achterberg, R. K., Conrath, B. J., Jennings, D. E., Marten, A.,675

Gautier, D., Nixon, C. A., Flasar, F. M., Teanby, N. A., Bézard, B., Samuelson,676
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Lüdemann, J., Neubauer, D., Tegtmeier, A., Tegtmeier, C., Thomé, B., Hund,850

F., deWitt, C., Fraser, B., Jansen, A., Jones, T., Schoenau, P., Turk, C., Mein-851

tjies, P., Hernandez, M., Fiel, D., Frappa, E., Peyrot, A., Teng, J. P., Vignand,852

M., Hesler, G., Payet, T., Howell, R. R., Kidger, M., Ortiz, J. L., Naranjo, O.,853

Rosenzweig, P., Rapaport, M., Nov 2006. The two Titan stellar occultations854

of 14 November 2003. Journal of Geophysical Research (Planets) 111 (E11),855

E11S91.856
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Figure 1: Summary of the latitudinal and temporal coverage of the Cassini CIRS 2.5 cm−1

MIDIRTMAP observations used in this study. Red dashed lines indicate equinox (Ls = 0◦) and
solstice (Ls = 90◦). The data initially observes mid northern winter and southern summer, through
to summer and winter solstice in the northern and southern hemispheres respectively.

33



Figure 2: Example MIDIRTMAP with 2.5 cm−1 resolution spectra measured by CIRS at 60◦N dur-
ing northern winter and the fitted spectra retrieved by NEMESIS. (a) ν4 CH4 Methane band in FP4
used for temperature retrievals. (b, c) Multiple IR active gases observed in FP3.
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Figure 3: (a) Continuous temperature profile retrieved from ν4 CH4 band at 60◦N during north-
ern winter. (b) Contribution functions for the same retrieval. Bright colours indicate regions of
sensitivity, which typically provides temperature information between 10 and 0.001 mbar.

35



Figure 4: Seasonal variation of temperature at (a) 1 mbar, (b) 0.1 mbar, (c) 0.01 mbar. The northern
pole is initially seen to be cold at 1 mbar, with a hot stratosphere due to adiabatic heating. After
equinox, temperatures are seen to drop in the stratosphere, with heating observed at 0.01 mbar
near southern winter solstice most likely due to strong adiabatic heating (Teanby et al., 2017).
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Figure 5: Cross sections of mean zonal temperatures in Titan’s middle atmosphere averaged across
different solar longitude time periods. The approximate corresponding calendar year coverage is
also shown.
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Figure 6: Mean zonal potential temperature cross sections averaged across the same solar longi-
tudes as Figure 5 using a reference pressure level of 10 mbar.
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Figure 7: Mean zonal winds in Titan’s stratosphere calculated from the average temperatures
shown in Figure 5. Gradient wind equation is unconstrained over the equator. Other regions
are blank where gradient wind equation cannot be calculated, most likely due to noise in data.
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Figure 8: Mean zonal wind evolution at (a) 1mbar, (b) 0.1 mbar, (c) 0.01 mbar. Uncertainty contour
lines shown at 2, 5 and 10 ms−1 (dashed, dotted and solid grey lines respectively). Large increase
in winds around 60◦S due to very cold temperatures in early winter, producing a strong horizontal
temperature gradient (Teanby et al., 2017). Gaps in data near the poles are due to lack of cover-
age, whereas gaps over the equator are due to winds being unconstrained by the gradient wind
equation.
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Figure 9: Mean zonal PV with Lait (1994) rescaling calculated from the average temperatures and
winds shown in Figures 5 and 7. Sign of southern PV has been flipped. The pressure scale is also
plotted at the mean potential temperature during each time period. PV is seen to increase towards
the winter pole, with a local maxima off-pole and local minima over the pole, forming an annulus.
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Figure 10: Mean zonal PV with Lait (1994) rescaling on (a) 350K, (b) 700K, (c) 1250K isentropic
surfaces. Sign of southern PV has been flipped. Northern PV is seen to decrease in magnitude as
the hemisphere enters summer. Similarly, a strong PV distribution develops in the south shortly
after winter begins. In both hemispheres, the PV distribution is seen to exhibit and annular nature.
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Figure 11: Latitudinal variation of PV in both hemispheres at different points in the seasonal cycle
(columns) and on different isentropic surfaces (rows). Sign of southern PV has been flipped. PV
distribution is seen to be flat before the vortex forms in the south and after the vortex breaks up in
the north. An annular PV distribution is also seen in both hemispheres.
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Figure 12: Seasonal variation of latitudinal PV and PV gradient profiles in both hemispheres on
the 350K isentropic surface. Sign of southern PV has been flipped. Northern PV gradient maxima
are seen to move poleward as the summer develops and vortex weakens. Southern PV gradient
maxima move equatorward as winter develops and the vortex grows.
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Figure 13: Mean zonal wind evolution at (a) 1mbar, (b) 0.1 mbar, (c) 0.01 mbar as shown in Figure
8 in the new reference frame combining both hemispheres.
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Figure 14: Mean zonal PV with Lait (1994) rescaling on (a) 350K, (b) 700K, (c) 1250K isentropic
surfaces as shown in Figure 10 in the new reference frame combining both hemispheres. Sign of
southern PV has been flipped. Hemisphere of data and regular solar longitude is shown on the
top axis.
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Figure 15: Seasonal variation of the maximum gas abundance observed in Titan’s vortices, the
peak meridional gradient of gas abundance and location of peak gradient for HCN, C2H6, C2H2,
HC3N, C4H2 and C3H4. Similarly shown is the maximum value of PV observed on the 350K
isentropic surface and the maximum gradient and location (vortex edge). Sign of southern PV has
been flipped. Θ is solar longitude relative to autumnal equinox (see text for details). Dashed lines
separate data observed in the northern and southern vortices as labelled in the Maximum PV panel
(top left).
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Figure 16: Mean location of vortex edge (Maximum PV gradient at 350K) and peak gas abundance
variation for selected gases as a function of photochemical lifetime. Transparent envelope repre-
sents vortex edge uncertainty, calculated as the deviation of the maximum PV gradient locations.
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