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Abstract 

 

New measurements of the dynamical properties of the long-lived Saturn’s anticyclonic 

vortex known as “Brown Spot” (BS), discovered during the Voyager 1 and 2 flybys in 

1980-81 at latitude 43.1ºN, and model simulations using the EPIC code, have allowed 

us to constrain the vertical wind shear and static stability in Saturn’s atmosphere 

(vertically from pressure levels from 10 mbar to 10 bars) at this latitude. BS dynamical 

parameters from Voyager images include its size as derived from cloud albedo gradient 

(6100 km East-West times 4300 km North-South), mean tangential velocity (45 ± 11 

ms-1 at 2400 km from centre) and mean vorticity (4.0 ± 1.5 x10-5 s-1), lifetime > 1 year, 

drift velocity (5.3 ± 0.1 ms-1) relative to Voyager’s System III rotation rate, mean 

meridional atmospheric wind profile at cloud level at its latitude and interactions with 

nearby vortices (pair orbiting and merging). An extensive set of numerical experiments 

have been performed to try to reproduce this single vortex properties and its observed 

mergers with smaller anticyclones by varying the vertical structure of the zonal wind 

and adjusting the static stability of the lower stratosphere and upper troposphere. Within 

the context of the EPIC model atmosphere, our simulations indicate that BS’s drift 

velocity, longevity and merging behaviour are very sensitive to these two atmospheric 

properties. The best results at the BS latitude occur for static stability conditions that use 

a Brunt-Väisäla frequency constant in the upper troposphere (from 0.5 to 10 bar) above 

3.2x10-3 s-1 and suggest that the  wind speed slightly decays below the visible cloud 

deck from ~ 0.5 to 10 bar at a rate ∂u/∂z ~ 2-6 ms-1 per scale height. Changing the 

vortex latitude within the band domain introduces latitude oscillations in the vortex but 

not a significant meridional migration. Simulated mergers always showed orbiting 
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movements with a typical merging time of about three days, very close to the time-span 

observed in the interaction of real vortices. Although these results are not unique in 

view of the unknowns of Saturn’s deep atmosphere, they serve to constrain realistically 

its structure for ongoing Cassini observations.  

 

 

1. Introduction  

 

The Voyagers 1 and 2 flybys of Saturn in 1980 and 1981 revealed the existence 

of a variety of “spots” with different sizes and contrasts distributed in a wide range of 

latitudes (Smith et al., 1981, 1982; Ingersoll et al., 1984). Among them, there was a 

conspicuous group of oval vortices that resembled in their aspect and longevity those 

found in Jupiter (Sromovsky et al., 1983; Ingersoll et al., 1984; Sánchez-Lavega et al., 

1997, 2000). Most of them were anticyclones, as derived from their internal rotation 

speed, with the largest reaching East-West dimensions between 5000 and 10000 km. 

Particularly relevant were the so called “brown spots” (abbreviated in what follows as 

BS) located at latitude ~ 43º North within a domain of anticyclonic wind shear 

(Sromovsky et al., 1983; Ingersoll et al., 1984; Sánchez-Lavega et al., 2000). The most 

conspicuous among them had about 5000 by 3000 km, with anticyclonic circumferential 

flow of 30 ms-1 and a mean vorticity of 5x10-5 s-1 (Smith et al., 1982). Sromovsky et al. 

(1983) tracked these features on Voyager 1 images during ~ 20 days measuring their 

zonal velocity with averaged value 4.4 ± 1 ms-1 relative to System III rotation frame 

(Desh and Kaiser, 1981). A first reanalysis of the motion of this vortex from Voyager 1 

and 2 was performed by Sánchez-Lavega et al. (2000) extending the tracking to 1 year 

(including Voyager 1 and 2 data). In this paper we extend this analysis to the highest 
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resolution Voyager 2 images. On the other hand, the latitude band where BS formed 

was particularly active dynamically because of the existence of numerous other smaller 

spots (oval and irregular in shape) that interacted, colliding and merging after mutual 

orbiting (Smith et al., 1982; Sromovsky et al., 1983).  

No counterpart of this kind of spots and activity was reported at this epoch in the 

southern hemisphere, whose visibility from Voyager spacecrafts was worse. However, 

this hemisphere was inspected with the Hubble Space Telescope since early 1990s at 

lower resolution, but still enough to detect the larger and contrasted spots. From 1994 to 

2004 we recorded in the southern anticyclonic domain, between latitudes 40ºS to 44ºS 

and symmetrically with respect to the northern latitudes, series of dark spots that 

remember the “brown spots”, the largest with ~ 4000 km and moving with speeds 

between 1 and -5 ms-1 (Sánchez-Lavega et al. 2003, 2004). These dark spots were later 

captured by Cassini ISS images before the spacecraft orbit insertion in July 2004, 

showing mutual merging behaviour when two similar spots approached (Porco et al., 

2005). Vasavada et al. (2006) observed them at high-resolution using Cassini images 

from March-September 2004. The visual aspect and size of the two vortices present in 

September 2004 were similar to those of BS being probably anticyclones according to 

the zonal wind profile at their latitude. In addition this latitude band is prolific in 

forming white storms, probably convective events, observed with HST (Sánchez-

Lavega et al., 2003, 2004) and Cassini ISS (Porco et al., 2005; Vasavada et al., 2006). 

In view of the knowledge of their main properties and similarities, brown spots in the 

northern and southern hemispheres are at present the best candidates for the study of the 

dynamics of anticyclones in Saturn, and their properties can be used to constraint the 

dynamical structure of the upper troposphere. 
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A variety of models have been previously used to study the longevity, stability, 

motions and mergers of Jovian anticyclones using a two-dimensional quasigeostrophic 

models and three-dimensional baroclinic multilayer models (see Ingersoll et al., 1984, 

2004; and for a recent review Vasavada and Showman, 2005). We apply a similar three-

dimensional baroclinic multilayer model to simulate a Saturnian BS. 

 This paper deals with the report of new and improved measurements of a brown 

spot’s main properties seen at the Voyager epoch, and used as input to perform 

numerical simulation of its basic characteristics and of their mutual interactions 

(mergers). Our aim is to use BS properties to model Saturn’s anticyclones and to use BS 

as a probe of the dynamical state of Saturn’s lower stratosphere and upper troposphere 

in its latitude (from 10 mbar down to about 10 bar where water clouds are theoretically 

predicted). We use for this purpose the EPIC code, an Atmospheric General Circulation 

Model well tested in previous studies of the giant planets (Dowling et al., 1998). A 

similar exercise was previously performed in Jupiter (Morales-Juberias et al., 2003).  

 

2. Properties of the Brown Spot 

   

Our study used archived images of Saturn obtained by the spacecraft Voyager 2 

from 15 to 24 August 1981. The Voyager ISS instrument (Imaging Science System) 

onboard the Voyager spacecraft used wide angle (WA) and narrow angle (NA) Vidicon 

cameras (see Smith et al. 1977, for details on the cameras and filters). Copies of most of 

the images were acquired on CD-ROMs from the Planetary Data System (PDS) deep 

archive located at the National Space Science Data Center (NSSDC). Table 1 gives the 

list and dates of the images we have used. 
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[Table 1] 

 

The image selection was based on searching for the highest-resolution images of 

the vortex BS in image pairs showing the same area with a minimum temporal 

separation ~ 10 hr. Measurements were performed on green filtered images (effective 

wavelength of 566 nm) because they showed the clouds with higher contrast than in 

other filters, at a typical spatial resolution ~ 25 – 30 km/vidicon line pair. The procedure 

to measure positions on Voyager images is fully described in Sánchez-Lavega et al. 

(2000) and Legarreta and Sanchez-Lavega (2005), so we do not repeat it here. In Figure 

1 we present the visual aspect of BS1 identifying the main features used as tracers of the 

BS flow. Wind velocity measurements were obtained by tracking the position of 

individual cloud features in the vortex area. Wind velocities were measured relative to 

Voyagers’ System III radio rotation period (Desh and Kaiser, 1981), but note that the 

determination of the true rotation period of Saturn is still under debate (within a range 

of ± 7-8 minutes) in view of Ulysses and Cassini observations (Gurnett et al., 2007 and 

references therein). The size and number of the cloud elements used as tracers on the 

vortex were scarce and only 13 features were identified moving around BS. However, 

many others were tracked at other longitudes at the BS latitude allowing to retrieve the 

zonal wind profile. The problem resides in that Saturn’s anticyclones show filamentary 

stream-like features in their interior with few single isolated spots (as compared e. g. to 

Jupiter), a behaviour confirmed by Cassini images (Vasavada et al., 2006). The track of 

these features was manually performed on the side-by-side (or blinking) pair of images 

(Figure 1).  

 

[Figure 1] 
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The green filter (central wavelength 566 nm) shows BS cloud morphology divided in 

two parts: an oval dark central core (950 km in zonal length and 700 km meridional 

width) surrounded by a lighter oval area (enclosed by bright filaments) that define the 

vortex outer edge. This are has a nearly elliptical shape with semi-major axis a = 3025 ± 

100 km and semi-minor axis b = 2120 ± 100 km corresponding to a flattening ε = 1-b/a 

= 0.29 (or alternatively to an eccentricity e = (1-b2/a2)1/2 = 0.71). The vortex eccentricity 

changed with time (compare the two images in Figure 1) although preserving always the 

elliptical shape. The vortex size as seen by cloud albedo contrast is coincident within a 

5% uncertainty with the motions traced by the streamlines in the fluid. In order to 

measure the flow around BS we first identified the vortex centre by tracing the ellipse 

semi-major and –minor axis. We found BS centre to be at latitude 43.1º ± 0.4º N. The 

second step was to measure in each image the polar position (r, θ) of the flow features 

relative to BS centre. 

To measure the tangential velocity of each tracer, we calculate the length of the arc of 

the ellipse described by them during the tracking, assuming they moved following an 

elliptical path with the given eccentricity and semi-axes (a,b). The length of this arc is 

given by 

2

1

( , )s E d
θ

θ

θ ε θΔ = ∫ ,         (1) 

where Δs is an incomplete elliptic integral of the second kind and  

1/ 222
2

2 2

(2 )sin cos( , )
1 (2 )cos

rE rε ε θ θθ ε
ε ε θ

⎡ ⎤⎛ ⎞−
⎢ ⎥= +⎜ ⎟− −⎢ ⎥⎝ ⎠⎣ ⎦

,      (2) 

with 
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2 2

2 2 2 2( )
sin cos

a br
a b

θ
θ θ

=
+

.       (3) 

 

The tangential velocity is simply given by VT = Δs/Δt and the integral (1) was 

numerically calculated for each tie-point. This method gives essentially the same result 

as that determined by measuring VT from the radial and orthogonal components of the 

velocity (polar coordinates) of the tracers.  In Table 2 we give the positions and velocity 

of the most reliable tracers of the flow shown in figure 1. Some other features where 

traced just outside the vortex, for example in the stagnant points at the vertex of the 

semi-major axis. On the average we find that VT = 45 ± 11 ms-1 at a distance r = 2400 

km. A fit to the radial dependence of the tangential velocity (assuming no polar angle 

dependence) gives: 

21021 0.88 0.00018TV r r= − + − ,       (4) 

for r given in km and VT in ms-1. The maximum speed from this parabolic fit is 52 ms-1.  

  

[Table 2] 

 

The mean vorticity, averaged over the area enclosed, is the circulation divided by the 

area enclosed (Hess, 1969) 

ab
LV

ab

ldV
eTT

ππ
ς ≈

•
= ∫

rr

,        (5) 

where Le is the length (perimeter) of the ellipse which can be approached using the 

Ramanujan formula by  

2 22( )eL a bπ≈ + .         (6) 
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This gives an averaged vorticity ζ = 4.0 ± 1.5x10-5 s-1, which is very close to the 

3.3x10-5 s-1 averaged ambient relative vorticity of the anticyclonic domain bounded in 

the North by an intense eastward jet stream at 47ºN (u ~ 150 ms-1) and in the South by a 

weak westward jet at 39ºN (u ~ -20 ms-1) (Figure 2) (Sánchez-Lavega et al., 2000). The 

averaged zonal flow velocity at the latitude of BS was <u (43.1ºN)> = 20.6 ± 16.0 ms-1 

(Sánchez-Lavega et al., 2000) and therefore, BS moved westward relative to the 

ambient flow with a relative speed uBS = -15.3 ms-1.  

 

    [Figure 2] 

 

3. The EPIC model atmosphere 

 

By working in isentropic coordinates and assuming an adiabatic atmosphere, 

the EPIC (“Explicit Planetary Isentropic-Coordinate”) numerical model (Dowling et al. 

1998) solves the fully non-linear hydrostatic equations for the horizontal velocity 

components. The model computes, among other variables, the potential vorticity q, 

which is a conservative quantity that can be used as an atmospheric tracer in an inviscid 

and adiabatic flow (Pedlosky, 1987).  

As performed in our previous simulations in Jupiter (García-Melendo et al., 

2005), the main free parameters of the simulated atmosphere model relate to the 

assumed separable meridional u(φ) and vertical u(z) wind profiles, and the vertical 

thermal profile. Only the meridional profile of the zonal wind at cloud top level is 

known in the simulated horizontal domain and is taken from Sánchez-Lavega et al. 

(2000). The vertical wind shear and thermal profile are mostly unknown quantities 

below the visible cloud deck and are the basic properties to be retrieved.  



AC
CEP

TE
D M

AN
USC

RIP
T

ACCEPTED MANUSCRIPT
 11

 

3.1 The thermal vertical profile 

The thermal profile is based on the radio occultation experiments performed by 

the Voyager mission (Lindal et al., 1985). Initially we extended it down to P = 10bar, 

assuming that in its upper part Saturn’s atmosphere is a mixture of non-condensable 

gases H2, He, and CH4, and the condensable species NH3, NH4SH, and H2O, after 

applying the thermo-chemical models proposed by Atreya et al. (1999). The thermal 

profile was corrected for a helium molar fraction of 0.13 according to the re-analysis 

performed by Conrath and Gautier (2000) of Voyager data and by assuming that 

hydrogen was in ortho-para equilibrium. This profile tends towards an adiabat near the 

1 bar level, although it is slightly unstable (N2 < 0, being N the Brunt-Väisälä frequency) 

for P > 400mbar (Figure 3). Nevertheless, the presence of vigorous convective 

phenomena and long lived vortices at mid latitudes in both hemispheres (Sánchez-

Lavega et al., 2003, 2004; Porco et al. 2005) suggests that statically stable as well as 

unstable areas must coexist in these bands of Saturn’s atmosphere. We adopted the 

hypothesis that on the average the atmosphere in this region is statically stable since 

long-lived vortices form at all longitudes and that it becomes marginally unstable in 

short periods and small regions where convective storms form.  

We adopted a simple vertical thermal structure by keeping the measured N(P) 

profile in the upper part of the model atmosphere and making it constant below a fixed 

pressure value. To make the thermal profile continuous we adopted the approach used 

by LeBeau and Dowling (1998) in their simulations of Neptune’s Dark Spot. According 

to their derivation and notation, assuming uniform stratification (N2 = N0
2 = constant), 

an ideal gas behaviour, and by making use of the hydrostatic approximation, the T(P) 

profile writes for P ≥ P0 
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+
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⎝

⎛
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κ

κ

.        (7) 

 

Here κ is the ratio of the gas constant to the specific heat at constant pressure and TN ≡ 

κg2/ N0
2Rgas is fixed by the chosen value of both N0

2 and the gas mixture, and governs 

the slope of T(P). The pair (P0,T0) is selected to assure temperature continuity between 

the stratospheric observed T(P) profile and the constant N(P) region bellow. Although 

for a given TN the pair (P0,T0) can be arbitrarily chosen, if we want a reasonable match 

between our model T(P) and the extended Saturn’s profile, we may think of preserving 

the temperature minimum (the tropopause), and avoiding an excessive departure of our 

model T(P) from the extended Saturn’s profile. These two conditions restrict the N0
2 

values that can be used. In our simulations we tested the two values of N0
2 = 0.03x10-4 s-

2 and 0.1x10-4 s-2. The resulting T(P) and N2(P) profiles are depicted in Figure 3. 

 

     [Figure 3] 

 

3.2 The wind profile 

We use the Voyager meridional wind profile at cloud top level as measured by 

Sánchez-Lavega et al. (2000) in our EPIC simulations. BS is located in the anticyclonic, 

south side, 47ºN jet stream. Figure 2 depicts the part of the jet stream used in the 

simulations including its uncertainty due to navigation and measurement errors.  

To deal with the vertical behaviour of the wind profile, we assumed that 

U(φ,P) was the product of separate functions of latitude φ and pressure P. This is in 
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agreement with observed profiles in the upper troposphere and stratospheric thermal 

winds (Flasar et al., 2005) and it constitutes a convenient approximation to the unknown 

lower tropospheric winds. Therefore we use 

 

U(φ,P) = uh(φ)uv(P)          (8) 

 

where uh(φ) is the zonal wind profile at the cloud level P0 and uv(P) is a non 

dimensional function normalized at the cloud level pressure P0 (P0 ~ 500 mbar, uv(P0) = 

1), which modulates the amplitude of uh(φ). As in García-Melendo et al. (2005), we 

adopted a piecewise structure for uv(P) in two linear segments (see Figure 4). For P < 

P0, and assuming an m1 e-folding vertical scale height, the expression for uv(P) is 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

0
11

P
Plnm)P(uv .        (9) 

 

     [Figure 4] 

 

Our models were run for two different values of m1. Ingersoll et al. (1984) 

found an average value of m1 = 0.2 for the wind decay above the cloud deck based on 

the results published by Conrath and Pirraglia (1983). More recent results based on 

Cassini observations suggest that at midlatitudes there is almost no wind decay for 

Saturn’s atmospheric layers above the 500 mbar level (Flasar et al., 2005). Although 

these Cassini results are limited to the planet’s southern hemisphere, we also adopted as 

a second test value m1 = 0. 
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We have no information on the vertical wind shear below the ammonia upper 

cloud limit. Here is where we introduced our two-piece linear segment model to test 

different wind shear tendencies. For P > P0, we extended this profile to a level P1 where 

we switched to slope m2, a parameter which could take positive, zero, or negative 

values. Below P1 (higher pressure levels), we adopt the following expression for uv(P): 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

1
21 P

Plnmu)P(uv         (10) 

)P/Pln(mu 0111 1 +=         (11) 

 

Therefore, m1, N, P1 and m2 are the basic atmospheric parameters to be retrieved from 

our simulations, although, m1 and N are somewhat constrained by the observations. 

 

3.3 Simulation domain 

Simulations were carried out in a channel spanning 60º in longitude by 15º in 

latitude with a grid of 256x64 points (in some cases 128x32, which represents the 

minimum number of points required to reproduce the vortex behaviour) for the 

horizontal domain. These values assured an equal latitudinal and longitudinal resolution 

of 0.24º per grid point, or equivalently 235km (respectively 0.47º or 470km). The 

channel covered the planetographic latitude interval from 36ºN to 51ºN. Vortex pair 

interactions were simulated at a grid resolution of 0.24º in the same horizontal domain. 

The used time step length Δt was of 60 seconds for the low resolution simulations and 

30 seconds in the high resolution experiments, well below the average Courant number 

limits of 100 and 55 seconds respectively. The vertical domain extends from Ptop = 10 

mbar to Pbottom = 10 bar and was divided in eight layers as described in García-Melendo 
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et al. (2005). In this case, and as it can be appreciated in Figure 3, the bottom layer is an 

abysm with almost neutral stability. 

 

3.4 Single vortex simulations 

In the first set of simulations aimed to test the effects of the vertical wind shear 

and thermal profile on the vortex drift velocity and lifetime, we introduced a single 

vortex in the simulation domain. After specifying the vortex tangential velocity, its 

position, and its horizontal and vertical extension, EPIC introduces a geostrophically 

balanced vortex by modifying the initial (t=0) Montgomery potential M=CpT+gz, 

which appears as the forcing term in the isentropic-coordinate non-linear equations 

(Dowling et al., 1998). Afterwards, it is let to evolve freely (see Morales-Juberías et al., 

2003). The vortex was introduced at latitude 43ºN with initial tangential winds of 50 

and 100 ms-1. Although this last value for VT is almost as double as the one measured 

from Voyager images, we wanted to make sure that the simulated vortex, which slowly 

damps out as the simulation goes on, acquired tangential velocities similar to the 

measured VT by the time it reached half of its lifetime span. In this way we also tested 

different values for the “hyperviscosity parameter” (see Table 3 and section 4.1). It was 

given the adequate initial size parameters to mimic the actual measured dimensions 

during its mature stage, again taken at half lifetime. With almost no difference in the 

results, we introduced the vortex at two different levels P0 = 1 bar and P0 = 1.5 bar 

where the putative ammonia cloud forms. Our vortex has the form of a Gaussian 

perturbation with a limited vertical extent of a few vertical scale heights. It is, therefore, 

thin relative to its much larger horizontal dimensions. The vortex vertical extension 

under the cloud deck is unknown, but the ratio between the vertical and horizontal 

scales should be of the order of ~ f/(2N), where f is the Coriolis parameter as a 
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characteristic horizontal frequency (Conrath et al., 1981). For the different possible 

values of N and the scale height H, this estimated ratio may take any value between 2.0 

and 4.5 scale heights, so we made simulations using vertical extents going upward from 

2 to 3.5 and downwards from 3.0 to 4.0 as a possible working scale heights above and 

below BS visible clouds.  

Table 3 summarizes the range of values used for each parameter in the 

simulations. 

    [Table 3] 

 

 

4. Results 

 

The main goal of this set of experiments was to identify which set of values of the 

parameter space resulted in a vortex drift rate of ~ 5 ms-1 with respect to System III, and 

if it was also possible to maintain stable vortices with longevities longer than 1 year 

when the parameter combinations yielded good drift rates. For the physical model, we 

tested all the combinations for P0, P1, m1, m2, and N(z), in addition to other parameter 

combinations directly related to the numerical computations as listed in Table 3. 

 
 
4.1 Drift velocities and vortex longevity 
 
Vortex drift velocities turned out to be very sensitive to the different combinations of 

m1, m2, and P1. Our simulations suggested that drift rates could serve as a discriminator 

among the different model atmospheres. Figure 5 shows the resulting drift velocities for 

the low resolution simulations (128x32 grid point domain), cup=2.5, cdown=3.5, and a 

hyperviscosity of 5.5x1027 m6s-1. The horizontal line marks the experimental drift rate 
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for BS1. It can be seen that we obtain drift values close to +5ms-1 for m2 around –0.2, 

and that drift is a steep function of the vertical shear governed by m2. For example, 

Figure 5 shows that and increment, positive or negative, of 0.2 around m2 = –0.2, 

introduces velocity variations of ±15ms-1. Positive values for the vertical wind shear 

below P0 seem to be completely incompatible with our observations as they turn out 

into too high velocities. Panel A of Figure 2 displays the part of Saturn’s zonal wind 

profile used in the simulations and, as solid dots, all the simulated drift velocities for 

BS1 represented in Figure 5.  

 

[Figure 5] 

 

The above mentioned results are of little value if we do not asses how errors in the local 

wind profile and simulation numerical parameters affect drift rates. Uncertainties in the 

zonal wind profile have two distinct sources. One has its origin in navigation errors, and 

it is given by the uncertainty associated to the position of tracers in the original 

spacecraft images. In this case latitude errors are specially important. The other source 

arises directly from the scatter of velocity measurements. All these uncertainties can be 

expressed as a velocity error bound about the measured nominal wind profile (Sánchez-

Lavega et al. 2000). We tested the influence of profile uncertainties in our numerical 

model by substituting the nominal profile by its upper and lower error limits. Panel B in 

Figure 2 shows the results. The solid dot is the drift velocity for m1=0.0, m2=-0.2, 

P0=500mbar, P1=1000mbar, N2=0.1x10-4s-2, a 128x32 point-grid, and the nominal wind 

profile. The light grey dots mark, respectively, the upper and lower new velocities when 

the wind profile upper and lower envelope limits are used. Maximum drift velocities 

variations accounted for 3 to 5 ms-1, which, for most of our different model 
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atmospheres, implied at most a +/-0.1 uncertainty for the m2 parameter. Therefore, wind 

profile errors yielded drift velocity alterations below our numerical model resolution. 

 

A second source of uncertainties is the effect of the grid resolution and hyperviscosity 

on drift rate and vortex longevity. We found that the drift velocity, for any particular 

model atmosphere, was almost no sensitive to these parameters. Hyperviscosity, a 

parameter introduced to avoid growing numerical instabilities, can damp vortices out 

too quickly if it has a too high value. It is also directly related to grid resolution, and it 

can easily be decreased with increasing grid resolution. High grid resolution not only 

represents with much better detail any simulated phenomenon, but also allows using 

lower hyperviscosity values. The price to pay is the need for enormously longer CPU 

time. For instance, doubling grid resolution from 128x32 to 256x64, means the need of 

almost an order of magnitude longer CPU time, which is absolutely prohibitive if we 

want to fully explore all the combinations of the model atmosphere parameters. We 

performed some high and low resolution simulations with the same atmospheric 

parameters, and look at the impact on drift velocity. If drift velocity was not affected 

then we would explore all the parameter space at lower resolution. That was the 

situation, drift velocities derived from high and low resolution simulation were virtually 

indistinguishable for the same model atmosphere, and it was not affected for different 

values of hyperviscosity either.  

 

Finally, vortex drift velocity was also almost independent of the simulation time, but 

vortex longevity was affected by grid resolution. Vortices had longer lifetimes for high 

resolution and low hyperviscosity values. A way of measuring the vortex longevity is 

simply looking at the potential vorticity field to see when the vortex dissolves. Another 
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way of measuring longevity is looking at how the vortex tangential velocity evolves 

with simulation time. As an example, Figure 6 shows the evolution of maximum vortex 

tangential velocity with simulation time for the parameter combination m1=0.0, m2=-0.2, 

P1=1000mbar, and N2=0.1x10-4 s-2 for two different grid resolutions. For the low 

resolution case (grey line), vortex tangential velocity slows down at the beginning after 

vortex introduction, reaches a stable tangential velocity and afterwards, during 

dissipation, it starts oscillating until the vortex dissipates in the environment 

atmosphere. In the case of higher resolution, the tangential velocity remains stable with 

a very slow damping for a longer period of time. Despite the alterations of tangential 

velocity in low resolution simulations, the drift rates remained completely stable during 

the whole vortex lifetime. Low resolution simulations also provide a lower limit to the 

vortex longevity for each tested atmosphere. As an example, Figure 7 shows the 

evolution of drift velocities for all the simulated values of m2 for the case m1=0.0, 

P1=1000mbar, N2=0.1x10-4 s-2 and a 128x32 grid. They remained stable within 2 to 3 

ms-1 until vortices dissolved, which again is well below the model parameter resolution.  

 

[Figure 6] 

[Figure 7] 

 

Drift velocities close to the experimental value must be associated to longevities above 

1 year, a lower bound imposed by observations. Figure 8 shows the measured 

longevities for the different combinations of the parameter space for the low resolution 

simulations. If we take into account that higher resolution grids result in simulated 

vortices with longer longevities, Figure 8 represents a lower bound which indicates that 

long-lived vortices in our model atmosphere are compatible with the adequate drift 
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velocity. 

 

[Figure 8] 

 

 

4.2 Global single vortex test results 

We found model atmospheres where simulated vortices matched reasonably 

well the observed properties. In all cases the best results were obtained for negative 

values of m2. Although it is difficult to asses which is the “best” atmosphere model 

there are some trends resulting from the simulations. First, it is not possible to obtain 

drift velocities of 5ms-1 for m1 = 0.2 and N2=0.03x10-4s-2 and only marginally for 

N2=0.1x10-4s-2. This, of course, does not invalidate atmospheres with vertical wind 

shear above the visible cloud deck, but the better results for m1 = 0 are more consistent 

with the Cassini results reported by Flasar et al. (2005). Second, lower values of P1 

seem to favour vortices with a longer lifetime and good drift values. And third, vortices 

introduced in atmospheres with negative m2 values show an aspect ratio between the 

north-south semi-axis closer to the measured values for BS, while for progressively 

larger positive values of m2, the vortices tend to be more elongated.  

 

4.3 Latitude migration experiments 

Since the meridional size of the vortex is smaller than the latitudinal width of the band 

comprised between the westward jet at 39ºN and the eastward jet at 47ºN, a latitude 

migration of BS was in principle possible, so we explore this possibility in our 

experiments. In the first simulation we introduced the anticyclone at φ = 45ºN and in the 

second at 41ºN, i.e. displaced ± 2º from its nominal latitude, using a model atmosphere 
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with a high static stability (N0
2 = 0.1x10-4 s-2), and m1 = 0.0, m2 = -0.2 and P1 = 500mbar. 

Figure 9 shows that there is no evidence of a large migration for the two studied cases. 

The vortex introduced at 41ºN just oscillated around this latitude. When introduced at 

45ºN it migrated about one degree to the south during the initial first days, staying 

afterwards about 1 degree to the north of the measured BS position. 

 

     [Figure 9] 

 

5. Vortex pair interactions 

There is still a lack of detailed observations about the dynamical processes that 

occur during vortex merging in Saturn. Smith et al. (1982) and Sromovsky et al. (1983) 

showed examples of mergers between anticyclones that occurred in the latitude band of 

BS during the Voyager encounters.  Porco et al. (2005) observed in Saturn’s southern 

hemisphere using Cassini low resolution images, how two vortices spiralled toward 

each other during the merging process that took place in about three to four days.  

In this new set of experiments we simulated the interaction between two 

vortices at high resolution to perform two types of tests. In the first one, two identical 

vortices were introduced in the domain separated by a small distance in latitude, one of 

them at 43ºN, the other typically one degree northwards. They were initially separated 

in longitude by about 40 degrees to make sure that the interaction would only occur 

after the short initial period of geostrophic adjustment of the EPIC model. In the second 

experiment, one of the vortices is introduced at 43ºN with the same parameters as in the 

single-vortex experiments, but the second vortex is smaller, typically with dimensions 

about two-thirds that of the big one. Again, they are placed with a small separation in 

latitude, but a large one in longitude.  
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We chose the same model atmosphere used to perform the vortex migration 

experiments. When vortices settled after their introduction, they approached each other 

showing a centre-to-centre separation of 3 degrees. Figure 10 illustrates the results. The 

left column shows our simulations when both vortices are identical. During the 

interaction process, orbiting started to take place when both vortices were ~5 longitude 

degrees apart, they then quickly spiralled around each other in a symmetric merging to 

produce a single vortex in about three days, which agrees with the temporal scale 

observed for the southern hemisphere vortex mergers (Porco et al., 2005). The case of 

two vortices with different sizes is shown in the right column of Figure 9. In this case, 

the small vortex starts orbiting the big one when they are between 7 and 10 degrees 

apart in longitude, resulting in a mixing process that again, takes about three days. In 

this latter case it is interesting to note that the merging process is accompanied by the 

formation of potential vorticity filaments (i. e., fluid filaments) linking both spots. 

These experiments strongly suggest that orbiting is a phenomenon accompanying a two 

vortex merger, and that the time required for the two vortices to merge as well as the 

orbiting phenomena depend on the flow pattern and relative speed of the two vortices. 

     [Figure 10] 

 

6. Discussion 

Our measurements clearly indicate that the BS vortex is in geostrophic balance 

with Rossby number Ro = VT/f L ∼ 0.05, being the planetary vorticity f = 2Ω sinϕ = 

2.2x10-4 s-1 at the BS latitude. The vortex size L is above the Rossby deformation radius 

LD > Nh/f ~ 2200 km when using for h a vortex vertical extent ~ 4H = 150 km and for 

N > 3.2x10-3 s-1 as obtained from our simulations (see section 3). Its meridional extent 

nearly fills the domain between opposed jet streams (see figure 2), being constrained to 
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the North by the “ribbon wave” (Sromovsky et al., 1983). Accordingly, the Burger 

number (LD/L)2 ~ 0.08 suggests that the vortex is stable against its tendency to be 

broken apart vertically, i. e. the density stratification in the vertical is low enough for 

the flow to be dominated horizontally by the planetary rotation (see e. g. Ingersoll et al., 

1984) . This is consistent with its lifetime > 1 year that is well above its characteristic 

dynamic time τdyn = L/VT and destruction time by the shear wind τshear = 1/(∂u/∂y) ~ 1 

day.  

In Figure 11 we show how the zonal flow behaves in terms of a simple 

barotropic instability criterion at the latitude of BS. The magnitude of interest β - 

∂2u/∂y2 changes sign close to the BS zonal wind domain so the necessary condition 

(Rayleigh - Kuo criterion) for the barotropic instability to occur is met (Holton, 1992). 

In the more realistic situation we have simulated with EPIC, the baroclinic term should 

be considered to study the flow stability. However we do not consider this analysis due 

to the sensibility of this term to the uncertainties we have in the retrieved values for 

N(z) and u(z) below clouds. However we can address how large could be the 

contribution of the vertical wind shear to the vorticity of BS which is ~ (f/N)2 (∂u/∂z) ~ 

10-6 – 5x10-7 s-1 (using from our simulations ∂u/∂z ~ 10-4 s-1 and a lower limit for N > 

3x10-3). This is low and below the contribution of the horizontal wind shear vorticity 

(∂u/∂y ~ 3x10-5 s-1) and that of the planetary vorticity f to the averaged BS vorticity ζ = 

4x10-5 s-1.    

 

7. Conclusions 

Our suite of anticyclone simulations for the main atmospheric model parameters N0
2, 

m1, m2, and P1, suggests that in order to obtain stable vortices with lifetimes long 

enough to at least match the one-year observed survival for BS, and to get drift 
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velocities close to 5 ms-1, winds must slightly decay with depth down to the 10 bar level 

at the BS latitude. A more stable thermal profile (N0
2 = 0.1x10-4s-2 below log(P) ~ -1.0) 

yields more stable vortices. Simulations seem also favour constant winds or nearly so 

(m1 ≅ 0.0) above the visible cloud deck (P0 ≅ 500mbar), a result which seems to be 

consistent with the reported Cassini measurements of the thermal winds by Flasar et al. 

(2005). Finally, the value of P1 (the level for the assumed inflexion in the vertical wind 

profile) is constrained by the zonal velocity results (see Figure 5), and locates it between 

the 500 to 1000 mbar level.  

The overall picture from our model simulations at the BS latitude, and within the 

coarseness of the values of the parameter space, can be summarized in the following 

way. Saturn’s upper troposphere at mid-latitudes has almost no wind shear above the 1 

bar level. Below that level there is a slight wind decay with a vertical wind shear ∂u/∂z 

~ 2 to 6 ms-1 per scale height in a slightly statically stable environment at the BS 

latitude. We would like to emphasize that our inferences on N(z) and u(z) are obtained 

within the context of the EPIC model and of the reference atmosphere we have used. 

They obviously are not unique in view of the unknowns of Saturn’s deep atmosphere 

and the range of free parameters used. However and as far as we know, they are the first 

simulations specifically performed on Saturn’s vortices and should serve as a guide to 

constrain realistically the structure of the upper troposphere (in the layers of the 

ammonia and water cloud formation) from future Cassini ISS observations of vortices 

(cyclones and anticyclones) at other latitudes. Measurements of the local zonal wind 

profile in their locations and of the temperature profiles and thermal stability from 

CIRS, VIMS and radio occultation, will allow us to extend our model simulations and 

constrain the dynamical properties of the atmosphere at different latitudes over a broad 

range of altitudes. 
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Figure captions  

 

Figure 1.  

Green filtered images of the Brown Spot (BS) anticyclone obtained by Voyager 2 ISS 

on 23 August 1981 at 18:07:11 (left) and on 24 August 1981 at 04:21:35 (right). The 

cloud tracers of the vortex flow are identified by letters and their motions by wind 

vectors (see Table 2). Dashed wind vectors correspond to cloud features identified and 

measured in a different image pair. The vortex is centred at latitude 43.1º North. 

Orientation is North up and East to the right.  

 

Figure 2  

Panels A and B show the zonal wind profile (grey band indicates the uncertainties) as 

measured by Sánchez-Lavega et al. (2000) that is used in the numerical simulations 

(nominal zonal wind profile). Solid dots in panel A mark the drift velocities of the 

simulated vortices for all the model atmosphere parameter combinations m1, m2, P0, P1, 

and N2 (see Table 3). Only decreasing winds with depth resulted in drift velocities close 

to the experimentally measured values (horizontal line). The dark dot in panel B marks 

the drift velocity for m1=0.0, m2=-0.2, P0=500mbar, P1=1000mbar, and N2=0.1x10-4s-2 

for the nominal zonal wind profile. When the nominal zonal profile is substituted by its 

upper and lower error limits, the resulting vortex drift velocities are marked by the light 

dots.  

 

Figure 3  
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Upper panel. Saturn’s thermal profiles between 1 mbar and 10 bar. The thick line 

represents the extended thermal profile determined by means of the radio occultation 

experiment performed by the Voyager spacecraft (Lindal et al., 1985) and the thin line 

represents the model thermal profile for N0
2 = 0.03x10-4 s-2 below log (P) ~ -0.754. The 

line with the thickness in between represents the thermal profile for N0
2 = 0.1x10-4 s-2 

below log(P) = -1. Bottom panel. Vertical stability profiles in terms of the Brunt-Väisälä 

frequency N2 corresponding to the previous line thickness code. 

 

Figure 4  

Vertical structure scheme of the zonal wind amplitude functions uv(P) used in our 

simulations. Two main cases are shown (grey m1=0.0 and solid lines m1=0.2), each one 

divided in the bottom part in the sub-cases corresponding to different values of the slope 

m2 as specified in Table 3.  P0 is the cloud top level (500mbar) where uv(P0) = 1.  

 

Figure 5.  

Simulated zonal vortex speeds for the different parameter combinations (P0 = 500mbar) 

with a grid resolution of 0.47º. A) m1=0.0, N2=0.1x10-4 s-2. B) m1=0.0, N2=0.03x10-4 s-2. 

C) m1=0.2, N2=0.1x10-4 s-2. D) m1=0.2, N2=0.03x10-4 s-2. The horizontal line marks the 

measured BS1’s drift speed. 

 

Figure 6.  

Evolution of the maximum tangential velocity as function of the simulated time and 

spatial resolution for a vortex with the parameter combination m1=0.0, m2=-0.2, 

P1=1000mbar, and N2=0.1x10-4 s-2. The black and grey lines are the results for grid 

resolutions: 256x64 points (black line, 0.24º pix-1), 128x32 points (grey line 0.47º pix-1).   
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Figure 7.  

Vortex drift velocity for different values of the vertical wind shear parameter m2 in the 

case: m1=0.0, p1=1000mbar, and N2=0.1x10-4 s-2. This graph is representative of other 

combinations of m1, p1, and N2, and shows that the drift velocity is a stable parameter 

along the life of the simulated vortex. 

 

Figure 8.  

Vortex longevity for different combinations of P1, m1, m2, and N0
2 (P0 is always fixed to 

500 mbar), and a grid resolution of 128x32. The legend bar in the bottom part of the 

figure codes the maximum lifetime of the vortex in days, black is for a longevity up to 

100 days, while white represent longevities longer than 900 days. For several cases of 

negative m2, and specially for the case N0
2 = 0.03x10-4 s-2, the resulting model 

atmosphere was unphysical, which means that isentropic surfaces crossed each other as 

a result of excessive vertical shear of the zonal wind to be consistent with hydrostatic 

and gradient-wind balance.  

 

Figure 9.  

Latitude position of two vortices, one introduced at 45ºN (upper line) and the other at 

41ºN (bottom line) as a function of time for N0
2 = 0.1x10-4 s-2, m1 = 0.0, m2 = -0.2, and 

P1 = 500mbar. The grey band represents de interval of latitude positions for BS 

measured by Sánchez-Lavega et al. (2000).  

 

Figure 10.  
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Time sequence of the interaction and merging of two vortices represented by means of 

maps of the potential vorticity field. Left column sequence: Two vortices of similar size 

slightly separated in latitude. Right column sequence: Two vortices of different size (the 

smaller one is about 0.75 times the bigger one). On the right side of each frame the time 

simulation is written in days and hours. 

 

Figure 11 

Upper panel: Vorticity of the mean zonal flow (meridional profile) as derived from the 

observations (Sanchez-Laverga et al. 2000). Lower panel: representation of the 

difference between the planetary vorticity β and ∂2u/∂2y as a function of latitude. The 

vertical grey line marks the position of BS1. The light grey ellipsoid represents the 

vortex BS-1 at the latitude scale. 
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Table 1 

Voyager 2 images selected to study the “Brown Spot” (BS) anticyclone  

PDS Volume Image Number Date Time 

4 C4381308 August 19, 1981 17:24:47 

4 C4382827 August 20, 1981 05:39:59 

4 C4383930 August 20, 1981 14:30:23 

4 C4385247 August 20, 1981 01:07:59 

4 C4386551 August 21, 1981 11:35:11 

4 C4387908 August 21, 1981 22:12:47 

5 C4383401 August 23, 1981 18:07:11 

5 C4384649 August 24, 1981 04:21:35 
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Table 2 

Tangential velocity of the flow around the “Brown Spot” (BS) anticyclone  

 

 

Feature Position angle 

<θ> 

Radial distance 

<r> 

Tangential Velocity 

VT (ms-1) 

A 80.2 2227 62.6 

B 47.1 2583 41.2 

C 11.3 2266 55.9 

D 330.1 2632 44 

E 311.5 2323 38 

F 185.6 2204 14.5 

G 218.9 2518 59.2 

H 323.4 2258 53.8 

I 43.9 2153 33.4 

J 0.5 2800 31.3 

K 358 2076 30.4 

L 224.4 2212 52.6 

M 345 2670 30.4 
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Table 3 

Range of values of the parameters used in the simulations  

Parameter                 Range of values 

P0 (mbar) 500 

P1 (mbar) 500, 1000, 1500, 2500 

m1  0.0, +0.2 

m2 -0.4, -0.3, -0.2, -0.1, 0.0, +0.1, +0.2, +0.3 

Cup (scale heights) 2.0, 2.5, 3.5 

Cdown (scale heights) 3.0, 3.5, 4.0 

Vortex height (mbar) 1000, 1500 

Initial Vt (ms-1) 50, 100 

Vortex size (a,b) 6.5º x 3.7º 

N2(z) (minimum) (10-4 s-2) 0.03, 0.1 

Domain Long: (-30º a +30º), Lat (+36º a +51º) 

Number of layers 8 

x-y resolution (points) 128x32, 256x64 

ν6 (1027m6s-1) 0.18, 2.2, 2.8, 5.5, 8.8 

Δt (seconds) 30, 60 
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Figure 2
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Figure 6
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Figure 8
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Figure 9.  
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Figure 10 
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Figure 11 


