
Supplementary Materials for
How does salinity shape ocean circulation and ice geometry on Enceladus and 

other icy satellites?

Wanying Kang et al.

Corresponding author: Wanying Kang, wanying@mit.edu

Sci. Adv. 8, eabm4665 (2022)
DOI: 10.1126/sciadv.abm4665

This PDF file includes:

Exploring the sensitivity of ocean model solutions to parameters
Section S1
Figs. S1 to S11
References



1 Exploring the sensitivity of ocean model solutions to pa-
rameters

1.1 Sensitivity to heat partition between the core and the shell

To examine the sensitivity of ocean circulation to core-shell heat partition, we repeat the same 

set of simulations with 100% heat produced in the core. The equilibrium ocean solutions are 

presented in Fig.S1 for the core-heating scenarios. All experiments are run out to full equi-

librium and so the bottom heat flux i s t ransmitted u pward t o t he water-ice i nterface without 

loss in an integral sense, but with ocean currents shaping regional contributions. Compared 

to our default calculation, the shell-heating scenario shown in Fig.3 of the main text, there is 

no qualitative change. This is to be expected because the dominant forcing of the flow is the 

salinity and heat exchange between ice and ocean: the vertical temperature gradient induced 

by bottom heating is much smaller than the temperature gradient at the water-ice interface in-

duced by the pressure dependence of the freezing point of water. Bottom warming induces 

stronger stratification i f t he ocean i s f resher t han 22 psu (when α  <  0 ), and v ice v ersa. As 

can be seen by comparing Fig.S1 with Fig.3, the strengthening/weakening of the stratification



suppresses/enhances the vertical extent over which the overturning circulation reaches into the 

deep ocean. The change is most pronounced at low salinity (4 psu), because the negative ther-

mal expansion coefficient in a  fresh ocean suppresses the parameterized convection, resulting 

in bottom water warming up. However, even with a mean salinity of 4 psu, the response of the 

dynamics to these stratification changes is rather small (compare the left columns of Fig.3 and 

Fig.S1 here).

1.2 Sensitivity to assumed ice viscosity

The viscosity of the ice shell controls ice speeds (Eq. 24 in the main text), and thereby the freez-

ing/melting rate needed to maintain the observed ice geometry. However, due to our limited 

understanding of ice rheology, the uncertainties associated with the melting point ice viscosity 

ηm remain. To examine sensitivity we carried out an experiment with ηm set to 2 × 1013 Pa·s, 

5 times lower than the default value. Solutions for the highest and the lowest salinity scenarios 

and one intermediate salinity scenarios with the lowest Imis are presented in Fig. S2. Decreas-

ing the ice viscosity leads to a stronger salinity flux between the ocean and ice (Eq. 21 in the 

main text) and stronger salinity variations. This can be clearly seen by comparing Fig. S2b with 

Fig. 3b of the main text. Since the overall salinity gradient increases, the density gradient also 

increases (Fig. S2c), and this in turn drives stronger circulation (Fig. S2e). In addition to these 

change, increasing ice mobility lowers the transitional salinity as shown by plus sign symbols 

in Fig. 4e of the main text. That is because a more negative thermal expansion coefficient is 

required to cancel the salinity-induced density anomaly and achieve a minimum density gra-

dient, indeed just as suggested by our conceptual model. The opposite is true with increased 

ice viscosity. Because the salinity flux between the ocean and ice decreases, the overall salin-

ity gradient decreases, and that make cancellation between the temperature- and salinity-driven 

circulation occur at higher salinity (see minus sign symbols in Fig. 4e of the main text).



Figure S1: Solution for the core-heating scenario. Laid out the same way as Fig.3 of the main text.
Default mixing parameters are used.



H

Figure S2: The sensitivity of the 100% shell-heating scenario solution to lower ice viscosity (ηm = 
2 × 1013 Pa·s instead of 1014 Pa·s). Rows (a-e) are the set out the same as in Fig. S1. Row (f) is similar 
to Fig. 4(c,d) of the main text and shows the inferred tidal dissipation ˆice (red solid line, calculated 
using Eq. 2 in the main text), compared with the dissipation rate predicted by our tidal dissipation model 
(black dashed lines, Eq.26 in the main text). 



Figure S3: The sensitivity of the 100% shell-heating scenario solution to higher ice viscosity (ηm =
5× 1014 Pa·s instead of 1014 Pa·s), set out as in Fig. S2.
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1.3 Sensitivity to diffusivity and viscosity

To examine the sensitivity to diffusivity and viscosity, we carried out four additional sets of 

experiments for the shell-heating scenario using different mixing coefficients: one with 5 times 

high viscosity νh = νv = 50 m2/s, one with 10 times lower viscosity νh = νv = 1 m2/s, 

one with 5 times lower diffusivity κh = κv = 0.001 m2/s, and in the last test, we turn on the 

Gent-McWilliams scheme (49, 67) to account for the mixing along the isopycnals induced by 

baroclinic eddies. The corresponding solutions for S0 = 4, 10 and 40 psu are shown in Fig. S7, 

Fig. S8, Fig. S4 and Fig. S6, respectively. The mismatch index that measures the discrepancy 

between the inferred and predicted ice tidal dissipation (Eq. 3 in the main text) are plotted on 

Fig. 4e in the main text using triangular markers.

On changing GM and diapycnal diffusivities, the dependence of the meridional heat trans-

port and hence the inferred tidal dissipation on salinity remains qualitatively similar to the con-

trol experiments: compare the bottom panels of Fig. S4-S9 with Fig. 4c in the main text. The 

mismatch between the inferred tidal dissipation ˆ ice and the modeled dissipation Hice is small-

est when the reference salinity is in the range 10-20 psu regardless of the spread of diffusivities 

being used. The ocean solutions also remain qualitatively similar to the control experiments 

shown in Fig. 3 in the main text. Low salinity cases have sinking over the poles, driven in the 

main by the density gradient associated with temperature anomalies (see left panels of Fig. S4-

S9). The opposite is true for the high salinity cases (see the right panels). At intermediate 

salinities (∼10 psu), the density gradient and overturning circulation are weak (see the mid-

dle panels), just as in the control solutions (Fig. 3 in the main text). This weak circulation, in 

turn, leads to a weaker heat convergence toward the equator compared to the end-member cases 

(see bottom panels in Fig. S4-S9), and the resulting ˆ ice is more consistent with Hice (black 

dashed curves). This general trend is found in all diffusivity scenarios (Fig. 4e in the main text), 

suggesting that our main conclusions are robust.



There are quantitative changes to our solutions, however. With a lower κv, circulation tends

to be confined in a shallower layer under the ice shell as a result of the incapability to mix the

surface temperature and salinity anomalies downward (see Fig. S4), and this shallower circu-

lation leads to weaker ocean heat transport and a lower Imis overall. These changes are most

pronounced in the 40 psu case probably because the ocean circulation cannot be efficiently en-

ergized when the buoyancy source is located higher in the water column than the buoyancy

sink (24). However, when the vertical diffusivity is further reduced to 10−5 m2/s, the heat trans-

port near the equator strengthens significantly especially for S=40 psu (see bottom panels of

Fig. S5), possibly cause by the strong temperature gradients developed underneath the ice shell

in lack of vertical diffusion (see Fig. S5-a3). With GM on, the total (overturning plus GM pa-

rameterized) circulation and the heat transport enhance (see Fig. S6e,f), driving Imis up, due to

the contribution by parameterized eddies (see Fig.4e).

The assumed viscosity also affects our solutions. Higher viscosity increases the Ekman

layer depth following
√

2νv/f , allowing us to simulate it despite the coarse resolution em-

ployed. Shown in Fig. S7 are the solutions obtained with 5 times stronger viscosity. Under this 

configuration, a  shallow boundary c irculation form underneath t he i ce s hell, and t he interior 

flow no longer follow the direction of rotating axis as i t should be in absence of momentum 

drag. Toward the opposite limit, reducing viscosity by a factor of 10 forces the interior merid-

ional flow to be better aligned with the rotating axis as shown by Fig. S8e, and it also removes 

the zonal flow g radient a long t he a xial d irection a s s hown b y F ig. S 8d. Without t he upper 

boundary circulation, the heat transport efficiency decreases, but the change in Imis is less sig-

nificant than that induced by increasing v iscosity. Also, as viscosity reduces, the flow profile 

and circulation pattern start to show abrupt transitions over short spatial scale – that naturally 

requests higher resolution to resolve. To verify the results, we repeat the low viscosity exper-

iments using 4 times higher resolution for S = 4, 10, 40 psu, and the solutions are shown in



Fig. S9. There is no qualitative change compared to the low resolution simulations, except that 

the circulations are allowed to better follow the direction of the rotating axis. The heat transport 

becomes slightly more efficient, but the dependence on salinity remain unchanged.

1.4 3D dynamics

We also carried out sensitivity tests at higher spatial resolution assuming 3D rather than 2D 

dynamics. This allows us to explicitly resolve the baroclinic eddies and their impacts on heat 

transport, at least partially. Here, we use a 0.25 degree resolution to simulate a narrow longitudi-

nal section of 10 degrees to keep the computational cost manageable. Smagorinsky scheme (75) 

is turned on to better resolve the different dynamics across different latitudes. Unlike the fixed 

viscosity scheme, Smagorinsky scheme chooses viscosity based on motions that are resolved. 

Following previous oceanographic studies, the Smagorinsky viscosity constant is set to 4 and 

the explicit viscosity is set to 0.001, which is far below what is assumed for 2D experiments. 

The rest of mixing coefficients are kept the same as the default 2D s imulations. As shown in 

Fig. S10, the temperature, salinity, density, zonal flow and the overturning circulation remain 

qualitatively similar to the 2D experiments except that the tracer contour lines tend to have 

shallower slopes here due to the slantwise convection and along-isopycnal mixing induced by 

baroclinic eddies and that jets form in regions with strong baroclinic instability. To demon-

strate the simulated eddies, we show the zonal anomalies of temperature, vertical speed and 

zonal speed in Fig.S11. For all scenarios considered here, the equatorial region is dominated 

by aligned “rolls” and the polar regions are dominated by plumy kind of structures. This is 

somewhat similar to previous works (41, 76, 77), despite that our simulations are not driven by 

bottom heating as in previous works, but by the meridional buoyancy gradient near the ice shell. 

The detail analysis of the eddy dynamics and transport is beyond the scope of this paper, and 

we leave that for future works.



Figure S4: Sensitivity test to lower explicit diffusivity (κv = κh = 10−3 m2/s), set out as in Fig. S2.



Figure S5: Sensitivity test to even lower diffusivity (κv = 10−5 m2/s and κh = 10−3 m2/s). To capture 
the strong gradients underneath the ice shell, we use 4 times higher resolution as in Fig.S9. Plots are laid 
out as in Fig. S2.



Figure S6: Sensitivity test to turning on Gent-McWilliams-Redi parameterization (49, 67), set out as in
Fig. S2.



Figure S7: Sensitivity test to 5 times higher viscosity (νv = νh = 50 m2/s instead of 10 m2/s), set out
as in Fig. S2.



Figure S8: Sensitivity test to lower viscosity (νv = νh = 1 m2/s instead of 10 m2/s), set out as in
Fig. S2.



Figure S9: Repeating the same experiments as in Fig. S8 using 4 times higher resolution. Plots are set
out as in Fig. S2.



Figure S10: The sensitivity of the 100% shell-heating scenario solution to 3D dynamics at higher 
resolution (0.25 degree instead of 2 degree). Default parameters are used. What is shown is zonal mean 
values, and the plots are set out the same way as in Fig. S2.



Figure S11: Eddy dynamics in 3D simulations. Within each panel, from left to right shown are the 
zonal anomalies of temperature, vertical speed and zonal speed. The four panels correspond to the four 
salinity scenarios as indicated by the titles. Zero contours are plotted on top of shadings.
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