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Introduction:  Magnetometer measurements and 

other data[1] indicate that Europa and other icy 
worlds contain a global liquid water ocean, but the 
overall circulation pattern of this ocean is not con-
strained by observations.  Understanding the way 
these oceans transport heat and chemical species is of 
vital importance to astrobiology, surface geology, and 
future exploration. 

Previous theoretical and numerical simulation 
work [2,3] has identified two possible end-member 
patterns of global circulation driven by internal heat-
ing and Rayleigh-Benard convection.  These differ in 
the importance of Coriolis forces caused by planetary 
rotation: if rotation dominates, the circulation would 
resemble the banded structure of Jupiter’s atmos-
phere; if rotation is less important, the circulation 
would resemble Venus’s atmosphere (Figure 1, re-
printed from [3]). 

 
Figure 1.  End-member models for global ocean cir-
dulation within icy worlds, from [3].  Red/blue: east-
ward/westward flow, respectively. 

 
Unfortunately, the determining factors for these 

two cases are flow speed and vertical temperature 
gradient, which are not directly measurable for icy 
world oceans. Insight can be gained by using the re-
sults of laboratory experiments of rotating Rayleigh-
Benard convection [4] to relate these variables to heat 
flux; however these experiments are many orders of 
magnitude smaller in scale than icy world oceans, and 
scaling laws derived from them do not appear to cor-
rectly describe the heat flux and flow speed observed 
in deep convection in Earth’s oceans, such as the Lab-
rador Sea[5] (Figure 2). 

 

 
Figure 2: As the intensity and physical scale of buoy-
ant convection increases, laboratory tank experiments 
converge toward a scaling law in which rotation is 
not important (dashed blue line).  However, field ob-
servations of deep convection in Earth’s oceans (gray 
box) do not.  We propose that this may be because lab 
experiments have very smooth top and bottom bound-
aries, while real-world fluids do not.  (Europa’s 
ocean lies off the right side of this graph.) 
 

We propose that the rough surfaces at the upper 
and lower boundaries of a real-world ocean create 
additional turbulence during convection, transferring 
more heat at lower temperature and velocity, pushing 
the system toward the “rapidly rotating” limit so that 
the Jovian-style circulation pattern may be more like-
ly to be relevant to Europa and other icy worlds.  
Work is underway to test this hypothesis using both a 
novel laboratory tank experiment and numerical mod-
eling. 

Experimental Apparatus: We are exploring the 
dynamics of rotating convection with and without 
rough topography, using a unique low-cost apparatus 
amenable to student research, based on the “Weather 
in a Tank” educational geophysical fluid dynamics 
system [6] (Figure 3). 
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Figure 3: Sketch of experimental apparatus. 
 
The apparatus comprises an acrylic water tank 

mounted to a variable-speed rotating turntable.  Water 
in the experimental volume is sandwiched between 
two aluminum plates, and is electrically heated from 
below and cooled by a chilled water supply above. 
Heat flow through the side walls is limited by 10 cm 
of foam insulation. As tank depth, rotation rate, and 
heating are changed, the temperature difference from 
top to bottom is monitored by thermistors embedded 
in the plates via an Arduino-based data logger.  Sur-
face roughness is introduced via a thin 3d-printed 
plastic mesh applied to one or both aluminum plates.  
The mesh sizes are chosen to scale with the predicted 
thickness of boundary layers in the convecting fluid.  
Optionally, rotation rate can be sinusoidally varied to 
drive “tidal” flow across this topography.  

Numerical Model: In parallel, numerical experi-
ments of rotating convection with and without rough 
boundary surfaces is being carried out for a similar 
range of parameters.  The commercial finite-element 
COMSOL Multiphysics package will allow us to de-
scribe the interaction of narrow boundary layer flows 
with small-scale topography in the boundary layer 
zone.  This will allow us to explore regions of param-
eter space that are inaccessible with our laboratory 
experiment. 

Results: Preliminary experimental runs have been 
done to calibrate the setup and compare with estab-
lished literature [4]. These runs indicate good agree-
ment with the with the established “Rotation Unim-
portant” scaling law (Figure 2), a 2/7 power relation-
ship between Rayleigh number (Ra), a nondimension-
al measure of the temperature gradient driving con-
vection, and Nusselt number, a nondimensional meas-
ure of convective heat flux.  We also confirm that 
rotating convection experiments converge to the non-
rotating limit at high heat flux (large Ra).  Experi-
ments to explore how these scaling laws are affected 
by surface roughness are underway. 

Discussion and Broader Implications: While our 
primary interest lies in the ocean circulation of icy 
worlds, rotating convection is ubiquitous throughout 
the solar system, in giant planet interiors and in terres-
trial planets with fluid cores.  Some of the solid/liquid 
interfaces in these bodies may be quite rough (sea-
floors), while others (freezing interfaces) may be geo-
physically smooth.  If rough boundaries modify the 
behavior of rotating convection as we propose, our 
understanding of the dynamical importance of plane-
tary rotation in many different types of fluid shells 
might be affected. 
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