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Introduction: How ice flow and mass exchange 

have shaped the Martian ice caps is a fundamental, 

open question.  This question can be addressed 

quantitatively by using ice flow inverse modeling to 

interpret topographic and stratigraphic data from the 

caps.  Flow inverse modeling estimates ice cap 

parameters and climatic forcing by assimilating 

observed characteristics into an ice-flow model, in 

contrast to forward modeling, which uses an ice-flow 

model to predict ice cap characteristics using 

specified parameters and forcing.  We focus here on 

inversion of the Mars Orbiting Laser Altimeter 

(MOLA) digital elevation model (DEM) on the lobe 

of North Polar Layered Deposits (NPLD) which 

bounds Chasma Boreale to the south, to which we 

refer as Titania Lobe (cf. [1]).  

Methods:  Ice divides are boundaries separating 

regions of flow in different directions.  Their 

locations, or absence, are key features on any ice cap. 

Experience with terrestrial ice caps shows that 

divides are effectively revealed by shading digital 

elevation data to emphasize regions that are 

simultaneously high in elevation and low in slope 

[2,3] (Figure 1a).  Such shading of the MOLA DEM 

of the NPLD reveals an apparent ice divide along the 

ridgeline of Titania Lobe (Figure 1b).   We identify 

likely flow lines (if ice flow has, in fact, occurred) by 

following the surface gradient of smoothed 

topography from the apparent divide to the ice-cap 

margin (Figure 2).  

Surface topography is more sensitive to ice 

dynamics than to the spatial distribution of surface 

mass balance [4], and thus yields information only on 

the gross pattern of accumulation and ablation. We 

therefore assume, along each flow line, an ice flow 

model with uniform, steady-state accumulation from 

the divide to an equilibrium-line location (to be 

determined), and uniform, steady-state ablation from 

that location to the cap edge [4].  We assume the ice-

flow law to be a power-law with exponent n, which 

we take as a parameter. We combine these elements 

with assumed constant-elevation basal topography 

(based on MOLA observations surrounding the cap).   

The topographies that can be produced by this 

model are smooth on all scales – they cannot 

reproduce the topography within troughs, which is 

presumably due to more complex patterns of mass 

balance than can be diagnosed from topographic data 

alone.  We therefore find the model surface profile 

that best fits a smooth topography derived from that 

observed, either (A) by smoothing the entire surface 

profile on trough-width-scales, or (B) by including 

only topography between troughs.  (We discuss the 

differing results in these two cases below.)   

We find this model fit along each flow line 

independently.  The values of parameters in that fit 

combine to yield the equilibrium-line location – 

again, independently on each flow line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1.  (a) Digital elevation data from the ERS-1 radar 

altimeter for Antarctica[2], shaded to highlight areas that are 

both high in elevation and low in slope.  Arrow indicates one 

ice divide among several visible.  (b) MOLA digital elevation 

data for the NPLD shaded identically to those in part a.  An 

apparent ice divide on Titania Lobe is indicated by arrows. 
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Figure 2.  Elevation contours and likely ice flow lines 

(orthogonal to smoothed elevation contours of the surface 

outside troughs). 

 

Results: Fitting the ice-flow model to merely 

smoothed versions of the actual topography yields 

poor estimates of equilibrium-line locations – the 

estimates are only weakly constrained by the fit, and 

consequently they vary erratically from profile to 

profile.  We consider such variation on the scale of 

profile spacing (cf. Figure 2) implausible in view of 

the atmospheric processes thought to govern ice cap 

mass balance on Mars [5]. 

Fits to inter-trough topography, however, yield 

tightly constrained estimates of model parameters, 

and thus equilibrium line locations.  Modeled profiles 

match observations with uniformly high fidelity, and 

inferred equilibrium line locations for all profiles 

taken together trace a smooth boundary between 

accumulation and ablation.  Note that fitting inter-

trough topography amounts to finding the surface that 

would exist if the troughs were filled with ice – we 

discuss our interpretation of this momentarily.   

These results hold whether we assume ice-flow 

law exponents of n=1, 1.8, or 3. In the case n=1, the 

inverse model places the equilibrium line location 

near the high-elevation side of the highest-elevation 

trough, independently on each profile (Figure 3). We 

note that n=1 is a limiting case for cold, fine-grained 

ice in a low-strain-rate situation [6].  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.  Equilibrium-line locations on likely flow lines 

estimated by our flow inverse procedure applied to inter-

trough topography, for 3 assumed values of n – green for n=1, 

red for n=1.8, and yellow for n=3. 

Interpretation: We conclude that present-day 

inter-trough topography is consistent with steady-

state ice flow acting to equilibrate mass accumulation 

at elevations above the present-day troughs and 

ablation at lower elevations, provided that flow 

occurred at a time when ice largely filled the present 

trough locations.  The coincidence of inferred 

equilibrium line locations for stagnating ice flow 

(n=1) with the uppermost troughs may be more than 

fortuitous. We propose that the NPLD flowed, 

possibly in steady-state with mass balance, at some 

past date.  Subsequently, decreasing temperatures or 

accumulation (or both) led to a reduction in flow 

velocities.  Troughs began to form (or perhaps to 

persist) as flow decreased in magnitude, their 

locations being set by the equilibrium line position.  

The troughs have continued evolving until present, 

but they have not completely obliterated the earlier 

(now relict) topography shaped by flow. 

Future Work: The observation of stratigraphy 

(e.g., radar stratigraphy from MARSIS or SHARAD 

analogous to that shown in Figure 4, from Siple 

Dome, Antarctica) could provide a strong test of the 

consistency of our interpretation. Our model can also 

be used to invert topography on the main dome of the 

NPLD, using lower-resolution MOLA data, and 

could be compared with recent stratigraphic work 

there [7]. 

 
Figure 4.  Example of internal radar stratrigraphy from 

Siple Dome, West Antarctica. These strata are surfaces of 

constant time (isochrones).  This example was acquired with 

the University of Washington ground-based radar at a center 

frequency of 3-4 MHz.   
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