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Introduction:  CO2 is a predominant constituent of 

the Martian climate system, and the response of the 

CO2 cycle to the evolving orbit has been studied 

extensively [1][2]. However, a key factor that has yet 

to be thoroughly explored is the associated migration 

of the near-surface ground water ice in mid- to high 

latitudes, currently residing poleward of latitude ~45º 

[3][4]. Ground ice has been found by Haberle et al. [5] 

to affect the CO2 cycle by increasing the thermal 

conductivity of the soil, while the geographic 

distribution of ground ice is believed to have varied 

significantly in the past as a function of the changing 

orbital parameters, namely eccentricity (e), longitude 

of perihelion (Lp) and obliquity (ε) [6][7].  

In this work, we provide a systematic analysis of 

the effect of orbitally-forced redistribution of ground 

ice on the seasonal/secular CO2 budget. We use a 

numeric model [8] to derive the equilibrium depth of 

the ice table at different orbital conditions and use the 

results as a boundary condition in the LMD-GCM [9]. 

We analyze the effect of changing ground ice 

distribution on the seasonal CO2 accumulation at a 

given obliquity and outline how seasonal accumulation 

changes as a function of obliquity for end-member 

scenarios of static and equilibrium ground ice. These 

results illuminate a non-negligible aspect of the 

interplay between volatiles in the Martian climate 

system and are therefore of interest to the full 

reconstruction of the paleoclimate. 

Methods & Results:  We use the Global Climate 

Model developed by the Laboratoire de M'et'eorologie 

Dynamique, CNRS, Paris (LMD-GCM) [9] in order to 

simulate the paleoclimate with different initial 

conditions of choice, focusing on orbital parameters 

and ground ice distributions. The model operates on a 

three-dimensional 64 x 64 x 29 grid (resolution of 

2.8125º latitude and 5.6250º longitude) and calculates 

the temporal evolution of variables such as 

temperature, atmospheric pressure, and various tracers. 

To obtain equilibrium ground ice distributions, we 

use a one-dimensional numeric model developed by 

Schorghofer & Aharonson [8] which calculates the 

depth of an ice table at ice-vapor equilibrium under a 

dry regolith layer for different orbital parameters. 

Mean annual daytime surface vapor pressure, a critical 

parameter for the ground ice model, is derived from 

GCM simulations (spin up time of 15 Mars-years). Ice 

table depths are subsequently adapted for the GCM 

subsurface scheme consisting of 18 grid points with 

exponentially growing depth from 0.14 mm to 18 m. 

GCM ground ice is represented in terms of thermal 

inertia (𝐼 =  √𝑘𝜌𝑐𝑝) with the relation between pore fill 

fraction and thermal inertia following previous 

formulation [8]. Pore space (Φ = 0.4) is assumed to be 

completely filled with ice under the ice table.  

 

Figure 1 shows the zonal mean CO2 ice areal 

density at the northern hemisphere when the seasonal 

cap is at maximal extent (Ls = 320º), obtained by GCM 

for a given set of orbital parameters (ε = 25º, Lp = 270º 

and e = 0.08) and various ground ice distributions 

(similar results were obtained for the southern 

hemisphere, not shown). Ground ice distributions are 

denoted by the obliquity with which each distribution 

is in equilibrium (e.g., ε15º denotes equilibrium ground 

ice at obliquity of 15º; with increasing obliquity lower 

latitudes receive less insolation, hence ground ice 

migrates equatorward). Notice that ground ice is 

treated here as a free variable, and obliquity remains 

25º regardless of ground ice distribution. As ground ice 

extends equatorward (ε15º to ε35º), CO2 ice 

accumulation steadily decreases. For the low obliquity 

distributions (ε15º and ε20º), the transition between icy 

and non-icy ground can clearly be noticed in the 

accumulation pattern as an abrupt rise. The decrease in 

accumulation can be intuitively understood: wherever 

ground ice is introduced, near-surface thermal 

conductivity increases, impeding CO2 accumulation 

above it at autumn and winter. For obliquity of 25º, 

 
Figure 1: Northern hemisphere zonal mean CO2 ice areal 

density (upper plot; Ls = 320º; ε = 25º, Lp = 270º, e = 0.08; 

simulation year 5) for selected ground ice distributions 
(lower plot; white ≡ no ice, color ≡ pores filled with ice. 
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mid-latitude (<60º) accumulation is low enough that 

the extension of ground ice to these latitudes (from ε25º 

to ε30º) inhibits nearly any accumulation, and the 

seasonal cap margins recede poleward by ~6º latitude. 

Further equatorward extension of ground ice (from ε30º 

to ε35º) has little to no effect on CO2 accumulation. 

  An expansion of these observations for additional 

obliquities is presented in Figure 2. Seasonal 

accumulation is represented as exchangeable mass of 

CO2 (annual maximal – minimal CO2 ice mass) per 

hemisphere. As expected, exchangeable mass 

decreases with extending ground ice. The "knee" in 

each curve is located at the distribution from which 

further ground ice extension no longer reduces 

accumulation, and it shifts equatorward with rising 

obliquity since the extent of the seasonal cap grows. 

From Figure 2 we can derive a function of 

exchangeable CO2 mass as a function of obliquity (see 

Figure 3) for two hypothetical end-member scenarios: 

an "equilibrium scenario" where ground ice is in 

equilibrium distribution corresponding to the obliquity, 

and a "static scenario" where ground ice is in constant 

distribution regardless of obliquity (namely, ε25º). 

Relative to the static scenario, in the equilibrium 

scenario exchangeable mass is higher at 𝜀 ≤ 25° 

(ground ice retreats, allowing excess accumulation) 

and lower at 𝜀 ≥ 25° (ground ice extends, retarding 

accumulation). The migration of ground ice to its 

equilibrium distribution reduces the rate of change of 

exchangeable mass with obliquity.  Interestingly, at the 

northern hemisphere at 20° ≤ 𝜀 ≤ 25° ground ice 

migration completely offsets the insolation-forced rise 

in exchangeable mass resulting in a plateau in the 

curve, attesting to the significant effect ground ice 

migration has on seasonal accumulation. 

Discussion: Our work emphasizes the notion that 

orbitally-forced ground ice redistribution is non-

negligible and has potentially significant implications 

on the reconstruction of the Martian paleoclimate. 

Further work will develop our understanding of these 

effects on the seasonal/secular scale CO2 budget, 

expand this analysis to other orbital parameters (i.e., 

eccentricity and Lp) and interpolate to historic orbital 

parameter values to provide a fuller picture of the CO2 

budget’s evolution. Finally, we must consider more 

realistic scenarios, such as non-equilibrium ground ice, 

ground ice in the presence of an equatorial humidity 

source, and others. 
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Figure 2: Exchangeable CO2 mass per hemisphere as a 

function of ground ice distribution for selected obliquities 

(Lp = 270 º, e = 0.08).  
 
 
 

 
Figure 3: Exchangeable CO2 budget as a function of 

obliquity (Lp = 270º, e = 0.08) for northern and southern 

hemispheres at static and equilibrium ground ice scenarios. 
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