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Introduction: We present here the next level of detail 

for the general calculation of top-down melting on sup-
ply-limited ice sheets for the Late Noachian Icy High-
lands (LNIH) [1], in this case looking specifically at the 
spatial distribution of meltwater produced by Positive-
Degree-Day melting at the ice sheet surface that results 
from a single-year warming. Knowledge as to where this 
meltwater is produced in relationship to the existing val-
ley networks (VN) and open-basin lakes (OBL) can pro-
vide insight into possible mechanisms for their forma-
tion, as well as climatic conditions necessary to produce 
the required volumes of water thought to have fed the 
VN and OBL.     

Reasonable supply limits on the amount of water 
available to grow LNIH ice sheets range from 1 to 5 
times the present available water [2]. Using a lapse-rate-
dominated climate with an ice-stability elevation pre-
dicted by GCM results for a denser Martian atmosphere 
[3], ice sheets are cold-based [4] and incapable of pro-
ducing the large volumes of liquid water necessary to 
form VN or OBL, features and deposits known to have 
existed in this region. We investigate how such water 
might be released by surface melting during short-lived 
climatic warmings due to large meteor impacts (e.g., [5]) 
or periods of intense volcanism (e.g., [6]). For the mini-
mum estimate of the magnitude of meltwater required, 
we assume that all the OBLs were filled simultaneously, 
and adopt as our target the total volume of all of the 
filled OBLs measured by [7], ~0.42 Mkm3, a value less 
than 10% of the current (1X) surface/near-surface ice 
volume [2]. 

Results: With our relatively simple climate param-
eterization, short-lived warmings are handled by shifting 
the base temperature, which produces a uniform shift of 
the global temperature field. Simultaneously, the mass 
balance as a function of elevation is adjusted by a com-
bination of a specified lapse rate (2.4 K/km) and a posi-

tive-degree-day factor [8.9] of 1.05 mm/PDD. 
Here we investigate the distribution and amount of 

melting one might obtain from a single-year melting 
event, using our target value of 0.42 Mkm3 to assess 
plausible scenarios. Extracting and calculating tempera-
ture from our climate parameterization for all points that 
are ice covered for our 1X, 2X, and 5X ice sheet simula-
tions, we impose various degrees of warming by offset-
ting the base temperature in the climate parameteriza-
tion. We impose a seasonal swing of 40 K (+/-20), 
analogous to that observed in the McMurdo Dry Valleys, 
where the mean annual temperature is 253 K and where 
seasonal melting is known to occur [10-11]. Applying 
this seasonal cycle we count PDDs and compute a melt-
ing for each point for various PDD factors ranging from 
high albedo snow (1.05 mm/PDD) to low albedo ice 
(2.55 mm/PDD) [9]. Summing these over the area of our 
simulated ice sheets we obtain potential mass losses for a 
single year with warmer temperatures for various warm-
ings and PDD factors.  

Figure 1 shows volume losses for our three supply-
limited ice sheets as a function of warming. Also shown 
is the target volume of 0.42 Mkm3 [7], representing the 
total volume of all open-basin lakes. Clearly, with a 
snow surface (PDD factor of 1.05 mm/PDD, the bottom 
solid line in each figure) it is difficult to obtain our target 
volume for any of the simulated ice sheets. The 2X ice 
sheet reaches the target, but only PDD factors typical of 
an ice surface, and even with that, it requires unreasona-
bly large warmings (36, 38, and 41 C for PDD factors of 
2.55, 2.25, and 1.95 mm/PDD respectively). For the 5X 
ice sheet, an ice surface PDD factor of 2.55 mm/PDD 
obtains the target volume loss with the least warming, 31 
K, yielding an average temperature for the ice sheet sur-
face close to the melting point. These results are summa-
rized in Table 1, which also includes the average melt, 
temperature over the ice sheet, and number of PDDs, as 

Figure 1: Showing volume loss during a single-year warming event for the 1X, 2X and 5X supply-limited model ice sheets for various 
PDD factors ranging from 1.05 mm/PDD (snow) to 2.55 mm/PDD (ice) as a function of the warming. Also shown is the target volume 
of the OBL, 0.42 Mkm3.  
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well as the area of the ice sheet and the volume lost.  
Figure 2 shows the distribution of mass loss for the 

scenario that achieves the target volume with the least 
required warming, the 5X ice sheet with a PDD factor of 
2.55 mm/PDD, typical of a low albedo ice surface. It is 
worth noting that the presence of dark impurities in the 
ice could reduce the albedo further, resulting in larger 
PDD factors [12-14], resulting in larger melt amounts for 
less warming. However, too much debris on the surface 
can have the opposite effect of armoring the surface and 
lowering melt rates [15]. Where [6] suggests a warming 
of 26 C due to volcanic activity, we might ask what PDD 
factor is necessary to achieve our target volume in a sin-
gle year, and whether these values are reasonable. The 
1X supply requires a PDD factor of 7.0, 2X requires 
5.38, and 5x requires 3.85 mm/PDD. Of these, only the 
5X case is possible given our assumption of a 25% re-
duction in the solar intensity during the Noachian, and 
even this requires a low but not unreasonable albedo less 
than 0.2 [16]. 

Conclusions: Scenarios for a single year of warm-
ing of the LNIH glacial scenario are sufficient in some 
cases (e.g., the dusty ice scenario) to produce a volume 
of meltwater comparable to our minimum estimate of the 
total volume of all open-basin lakes. Water melted on 
the surface of the ice sheet will in general flow down lo-
cal surface slopes to the nearest margin. While our 
treatment does not at this point allow us to predict the 
exact flux delivered to the ice sheet margin, one would 
expect from Figure 2 that the largest delivery would be 
along the yellow margin, where surface melting is in the 
14-17 m range. Figure 2 also includes all of the OBL 
cataloged by [7] (green stars). There are major clusters 
of lakes just outside the margin (e.g. the clusters near 
grid (4000,-4000), (7000,0), (4500,1000), and several 
others. Lakes are very rare within the boundaries of the 
ice sheet (only two near grid (5000,3000), two more near 
(3200,-3200), and one near (5250,-750); the rest inside 
the ice sheet are within ~100 km of a margin).  

We conclude that the LNIH glacial scenario pro-
vides a huge reservoir of potential meltwater, and that 
this meltwater would be delivered in locations that could 
account for many of the observed valley networks and 
open-basin lakes under several plausible top-down melt-
ing scenarios. In general, episodes of punctuated heating 
and melting of the LNIH ice sheet, cycled through the 
valley network system over extended periods, could 
readily account for their formation. Not yet determined 
is the detailed mechanism of top-down heating and melt-
ing, the predicted regional valley network patterns and 
associated landforms, and their comparison to the ob-
served valley-network distribution and patterns. These 
preliminary comparisons of the distribution of open ba-
sin lakes with the LNIH supply-limited ice sheets show a 
close correlation [11], but more detailed studies are re-
quired to compare the nature of valley networks with the 
predictions of “warm and wet” and “cold and icy” cli-
mate models.” 
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Table 1: Summarizing the scenarios from Figure 1 that achieve the 
target volume for various warmings and PDD factors. 

Figure 2: Showing the distribution of surface melt across the 5X ice 
sheet in mm/Martian year. The South Pole is at grid coordinate 0,0. 
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