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Introduction: Martian gullies are geologically re-

cent phenomena interpreted to be fluvial features

formed by the action of liquid water [1,2]. Gullies are

limited to latitudes greater than ±30-40° on both hemi-

spheres [1,2], coincident with the predicted stability

range [3,4] and measurements [5] of near-surface

ground ice and its geomorphic indicators [6,7]. Re-

ported azimuthal trends of gullies [1,8,9] are inconsis-

tent, most likely due to differences in individual gully

surveys, however most models for gully formation

predict that gullies should display a preferred range of

azimuths that facilitate the emplacement and/or melt-

ing of near-surface or surface ice [1,9-14].

To better understand the potential effect of insola-

tion on gully formation, we measure the geometry of

gullies in the northern hemisphere and calculate the

resulting insolation received on these slopes. We also

measure insolation received on slopes that lack gullies,

to determine whether gullies form in a restricted ther-

mal environment.

Methods: As in the southern hemisphere, gullies

in the northern hemisphere are regionally clustered,

where most occur within Acidalia and Utopia Planitia.

Slope, elevation, depth from surface and azimuth were

measured for 154 gullies and 234 nongullied slopes in

these two regions. A digital elevation model (DEM)

was created using MOLA data using the method of

[15]. MOC images were overlaid onto the DEM in

ArcGIS and geometric parameters measured. The

measured slope and orientation data were used to cal-

culate the maximum and average daily irradiance re-

ceived by each slope on the equinoxes and solstices for

obliquities = 5°, 25° and 60°; all calculations assume

perihelion occurs at its present value of Ls=248 [16].

Results: Depths and slopes of the gullied and

nongullied slopes in Acidalia and Utopia are reported

by [17] and are similar to their southern counterparts

[9,11]. Gully azimuths [17] are found to vary as a

function of latitude where gullies at latitudes <~40° are

dominantly pole-facing and gullies at latitudes ~40°-

53° are dominantly equator-facing. The nongullied

population shows no orientation preference.

Results for the maximum (noontime) irradiance re-

ceived on gullied and nongullied slopes at present-day

obliquity is shown in Figure 1. For the nongullied

population, the slopes see the least sunlight in the win-

ter and the irradiance received decreases with higher

latitudes and on poleward-facing slopes in each season.

This contrasts with the gullied population. The maxi-

mum irradiance received on gullied slopes is less than

that of nongullied slopes for latitudes <~40° and

greater than that of nongullied slopes at latitudes

>~40°. This is most pronounced in the winter, where

the gullied population >~40° latitude receives an aver-

age maximum irradiance of 270±70W/m
2
compared to

16±12W/m
2
for the nongullied population. Equator-

facing gullies also receive more irradiance in winter

than their nongullied counterparts (not shown).

These trends are exacerbated at an obliquity of 5°

(not shown), where wintertime irradiance can exceed

summertime in some cases. At obliquity = 60°, all

slopes are permanently shadowed in winter, but gullies

lie within a more restricted range of irradiance than

nongullied slopes as they do for all obliquities.

The average daily irradiance at the solstices and

equinoxes at present-day obliquity (not shown) for

gullied slopes show a more limited range with latitude

and azimuth than the nongullied population. For gul-

lied slopes, irradiance is ~constant with latitude in the

spring, winter and fall and increases with latitude dur-

ing the summer.

Discussion: The change in gully azimuth with lati-

tude observed for this subset of northern hemisphere

gullies is also found in southern hemisphere gullies [9].

A recent comprehensive survey of N. hemisphere gul-

lies by [18] shows gullies have an equator-facing pref-

erence at latitudes ~40°-55° and no azimuthal prefer-

ence at latitudes <~40°, perhaps reflecting some re-

gional variability in gully azimuth.

The modeling presented here shows that the solar

irradiance received on gullied slopes is distinct from

the nongullied population resulting in gullied slopes

having a more limited range of irradiance values with

latitude. If we consider insolation as a proxy for tem-

perature, in our survey, the gullies form on cooler

slopes at low latitude and warmer slopes at higher lati-

tudes. We can consider these data in context of a

popular model for gully formation, that gullies form

from the melting of surface or subsurface ice deposited

during the last high obliquity epoch [3, 9-12]. At high

obliquity, atmospheric water vapor is predicted to con-

dense on all surfaces globally, but as obliquity de-

creases ground ice will sublimate at latitudes <~30-40°

as the atmospheric vapor density decreases and tem-

peratures increase near the equator [3]. Our data show

that gullies at low latitudes occur on slopes with lower
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irradiance, suggesting that ice cannot persist on

warmer slopes where it would rapidly sublimate.

At higher latitudes, ice can persist on all slopes,

however, our data show that gullies will occur on

slopes that receive relatively high irradiance through-

out the year. This is consistent with the idea that

summertime melting can only occur on the warmest

slopes at high latitudes. Interestingly, gullied slopes

are calculated to receive relatively high winter irradi-

ance as well. This suggests that the source ice for the

gullies cannot get too cold in the winter because: 1) the

temperature of subsurface ice needs to be closer to the

melting point so that the energy of the summer thermal

wave is great enough to overcome the specific heat

capacity of the ice, 2) these slopes have the most warm

days over the year, maximizing melt volume, and/or 3)

subsurface vapor diffusion is integral to the supply of

the gully source, and diffusion is inhibited by cold

temperatures. That the gullies have a dependence on

winter irradiance suggests that the seasonal thermal

wave, which affects the upper ~10 m of the subsurface

[3,10], is a driver for gully formation. This is consis-

tent with models invoking direct melting of near-

surface ground ice [11,12], the release of subsurface

water via the melting of a water ice plug [1,2] or the

melting of surface frost [13,14].

Conclusion: Relative to slopes without gullies,

gullied slopes receive a more restricted range of irradi-

ance, experiencing less throughout the year at low lati-

tudes and more at higher latitudes at a range of obliqui-

ties. Gullies are sensitive to seasonal solar insolation.

We propose that gullies form on slopes with geo-

metries (elevation, slope, azimuth) that results in a

specific temperature pressure environment (not too hot

and not too cold) conducive to both the preservation

and melting of ice in the uppermost subsurface. Future

work will incorporate thermal inertia and albedo to

model temperatures on these slopes.
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Figure 1. Modeled maximum (noontime) irradiance

on slopes with (center) and without (top) gullies on the

equinoxes and solstices at present-day obliquity. Linear

regressions are plotted. Bottom – irradiance difference

between populations, with data averaged in 5° bins.
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