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Introduction:  Ground-based detections of me-

thane on Mars at the 10’s of ppb level [1,2] and similar 
observations by orbiting assets such as the Planetary 
Fourier Spectrometer on Mars Express [3] and the 
Thermal Emission Spectrometer on Mars Global Sur-
veyor [4] have sparked renewed interest, within the 
past decade, in the possibility that Mars may be ‘alive’, 
either in the geologic or, more tantalizingly, the bio-
logic sense.  Most recently, observations, both Earth-
based and in situ by the Mars Science Laboratory 
(MSL) have found either a much lower abundance of 
methane [5] or no substantive abundance at all [6].  
What’s a person to believe? 

Under martian atmospheric conditions, methane is 
expected to have a chemical half-life of ~300 years, 
making it a relatively stable species that should be-
come well-mixed in the martian atmosphere, which has 
a global mixing time on the order of tens of days.  As 
observations and detections of methane remain sparse 
and inconsistent, it remains unclear as to the nature of 
the methane releases into the martian atmosphere that 
would have caused prior detections.  Were they wide-
spread or highly localized?  In an idealized situation, 
clearly identifiable surface features (e.g. vents, cracks, 
fumaroles) could be linked to elevated methane con-
centrations, providing clear and compelling targets for 
further investigation.  Unfortunately, this has not yet 
been the case—orbital observations are sufficiently 
coarse so as to preclude direct detection of small-scale 
features, while from the ground, we are limited to only 
those measurements by MSL within the confines of 
Gale Crater.  In the latter case, unless we are extremely 
lucky so as to literally ‘trip’ over a methane source, the 
odds are heavily stacked against us directly identifying 
a methane source region with MSL.  As capabilities 
from orbit, however, continue to improve, it is worth-
while to try to understand exactly how we might per-
ceive localized sources, such as plumes, at the surface.  

Even if we were given, a priori, near-perfect 
knowledge of the location of such a plume, our ability 
to detect it from orbit would be hampered by two sig-
nificant restrictions of the orbital platform.  First, the 
surface footprint of orbital detectors is discrete in na-
ture, and the smaller the footprint is (i.e. the greater the 
ability to localize the plume source), the more sparse 
the surface coverage becomes.  Second, the ‘walking’ 
nature of the typical (polar) orbit means that individual 
locations on the surface are infrequently covered, per-
haps on the order of 5-10 days or more, at best.  A 
short-lived plume, then, could easily be released from 

a surface source and yet not be identified from orbit 
until several days had elapsed, thus masking the origi-
nal source location. 

Approach:  Global climate modeling is a means by 
which we can begin to understand the overall disper-
sive behavior of the atmosphere as it pertains to largely 
passive species such as methane.  Prior studies [7,8] 
have used general circulation models (GCMs) to simu-
late the behavior of atmospheric plumes in order to 
understand the evolution of plume signals in the at-
mosphere.  Specifically, [8] attempted to reproduce the 
primary signal seen by [2] by treating methane as a 
passive tracer in the MarsWRF GCM [9].  Results 
from that modeling effort show the challenge of using 
a gridded GCM to isolate a plume source.  Specifical-
ly, model architecture becomes an important consid-
eration, and parameters such as model resolution can 
critically influence the evolution of a tracer field in the 
atmosphere.  This is an inherent feature of the Eulerian 
framework of such models, in which model fields are 
calculated on a fixed grid.  Here, numerical diffusion 
acts to unphysically increase the diffusivity of the 
plume beyond reality (making it as much a function of 
model resolution as it is ‘true’ atmospheric behavior). 

In the present work, we take a departure from this 
approach and investigate the efficacy of a Lagrangian 
tracer model towards characterizing plumes from orbit.  
We apply the Second-order Closure Integrated Puff 
(SCIPUFF) model [10] to this question of detecting 
methane plumes from martian orbit.  The SCIPUFF 
model takes, as input, meteorological or gridded model 
wind data, and releases Gaussian ‘puffs’ of tracer into 
this wind field.  As a Lagrangian model, the plume 
puffs themselves are tracked, rather than the specific 
locations of the Eulerian model.  The result is a far 
more accurate representation of an atmospheric plume 
than has been previously obtained using a GCM alone. 

To implement SCIPUFF, we prepare a background 
wind field, using MarsWRF as a high-resolution 
mesoscale model (12 km resolution), into which the 
plume is released. SCIPUFF releases individual tracer 
‘puffs’ into this wind field, and each puff is individual-
ly tracked as a function of time according to its move-
ment within the regular gridded wind field.  An exam-
ple of such a plume is seen in Figure 1a, which shows 
the plume’s vertically integrated concentration after 12 
hours in the background mesoscale model wind field.  
At this early point in the plume’s evolution, the indi-
vidual ‘puffs’ overlap, giving a homogeneous appear-
ance to the plume. 
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Discussion:  So how might a plume such as this be 
identified from orbit?  We consider two instrumenta-
tion approaches here, 1) limb spectroscopy, and 2) 
reflectance spectroscopy.  Limb or occultation spec-
troscopy is the most sensitive (down to the ppt level), 
but at the expense of a large surface footprint of O(100 
km).  Reflectance spectroscopy is nadir-pointed, and 
has a smaller footprint O(1 km), but with less sensitivi-
ty to a methane signal due to a shorter path length. 

To illustrate the difficultly of localizing a small-
scale plume from orbit, let us consider the plume from 
Fig. 1a to be fixed in location and intensity over time.  
Such plume behavior may be observed, for example, 
from a steady-state, long-emission plume with constant 
release rate.  More transient methane releases are not 
well-represented by this plume model, as they would 
be expected to rapidly disperse.  For this static plume, 
typical observations over the course of 100 days with a 
nadir-pointed instrument having a footprint of 3 x 3 km 
would yield the observation pattern seen in Fig. 1b.  
The general shape and magnitude of the plume is dis-
cernable, but one cannot accurately identify the plume 
source to any better than the spacing between individ-
ual observations.  We have thus sacrificed fidelity for 
resolution—observations of the plume are quantitative-
ly more precise, but we have sparser coverage.  Con-
versely, for a limb-type sounder having a footprint of 
200 x 3 km, the entire are of the plume is observed at 
least once within 100 days, but with such coarse reso-
lution that it yields only the greatly smeared represen-
tation (Fig 1c) of the ‘true’ plume.  Notice that the 
peak signal seen in the true plume (the small red re-
gion), is captured by only a single observation in these 
100 days.  Because the high-intensity source (red) is so 
much smaller compared to the size of the footprint, the 

signal from the instrument is biased towards a lower 
values (yellow) due to the integrated effect of the sur-
rounding low-intensity signals.  Deriving truth from 
the orbiter’s reality is very difficult, indeed! 

What we have discussed greatly simplifies the be-
havior of smaller, more transient plumes, which may 
be more common, and which will disperse much more 
readily into the atmosphere.  For a sufficiently small 
plume, it may completely disperse below the detection 
level of the instrument in a matter of hours. In reality, 
given the transient nature of these plumes, both in 
space and time, and the limitations in temporal cover-
age by orbiting assets, we should not expect to capture 
more than a few individual observations of any small-
scale methane releases unless the plume is steady and 
of long-duration.  The consequence of this restriction is 
that, for the near future, we may be unable to more 
precisely target source locations than to within 100’s 
of km.  It becomes necessary, then, to further isolate 
plume source regions through ground-based means. 
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Figure 1:  Three views of the same plume. a) Integrated concentration as modeled in SCIPUFF, 12 hours after ini-
tial plume release, showing contoured topography, c) plume as observed by simulated 3x3 km nadir-pointing in-
strument for 100 days, assuming plume is fixed in time/space (black indicates gaps in spatial coverage), d) plume as 
observed by simulated 200x3 km limb-sounding instrument for 100 days, assuming plume is fixed in time/space.  
Absolute magnitude of contours is arbitrarily chosen, but relative contours are internally consistent. 
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