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Evidence for widespread nonuniform vertical mixing of dust in Mars’s tropical atmosphere
(in the form of features called “detached dust layers” or DDLs) is a challenge for atmospheric modeling.
We characterize the seasonal, diurnal, and geographic variability of DDL activity in retrievals from observations
by the Mars Climate Sounder onboard Mars Reconnaissance Orbiter. We ﬁnd that dust injection above the
boundary layer, which forms DDLs, is a spatially ubiquitous phenomenon in the tropics during the daytime,
implying that it has a signiﬁcant nontopographic component. DDL formation is more intense in northern spring
and summer than in southern spring and summer but is still common when the zonal average dust distribution
appears uniformly mixed. DDLs do not appear to follow the upwelling associated with Mars’s Hadley circulation
or the extant climatology of local dust storm activity in the tropics. Geographic variability in the nightside
vertical dust distribution does not always correlate with the dayside vertical dust distribution, implying that
there is spatial and seasonal variability in the efﬁciency of dust deposition/removal processes. Nighttime dust
removal is especially efﬁcient over the Tharsis Montes during northern spring and summer, which suggests
some association between water ice clouds and removal. Intense injection combined with efﬁcient removal
results in a high amplitude of diurnal variability in the dust distribution at 15–30 km above the surface of the
tropics during much of the Martian year.

1. Introduction
Mineral dust is a ubiquitous constituent of Mars’s atmosphere. Weather systems, ranging in size from dust devils
to planetary-scale dust events, mobilize and inject dust into the atmosphere. (Throughout this paper, we
will use “injection” to mean the upward vertical advection of dust after it is mobilized from the surface.) Dust
then can be transported long distances by Mars’s global wind system. As in Earth’s atmosphere, dust absorbs
and scatters incoming solar radiation and outgoing infrared radiation and can be present in concentrations
sufﬁcient to produce atmospheric opacities of order unity. Therefore, in Mars’s thinner (2 orders of magnitude)
and much drier (4 orders of magnitude) atmosphere, dust has a dynamical role analogous to water in
Earth’s atmosphere.
Observations of the vertical dust distribution of Mars’s atmosphere constrain our understanding of the vertical
transport of dust and the impact of dust on the circulation at all scales. Retrievals from observations by the Mars
Climate Sounder (MCS) onboard the Mars Reconnaissance Orbiter (MRO) have shown that the vertical dust
distribution of the tropical atmosphere exhibits a zonal mean climatological feature previously referred to as
the high-altitude tropical dust maximum (HATDM): a detached dust layer (DDL) centered well above the
observed height of the daytime planetary boundary layer [see Hinson et al., 2008; Tellmann et al., 2013], which
has an estimated dust mass mixing ratio 2–10 times greater than that of the atmosphere nearer to the surface
[McCleese et al., 2010; Heavens et al., 2011a, 2011b, 2011c].
The existence of the HATDM has been directly conﬁrmed by retrievals from limb observations by the Thermal
Emission Spectrometer on the Mars Global Surveyor (MGS-TES). Guzewich et al. [2013a] report two HATDMs
from MGS-TES, one corresponding to that observed by MRO-MCS, referred to as the lower dust maximum
(LDM), and one primarily observed on the dayside at 45–65 km altitude above the surface, referred to as the
upper dust maximum (UDM). The existence of the LDM is also strongly suggested by observations by the
Compact Reconnaissance Imaging Spectrometer for Mars on board MRO (MRO-CRISM) [Smith et al., 2013].
Observations by the Spectroscopy for the Investigation of Characteristics of the Atmosphere of Mars

HEAVENS ET AL.

©2014. American Geophysical Union. All Rights Reserved.

1

Journal of Geophysical Research: Planets

10.1002/2014JE004619

(SPICAM) instrument onboard Mars Express possibly conﬁrm the existence of the UDM as well as the LDM
[Guzewich et al., 2013a; Määttänen et al., 2013]. (SPICAM cannot deﬁnitively distinguish condensate hazes
from dust. Yet it frequently observes a layered aerosol structure when intercomparison with other data sets
would suggest dust is present.).
Until recently, models of the seasonal cycle of the Martian atmosphere either assumed a vertical dust
distribution set by the balance between dry deposition and vertical eddy diffusion (following Conrath [1975])
[e.g., Forget et al., 1999] or actively simulated the dust cycle. In active simulations of dust lifting and transport,
dry deposition and vertical eddy diffusion were the principal mechanisms of atmospheric vertical transport
[Richardson and Wilson, 2002; Newman et al., 2002a, 2002b; Kahre et al., 2006; Madeleine et al., 2011]. Vertical eddy
diffusion in Mars Global Climate Model (MGCMs) was mostly accomplished by model-resolved circulations such as
the thermal tides and the Hadley circulation rather than by parameterized eddy diffusion [e.g., Wilson, 1997].
The discovery of DDLs and the climatological features associated with them have forced reexamination of the
vertical dust distribution in models of Mars’s general circulation [Guzewich et al., 2013b] as well as consideration
of additional vertical transport processes such as nonlocal deep transport by convective plumes and
scavenging by water ice clouds [Heavens et al., 2011b; Rafkin, 2012; Guzewich et al., 2013a; Spiga et al., 2013].
The neglect of nonlocal deep transport in theory and modeling prior to MRO-MCS is surprising. Leovy et al.
[1972] and Gierasch and Goody [1973] report evidence for nonlocal deep transport in the early stages of
the 1971 global dust event and for deep convective plumes at least 15–20 km in height within subsequent
local dust storm activity. Hazes similar to those reported from Mariner 9 observations have been reported
since (Viking Orbiter: Jaquin et al. [1986]; MGS-TES: Clancy et al. [2009]; MRO-MCS: Heavens et al. [2011a];
MRO-CRISM: Smith et al. [2013]; and SPICAM: Määttänen et al. [2013]). Cumuliform and/or shadow-casting
cumuliform clouds in visible imagery of dust storm activity also have been observed since Mariner 9
[e.g., Strausberg et al., 2005; Malin et al., 2008].
The expansion of mesoscale modeling of Mars in the 2000s gradually shifted attention back to observations
that might implicate convective processes in Mars’s atmosphere. For instance, recent mesoscale modeling by
Spiga et al. [2013] has demonstrated that dust-heated convective plumes in dust storms could be a viable
mechanism for forming DDLs. Yet past observational studies have been cautious about attributing DDLs in
northern spring and summer to dust storms. The characteristic nightside structure (including longitudinal
variability) of the HATDM/LDM in Mars’s “clear season” around northern summer solstice (Ls = 90°) persists for
a period much longer than the characteristic horizontal or vertical advection timescales [Heavens et al.,
2011a], arguing against the feature arising from infrequent, large injections of dust above the planetary
boundary layer from the small number of tropical dust storms observed around northern summer solstice
[Cantor et al., 2001, 2006]. Indeed, during the entire Martian year, local dust storms are rarely observed at the
low latitudes where the HATDM/LDM occurs [Guzewich et al., 2013a]. These arguments are somewhat
undermined by the fact that extant observational data sets of local dust storm activity (e.g., MGS-Mars Orbiter
Camera imagery of Cantor et al. [2006]) primarily sample early afternoon and so might miss short-lived dust
storms at other times of day [Spiga et al., 2013].
Since dust storms may not explain DDLs under some circumstances, additional processes are under consideration.
These processes include injection of dust above the planetary boundary layer by dust-heated convection
resulting from small-scale lifting (e.g., dust devils) [Fuerstenau, 2006; Heavens et al., 2011b] or by upslope
topographic ﬂows [Rafkin et al., 2002]. Scavenging by water ice also has been considered [Heavens et al., 2011b].
Including or improving parameterization of these processes in Mars general circulation models (GCMs) is
therefore in progress (C. Lee, Improved understanding of ice and dust processes using data assimilation, paper
presented at American Geophysical Union Fall Meeting, San Francisco, CA, 9–13 December 2013; Navarro et al.,
Global climate modeling of the Martian water cycle with improved microphysics and radiatively active water ice
clouds, submitted to Journal of Geophysical Research, Planets, 2013, arXiv: 1310.1010).
As modelers improve parameterization of vertical transport in Mars atmospheric models, they will need
additional observational constraints about where and when dust is being injected and removed. Published
observations already suggest that diurnal as well as seasonal variability will be critical evaluation criteria for
these parameterizations. For instance, the density-scaled opacity of the HATDM/LDM at northern summer
solstice may vary by a factor of 2–5 over the course of a day [Heavens et al., 2011b; Guzewich et al., 2013a].
The HATDM in this period has a persistent characteristic nightside structure over a period of weeks
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[Heavens et al., 2011a], but the high amplitude of diurnal variability suggests that the residence time of dust
is considerably shorter (less than a sol) [Guzewich et al., 2013a]. This short residence time, as well as the
persistence of the nightside structure may suggest (1) the “background” source of DDLs on Mars is strong,
(2) efﬁcient scavenging of dust by large water ice particles, and/or (3) daytime ascent of older DDLs by
reheating [Spiga et al., 2013].
Current estimates of the diurnal variability of dust rely upon zonal averages. Sampling inhomogeneities
or systematic biases in retrievals may bias zonal averages on the dayside and/or nightside. However, a
restricted analysis of spatially contiguous proﬁles with semidiurnal temporal separation has corroborated the
amplitude of diurnal variability implied by the zonal averages [Heavens et al., 2011b].
The purpose of this paper is to characterize the diurnal, seasonal, and geographic variability of DDLs in Mars’s
tropical atmosphere from observations by MRO-MCS. We are especially interested in the size-frequency
distribution of diurnal variability in the dust distribution (e.g., does a climatological DDL feature like a HATDM
result from small, frequent injection events or large, infrequent injection events?). As long as there is
uncertainty about the climatology of dust injection events and/or their efﬁciency at injecting dust at
particular altitudes, this information will not identify the dominant mechanism of dust injection at a particular
place or season. However, this type of analysis could advance evaluations of dust injection and removal
schemes in atmospheric models beyond comparisons with zonal average dust distributions. This analysis also
could support closer study of the climatology of dust-lifting weather systems from nadir-looking cameras.
We focus on the Martian year before the landing of the Mars Science Laboratory Curiosity (Ls = 150.7° of Mars
Year (MY) 30–Ls = 150.7 of MY 31). We thereby take advantage of the relatively low level of large-scale dust
storm activity during this period to study and characterize variability in the “background” dust distribution of
Mars (D. Kass, Interannual similarities during the Martian dusty season, paper presented at the 45th meeting of
the division of planetary sciences of the American Astronomical Society, Denver, CO, 6–11 October 2013).

2. Methods
2.1. MRO-MCS Data Set
Atmospheric retrievals from MCS observations consist of vertical proﬁles of temperature, T, (K), dust
opacity, i.e., fractional extinction due to dust, dzτ, (km1) at 463 cm1 (the center of MCS’s A5 channel),
and water ice opacity (km1) at 843 cm1 (the center of MCS’s A4 channel), gridded on pressure, p,
coordinates. The vertical resolution of these proﬁles is ~5 km. Each retrieved proﬁle is also associated
with an uncertainty proﬁle based on the estimated detector noise and misﬁt of the observed radiance
by the forward model of the retrieval. For dzτ >105 km1, the estimated uncertainty in dzτ is typically
less than 10%. Altitude data gridded on pressure coordinates, which is based on the geometric pointing
of the instrument, are also available for each proﬁle. The uncertainty in the altitude data is ±1 km. The
pressure at the surface, ps (Pa) is extrapolated from the pressure retrieval using the hydrostatic equation.
This extrapolated surface pressure should be used cautiously, since it is subject to uncertainties in both
the altitude data and the temperature proﬁle between the lower end of the retrieval and the surface.
Where possible, surface temperature, Ts (K), is also retrieved. The MRO-MCS retrieval algorithm is
described by Kleinböhl et al. [2009, 2011]. Version 3.1 of the MCS retrieval data and its behavior under
high opacity conditions are discussed by McCleese et al. [2010] and Heavens et al. [2011b].
On 13 September 2010, MCS began a series of regularly spaced cross-track scanning campaigns, during
which MCS scans the limb on either side of the MRO orbit (cross-track observations) as well as along the MRO
orbit (in-track observations) [Kleinböhl et al., 2013]. This observation pattern allows MCS to obtain information
about conditions ~1.5 h earlier or later than the local solar time of the MRO orbit. We have not speciﬁcally
excluded retrievals from cross-track observations from the analyses presented here, but they are sometimes
excluded by the speciﬁc selection criteria of a particular analysis. We will describe systematic examples of
these exclusions where appropriate.
From the retrieved quantities of temperature, pressure, and aerosol opacity as well as the ideal gas law, we
estimate aerosol density-scaled opacity (DSO: dρz τ), a proxy for the mass mixing ratio (q) of the aerosol. If we
adopt the assumptions of the retrieval algorithm about aerosol optical properties and assume a mass density
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for the aerosol (ρA), the relationship between density-scaled opacity and mass mixing ratio allows a direct
estimate of the latter quantity:
4 ρA dz τ
r eff
(1)
q¼
3 Qext ρ
where Qext is the extinction coefﬁcient and reff is the effective radius: the ratio of the average volume
and average cross-sectional area of the assumed aerosol particle size distribution. For dust, the mass
mixing ratio in parts per million is 1.2 × 104 times the density-scaled opacity (A5 channel) in square
meters per kilogram, assuming spherical particles with ρA = 3000 kg m3 [Heavens et al., 2011b]. In
addition, given a scale height of 10 km and surface air density of 1.5 × 102 kg m3, uniform mixing of
dust DSO of 10-4 m2 kg1 at 463 cm1 to 20 km above the surface translates to a visible column opacity
of 0.09 [Heavens et al., 2011a].
At ﬁrst glance at equation (1), the conversion between density-scaled opacity and mass mixing ratio depends
on reff. Therefore, variations in dust grain size should affect this conversion. However, Qext can be a strong
function of reff, so the ratio of Qext/reff is the critical conversion parameter [Heavens et al., 2011a]. If Qext/reff is
larger than assumed, we will overestimate mass mixing ratio and vice versa.
Recently presented results by A. Fedorova (Observations of a bimodal size distribution for the aerosol
particles on Mars by SPICAM/MEX, paper presented at the ﬁfth international workshop on the Mars
atmosphere: Modeling and observations, Oxford, UK, 13–16 January 2014) suggest that Mars’s atmospheric
dust falls into two modes: a “large mode” (1–1.6 μm) and a “small mode” (~0.05 μm). Variations in Qext/reff in
MCS’s A5 channel for the “large mode” are approximately 10% [Heavens et al., 2011a]. If particle size decreases
with height and dust is uniformly mixed, variation in Qext/reff would result in a decrease in densityscaled opacity.
Dust in the “small mode” would not the change the situation signiﬁcantly. Using the same approach
described in Kleinböhl et al. [2009], we have performed Mie code simulations at sizes closer to the small mode.
The MCS A5 channel is centered at 25.6 μm. Qext/reff for a distribution with υeff = 0.30 is 0.22 for reff of 1.06 μm
and 0.19 for reff of 0.13 μm, a difference of 15%. This difference again would result in a decrease with height in
density-scaled opacity of a uniformly mixed proﬁle where particle size decreased with height. Thus, where
particle size decreases with height, our approach may underestimate the maximum density-scaled opacity of
DDLs as well as the index we will deﬁne in the following section.
2.2. Detached Dust Layer Index
We deﬁne the “intensity” of detached dust layering (or DDL index, IDDL) in a retrieved proﬁle as the maximum
speciﬁc gravitational potential energy of dust perturbations in the proﬁle:
IDDL ¼ max½gðq  q0 Þz

(2)

where g is the acceleration due to gravity, q0 is the value of dust mass mixing ratio at the lowest altitude at
which it is retrieved, and z is altitude relative to the local areoid. Two examples of this calculation are
illustrated in Figures 1a–1c and 1d–1f.
The underlying premise of IDDL is that DDLs are detrainment/outﬂow layers from dust plumes that have
overshot the planetary boundary layer. When these plumes detrain, they enhance mass mixing ratio at
higher altitudes than the altitude at which vertical eddy diffusivity in and above the boundary layer has
homogenized the vertical dust distribution [see Rafkin, 2012, Figure 1]. Therefore, the enhancement of dust
mass mixing ratio in the DDL relative to the dust mass mixing ratio in the homogenized region is signiﬁcant,
not the absolute dust mass mixing ratio of the DDL. (If a well-mixed plume involved in dust injection was
resolved by a retrieval, it would have IDDL = 0 J kg1. Plumes probably are much smaller horizontally than the
resolution of the retrieval and/or would generate sufﬁcient aerosol to obscure the limb and inhibit reliable
retrieval.) After the layer forms, downward transport of dust due to sedimentation dilutes the layer in
proportion to the increase in density. Scavenging by ice particles may attenuate the DDL more strongly, as
would mixing with less dusty air. Therefore, IDDL convolves information about the initial altitude and mass
mixing ratio of the DDL with information about deposition and horizontal mixing processes by which the
DDL has been affected since it formed.
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Figure 1. (a, d) Illustration of the calculation of IDDL for two cases, whose time and location are listed in the titles to the leftmost panels, which plot dust and water ice
density-scaled opacity on pressure coordinates. (b, e) The diagnosis of q0 from the lowest altitude dust information plotted as estimated dust mass mixing ratio
on coordinates of altitude relative to the areoid. (c, f) The potential energy of the dust perturbation relative to the q0 (the quantity within the brackets in equation (2)) and
the diagnosis of IDDL as the maximum value of this quantity.

Since we do not know the speciﬁc injection process that produces any given DDL, we assume that the
initial altitude and mass mixing ratio of the DDL are indicators of the intensity of the injection process.
To a ﬁrst approximation, this is true for both 1-D simulations of individual dust devil plumes as well as
mesoscale models of Martian dust storms [Heavens et al., 2011b; Spiga et al., 2013]. More energetic
convection in dust storms is more effective at transporting high concentrations of dust out of the
boundary layer to high altitudes [Spiga et al., 2013]. However, it is also observed that stronger large-scale
horizontal advection and sedimentation at higher altitudes can subdue these relationships, especially if
the detached dust layer is observed several hours later than the occurrence of the convective plume
that formed it [Spiga et al., 2013].
Since q0 is estimated from the estimated mass mixing ratio nearest to the surface, estimates of IDDL
may be biased low or high depending on the degree to which the homogenized region near the surface
is sampled by the retrieval. Only using retrievals with reported surface temperature is desirable, since
the inclusion of surface temperature information in the retrieval typically expands the vertical range
of reliable retrieval toward the surface [Heavens et al., 2011b]. Therefore, retrievals where retrieved
surface temperature is not reported are excluded from this analysis. The atmosphere sampled by
these retrievals may or may not contain detached dust layers, but the retrieval often does not give us
enough information to determine one way or the other. Retrievals from cross-track observations are
automatically excluded by this criterion, because these observations do not have corresponding on-planet
views from which to retrieve surface temperature.
One of the proﬁles used in the example calculation (Figures 1d–1f ) has two DDLs resolved in it, yet IDDL
is calculated on the basis of the higher-altitude DDL. The lower altitude one is treated as irrelevant by
the index-calculating algorithm. This aspect of the algorithm is intentional but not explicitly imposed by
the algorithm. It is motivated by the idea that the effects of sedimentation and dilution by horizontal
transport are such that higher-altitude DDLs are younger and formed nearer to the point of observation
than lower altitude DDLs. Proﬁles with two DDLs are relatively rare. So if lower altitude DDLs sample
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Figure 2. Illustrative dust proﬁles with diverse IDDL values drawn from all tropical nightside dust proﬁles at Ls = 91°–92°, MY 31: (a) Ls = 91.987°, 21°S, 29°E, 3:02 LST;
(b) Ls = 91.985°, 9°S, 31°E, 3:05 LST; (c) Ls = 91.949°, 13°N, 61°E, 3:10 LST; (d) Ls = 91.918°, 24°S, 84°E, 3:01 LST; (e) Ls = 91.539°, 21°S, 24°E, 3:02 LST; (f) Ls = 91.742°, 13°N,
135°W, 3:12 LST; (g) Ls = 91.018°, 23°N, 80°E, 3:12 LST; (h) Ls = 91.018°, 20°N, 79°E, 3:12 LST.

recent DDL activity near the point of observation better than high-altitude DDLs, it still would not be
worth organizing the index deﬁnition around these rare cases.
The index calculation is adapted to assessing the DDLs easily resolved by retrieved proﬁles and have a form
consistent with nonlocal deep transport of dust. Where retrieved proﬁles are nonideal, the index may
underestimate DDL activity. We can illustrate this point by focusing on a small sample of retrieved proﬁles: the
nightside tropical proﬁles from Ls = 91°–92° of MY 31. There are 804 of these proﬁles. Seven hundred ﬁfty-one of
them have nonzero IDDL. Of these, eight proﬁles have two resolved DDLs in which IDDL would be assessed on
the basis of higher-altitude DDL, as in Figures 1d–1f. A proﬁle with a small nonzero value of IDDL has a small,
noticeable bump at ~150 Pa (Figure 2a). Proﬁles with the approximate median and 95th percentile IDDL values
for the entire sample have resolved DDLs (Figures 2b–2c). The higher IDDL value of the proﬁle in Figure 2c is
clearly visible in the higher altitude and magnitude of the maximum dust DSO, indicating that IDDL generally
measures exactly what is intended.
Of the remaining proﬁles, 40 have 0 J/kg. There are three classes of these: one is in which we can
see progress toward a uniform proﬁle without a noticeable DDL bump (Figure 2d), one with a DDL
whose maximum DSO is smaller than the uniform value near the surface (Figure 2e), and one where the
proﬁle cuts off too high for its qualitative form to be assessed (Figure 2f ). (The case illustrated in
Figure 2e does not contain a DDL but not necessarily one that forms by a nonlocal deep transport
process, since such a proﬁle could form due to water ice scavenging of a uniformly mixed proﬁle.)
We have provided characteristic examples of each, but we cannot always distinguish them. All classes
therefore were included when assessing the statistical distribution of IDDL, even though only the ﬁrst
two classes deﬁnitively have zero IDDL. There are 13 proﬁles where IDDL was not analyzed due to the
absence of surface temperature retrieval. These fall into two classes: 12 proﬁles where the proﬁle cuts
off too high for its qualitative form to be assessed (Figure 2g) and one proﬁle with a DDL whose
perturbation relative to the near-surface value cannot be assessed (Figure 2h).
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As our examples show, the IDDL of an individual proﬁle and its statistical parameters still can be biased by the
extent to which dust opacity is reported near the surface. This point suggests that model comparisons
involving IDDL only should be performed on model-generated proﬁles degraded to the characteristic dust
and water ice limb-obscuring opacity limits of MCS observations: 4 × 103 km1. Nevertheless, when dust
opacity is reported relatively close to the surface, IDDL distinguishes the relative altitude/magnitude of DDLs
by means of a single parameter.
Whether dust opacity is reported at high altitudes can depend on how much dust is present. Averaging
all reported values of dust at high altitudes would result in averaging a small number of exceptionally
dusty cases, while ignoring the large number of cases where dust opacity was not high enough to
be reported. Therefore, unreported values of aerosol opacity at lower pressure (higher altitude) than
the lowest pressure at which aerosol opacity is reported are treated as if the reported value is zero
[Heavens et al., 2011b].
Since the focus of this study is the tropics (25.3°S–25.3°N), we do not apply any ﬁlter to remove
instances of the retrieval of CO2 opacity as dust [Heavens et al., 2011a, 2011b]. (Analyses in high-latitude
areas are occasionally plotted for context but not discussed.) We cannot exclude the possibility that a
small number of tropical detached dust layer actually are mesospheric CO2 clouds [Clancy and Sandor,
1998; Montmessin et al., 2006, 2007; Clancy et al., 2007; Määttänen et al., 2010; McConnochie et al., 2010;
Spiga et al., 2012]. In all, approximately 52,609 estimates of IDDL (of 71,734 total retrievals) have been
made on the dayside tropics (9:00–21:00 Local Solar Time (LST), typically ~15:00 LST) during the Martian
year of interest and 131,634 estimates (of 166,292 total retrievals) on the nightside (21:00–9:00 LST,
typically ~3:00 LST)
We isolate broad climatological trends in the geographical variation of the distribution of IDDL by studying
seven periods during which the zonal average vertical dust distribution looks relatively similar. These periods
were deﬁned by inspection of zonal average plots (made like those in McCleese et al. [2010]) as Phase I:
Ls = 345°–5°; Phase II: Ls = 50°–70°; Phase III: Ls = 75°–145°; Phase IV: Ls = 185°–225°; Phase V: Ls = 250°–260°;
Phase VI: Ls = 265°–290°; and Phase VII: Ls = 300°–320°. For example, the zonal average nightside vertical dust
distribution made in 5° Ls bins during Phase III all have a climatological DDL centered at ~80 Pa over the
tropics and a region of more or less uniform dust mixing to ~50 Pa centered at 70°N (compare Figures 10c and
10d of McCleese et al. [2010]). In the text and ﬁgure captions, we will use seasonal descriptors like “northern
summer solstice” and refer to phases in parentheses. Transitional periods were analyzed, but the results of
these analyses only are included in analyses of the entire Martian year.
2.3. Spatially Contiguous Proﬁles With Semidiurnal Temporal Separation
To study diurnal variability in the dust distribution and other aspects of atmospheric structure and
composition, we make use of the orbital pattern of MRO, in which the ground track of any given
nightside orbit intersects the dayside orbit ~12 h later and vice versa (Figure 3) [see Zurek and Smrekar,
2007]. Therefore, many MRO-MCS retrievals from in-track observations are located near retrieved
proﬁles at the opposite time of day, roughly 12 h earlier or later. Proximity in distance is especially
common near the poles and near the equator (where the orbital ground tracks intersect in Figure 3).
The locations and distances between these pairs have been determined for the entire MRO-MCS data
set, but we only will show data for the Mars Year of interest.
A dayside-nightside pair does not sample identical atmosphere, even when the scene coordinates of the pair
are identical. When MRO-MCS looks in track, it observes the limb from opposite directions (or approximately
so because of the inclination). For the purposes of this analysis, we therefore deﬁne a spatially contiguous
proﬁle as one separated by 140 km (as measured from the latitude and longitude of the scene for each
proﬁle) from a proﬁle that occurs within 10–14 h earlier or later. These two proﬁles make a pair. The 140 km
criterion is derived from the Pythagorean distance between two points separated by half of the cross-track
detector array resolution of MRO-MCS, and half of the line-of-sight horizontal range of tangent points sampled
at the vertical resolution of the retrieval [Kleinböhl et al., 2009; Hayne et al., 2012]. These two distances
are 105 km and 260 km respectively. Therefore, a pair of retrievals samples diurnal variability at a resolution
comparable to the detached dust layers emitted by the “rocket dust storms” of Spiga et al. [2013] but may
poorly capture diurnal changes at smaller horizontal scales.

HEAVENS ET AL.

©2014. American Geophysical Union. All Rights Reserved.

7

Journal of Geophysical Research: Planets

10.1002/2014JE004619

Figure 3. MCS retrievals along MRO orbits (dots along colored lines) during 2.5 Earth days of late September of 2006 plotted
in Google Mars to show intersections between dayside and nightside orbits at approximately semidiurnal separation. Color
contours are Mars Orbiter Laser Altimeter topography. An example of the chronological sequence of orbits is labeled.

3. Results
3.1. Seasonal Cycle of Detached Dust Layers
We evaluate the seasonal cycle of DDLs by means of the IDDL metric, which measures the characteristics of
the DDLs present, which are affected by both the frequency and intensity of injection and the frequency and
intensity of removal. We assess the distribution with two metrics: (1) the median IDDL, which measures
typically observed DDLs; and (2) 95th percentile IDDL, which estimates how extreme DDLs can become in the
sample. Studying both parameters is useful for model-data comparison, especially for models applied to
engineering landing systems for Mars, where the model ideally should capture both average and extreme
meteorological behavior. The analyzed distribution includes IDDL ≤ 0 J kg1.

Figure 4. Fraction of retrievals in the tropics in the year prior to the landing of Curiosity with diagnosed IDDL in each 5° of
1
Ls × 0.05 J kg of IDDL bin: (a) dayside and (b) nightside. The median value is indicated by the black, dotted line. The 95th
percentile value is indicated by the red, dotted line.
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Figure 5. (a–h) Spatial distribution (5° × 5° resolution) of median IDDL (J kg ) on the nightside for all phases and for the
entire year, as labeled. White space indicates areas where there are an insufﬁcient number (2) of diagnoses of IDDL in
retrievals to diagnose the median empirically.

The distribution of IDDL in the tropics has a strong seasonal variability that is distinct between the dayside and
the nightside (Figures 4a and 4b). On the dayside, both median and 95th percentile IDDL are higher during
northern fall and winter than northern spring and summer. Indeed, median IDDL has a seasonality that
almost exactly correlates with the canonical dust storm season of Martin and Zurek [1993] (Ls = 161°–326º)
(Figure 4a). Extreme detached dust layer intensity (as measured by the 95th percentile of the distribution)
follows a similar pattern (Figure 4a). A characteristic median value of IDDL for dust storm season is 0.25 J kg1,
which is equivalent to a perturbation in q of ~3 ppm at 20 km above the datum.
On the nightside, the seasonality is more complex. Median IDDL is higher in both northern summer and
winter than spring and fall. In northern spring and summer, the HATDM/LDM at northern summer solstice
[Heavens et al., 2011b] can be identiﬁed as a concentration in the distribution of IDDL between 0.1 and
0.5 J kg1 (Figure 4b). Indeed, weak detached dust layers (IDDL ~ 0.1 J kg1) are depleted in population
during northern summer. The most evident HATDM/LDM (other than that at northern summer solstice)
[Heavens et al., 2011a] at Ls = 300°–330° is identiﬁable as a perturbation in median IDDL and in greater skewing
of the high IDDL side of the distribution (Figure 4b). Seasonal contrast between the canonical dust storm
season and the rest of the year is evident in shift of the highest 5% of IDDL estimates to higher values.
3.2. Geographic Distribution of Detached Dust Layers
During northern spring and summer (Phases I–III), nightside median IDDL consistently peaks in an area centered
on the eastern boundary of Isidis Planitia (10°N, 100°E) and central Amazonis Planitia (15°N, 150°W). A third
nightside peak appears to the north of Valles Marineris (15°N, 60°W) around northern summer solstice (Phase I)
(Figures 5a–5c). The most intense detached dust layers (as measured by the 95th percentile of the IDDL
distribution) also cluster around these areas (Figures 6a–6c). Around northern summer solstice, median
IDDL is greater than 1 J kg1 at 10°N, 55°W (Figure 5c) and the 95th percentile value is ~5 J kg1 in the
surrounding area (Figure 6c). By inspection of retrievals and corresponding calibrated radiance measurements,
we have veriﬁed that the analysis has identiﬁed a real population of detached dust layers with peak altitudes
of 35–50 km above the datum (e.g., Figure 1d). The detailed climatology and meteorology of this feature is
beyond the scope of this investigation, but we intend to make it the subject of a future study.
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Figure 6. (a–h) Spatial distribution (5° × 5° resolution) of 95th percentile IDDL (J kg ) on the nightside for all phases and for
the entire year, as labeled. White space indicates areas where there are an insufﬁcient number (20) of diagnoses of IDDL in
retrievals to diagnose the 95th percentile value empirically.

Detached dust layer activity is rare around the major volcanic ranges on the nightside during northern
spring and summer (Phases I–III). The Tharsis Montes (and an area to the south) (15°S–15°N, 100°W),
Olympus Mons (20°N, 135°W), and the Elysium Montes (30°N, 145°E) (to some extent) are identiﬁable as
local minima in median and 95th percentile IDDL (Figures 5a–5c and 6a–6c). Detached dust layers are not
absent; around northern summer solstice, rare layers with IDDL ~ 1 J kg1 are observed to the west of
Pavonis Mons (0°N, 115°W) (Figure 6c).
On the dayside around northern summer solstice, reliable retrieval from limb observations is difﬁcult due to
high water ice opacity, limiting sampling of the DDL distribution (e.g., Figures 7c and 8c) [Heavens et al.,
2011a, 2011b]. Figures 7c and 8c also suggest that estimates of dayside median and 95th percentile IDDL in
the tropics during northern spring and summer (Figure 4a) are spurious, because they rely on a relatively
small number of analyzed proﬁles on the margins of the tropics.
In early southern spring (Phase IV), the peak location of DDLs shifts broadly south relative to northern spring
and summer (Figures 5d and 7d). Median IDDL on the nightside is highest to the east of Isidis (5°N, 80°E)
and in a broad area stretching from Terra Cimmeria to Solis Planum-Claritas Fossae (15–40°S, 130°E–70°W)
(Figure 5d). Median IDDL on the nightside in these areas is higher than the analogous areas around northern
summer solstice (cf. Figures 5c and 5d). On the dayside, median IDDL is distributed roughly symmetrically
around the equator, which contrasts with the nightside (Figure 7d). DDLs are rare on the nightside in an area
to the south of the Elysium Montes (20°N, 120°E–170°W) and at around the equator at ~40°W (Figure 5d).
Median IDDL on the dayside, however, is 0.5–2 J kg1 in both areas (Figure 7d).
In late southern spring and early southern summer (Phases V–VI), DDLs shift north and are uniformly
distributed longitudinally as IDDL peaks at ~15–30°N (Figures 5e, 5f, 7e, and 7f). The areas of highest DDL
activity on the nightside have higher IDDL than such areas in northern spring and summer. DDL activity
increases in the southern tropics during the middle of southern summer (Phase VII), but median IDDL remains
approximately uniformly distributed in longitude (Figures 5g and 7g).
The geographic distribution of IDDL sampled over the entire year closely resembles that of northern
spring and summer on the nightside (cf. Figure 5h with Figures 5a–5c). On the dayside, median IDDL is
HEAVENS ET AL.
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Figure 7. (a–h) Spatial distribution (5° × 5° resolution) of median IDDL (J kg ) on the dayside for all phases and for the
entire year, as labeled. White space indicates areas where there are an insufﬁcient number (2) of diagnoses of IDDL in
retrievals to diagnose the median empirically.

1

Figure 8. (a–h) Spatial distribution (5° × 5° resolution) of 95th percentile IDDL (J kg ) on the dayside for all phases and for
the entire year, as labeled. White space indicates areas where there are an insufﬁcient number (20) of diagnoses of IDDL in
retrievals to diagnose the 95th percentile value empirically.
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Figure 9. (a–f ) Mean change in the labeled quantities for spatially contiguous proﬁles at semidiurnal temporal separation around northern summer solstice (Phase III). White areas indicate where the average cannot be analyzed or
has a magnitude less than 1.96 × the standard error of the mean, which indicates that we cannot reject the null
hypothesis that the mean is different than 0 (at 95% conﬁdence). “PM-AM” refers to night to day change. “AM-PM”
refers to day to night change.

highest (but bin to bin variability is high) in the tropics at ~30°W (Figure 7b). The gaps in dayside 95th
percentile IDDL imply that the dust distribution in the dayside tropics is sampled by our analysis less
than 20 times per Mars year (Figure 8h), explaining the high bin to bin variability in dayside median IDDL
in all phases (Figures 8a–8g).
3.3. Diurnal Variability in the Thermal and Aerosol Structure of the Atmosphere
Diurnal variability in the thermal and aerosol structure of the atmosphere was investigated as outlined in
section 2.3. The focus of this paper is dust and water ice, but studying the change in thermal structures is a
consistency check for our methodology, since Mars’s diurnal temperature structure changes widely as a result
of the thermal tides. A pair of proﬁles at semidiurnal separation will fall into one of two categories based
on order of events. If the nightside (AM) proﬁle occurs earlier in time than the dayside (PM) proﬁle, the
difference between the pair samples night to day change, which is not necessarily the same as the additive
inverse of day to night change. Therefore, changes in the mean of temperature, dust DSO, and water ice DSO
from night to day and day to night were separated (that is, the differences between a pair in which a nightside
retrieval was followed by a dayside retrieval ~12 h later would be part of a different average than the differences
between a pair in which a dayside retrieval was followed by a nightside retrieval ~12 h later), mainly as a
consistency check. If there is no net change, average night to day change should be equal and opposite to
average night to day change, but the statistical distribution of these changes is also of interest and may
be more variable. An example of the full analysis of diurnal variability in temperature and aerosol opacity
during a phase is shown in Figure 9.
Most of the diurnal variability in thermal structure is characterized by the vertically alternating phases of
tides in the tropics [Lee et al., 2009] (e.g., Figures 9a and 9b). The pattern is determined by the speciﬁc
phase (3:00/15:00 LST) of viewing of the vertically propagating diurnal tide, which locks the observed
pattern in height. The consistency of the pattern with previously published results by Lee et al. [2009]
suggests our methodology is sound.
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Figure 10. Zonal average PM-AM (nightside to dayside) (a, c, e, g, i, k, m) change in dust and (b, d, f, h, j, l, n) water ice DSO
for all phases (each row corresponds to one phase). White areas indicate where the average cannot be analyzed or has
a magnitude less than 1.96 × the standard error of the mean, which indicates that we cannot reject the null hypothesis that
the mean is different than 0 (at 95% conﬁdence).

Some of the variability near the poles is the consequence of one-dimensional retrievals from limb
observations of a region with a strong meridional thermal gradient. The horizontal weighting functions
of the channels used for temperature retrieval have strong contributions forward of the scene, that is, in
the direction of the spacecraft [Kleinböhl et al., 2009]. This is of particular importance in the winter high
latitudes. Temperatures from observations when the spacecraft is located close to the pole looking
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Figure 11. (a–g) Cumulative probability distribution of night to day change in the vertical distribution of dust DSO
2
1
2 1
(m kg ) in the northern tropics for each phase, as labeled. Black solid line marks 0 m kg , while the red-dashed line
3 2 1
marks ± 10 m kg .

toward midlatitudes will be colder than when the spacecraft is located over the midlatitudes looking
poleward. A two-dimensional retrieval algorithm to address this issue is currently under development.
Diurnal changes in the aerosol distributions have common features in the tropics in all phases of the
zonal average dust distribution. Dust DSO increases at pressure levels between 20 and 80 Pa in the
dayside tropics (the effect is almost always greater in the northern than the southern hemisphere)
relative to the nightside; water ice DSO increases in a layer 0.5–1.0 scale heights higher (cf. left and right
columns of Figure 10). Changes at higher pressure mostly are not statistically signiﬁcant, either implying
high variability or limited sampling.
Night to day change in dust DSO can vary seasonally. Changes in dust DSO at 20–80 Pa just north of the
equator appear strongest in northern spring and summer (Phases I–III) (Figures 10a, 10c, and 10e) and
weakest in late southern spring and southern summer (Phases V and VII) (Figures 10i and 10m), but moderate
around southern summer solstice (Phase VI) (Figure 10k). Night to day change in the water ice layer above the
dust layer has similar seasonal variability (cf. Figures 10b, 10d, and 10f with Figures 10j and 10n).
3.4. Size-Frequency Distribution of Dust Injection and Removal
One common feature of the zonal average dust distribution during all phases, as described in section 3.3 is
that dust DSO signiﬁcantly increases on the dayside relative to the nightside in the northern tropics. If these
increases are entirely due to dust injection above the planetary boundary layer, the size-frequency
distribution of the dust injection events that form DDLs can be approximately estimated from the empirical
cumulative distribution function of nightside to dayside change in dust DSO. If dust removal mostly occurs on
the nightside, we can estimate the size-frequency distribution of removal from the same analysis.
Such a size-frequency distribution would be useful for evaluating and estimating the extent of contribution of
plausible DDL sources, though rigorous analysis would require modeling. For instance, if observations and
modeling suggest that a “rocket dust storm” of Spiga et al. [2013] only affects an area every 10 sols, but the
injection characteristic of a rocket dust storm occurs every two sols. In that case, a mechanism other than a
rocket dust storm is responsible for injection.

HEAVENS ET AL.

©2014. American Geophysical Union. All Rights Reserved.

14

Journal of Geophysical Research: Planets

10.1002/2014JE004619

1

2

Figure 12. (a–g) Cumulative probability distribution of day to night change in the vertical distribution of dust DSO (m kg ) in
2 1
3 2 1
the northern tropics for each phase, as labeled. Black solid line marks 0 m kg , while the red-dashed line marks ± 10 m kg .

To obtain the size-frequency distributions, we calculated the empirical cumulative distribution function of day to
night or night to day change at each pressure level for each phase of the zonal average structure of dust DSO.
To perform this calculation, pairs of spatially contiguous proﬁles with semidiurnal (~12 h) temporal
separation (section 2.3) were selected for the appropriate phase, latitude range, and direction of change.

2

1

Figure 13. Cumulative probability distribution of night to day change in the vertical distribution of dust DSO (m kg )
around northern summer solstice (Phase III), as labeled: (a) near Isidis Planitia; (b) near the Tharsis Montes. Black solid line
2
1
3 2
1
marks 0 m kg , while the red-dashed line marks ± 10 m kg .
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Figure 14. Cumulative probability distribution of day to night change in the vertical distribution of dust DSO (m kg )
around northern summer solstice (Phase III), as labeled: (a) near Isidis Planitia; (b) near the Tharsis Montes. Black solid line
2
1
3 2
1
marks 0 m kg , while the red-dashed line marks ± 10 m kg .

They were differenced. In some cases, no difference could be evaluated because dust opacity or
temperature was not reported at the pressure level in one or both members of the pair. All of the
evaluated differences for each pressure level were ranked from lowest to highest. Values for cumulative
probabilities from 0th to 99th percentile then were estimated by interpolating the ranked differences as
a percentage of the total number of differences.
Night to day change and day to night change are broadly similar for all phases. It is always highly
probable that dust DSO increases at 20–80 Pa on the dayside relative to a contiguous point on the
nightside (Figures 11a–11g) and decreases on the nightside relative to a contiguous point on the
dayside (Figures 12a–12g). The distribution of positive change in dust DSO on the dayside resembles the
distribution of negative change on the nightside (compare Figure 11 with Figure 12).
However, daytime dust increases are typically higher in magnitude in northern spring and summer than in
southern spring and summer. In late northern spring (Phase II), night to day changes greater than 103 m2 kg1
at 50 Pa are common (~45% of cases), as are smaller positive changes at the same level (Figure 11b). The
largest changes are observed during the chronologically subsequent period around northern summer solstice
(Phase III), though smaller changes become less common (Figure 11c). The extreme detached dust layers often
observed near Valles Marineris around northern summer solstice (Phase III) (section 3.1) do not contribute
signiﬁcantly to the extremity of night to day change in the tropics at this season; the distribution does not
change noticeably when longitudes near Valles Marineris are excluded (compare Figure 11c with Figure S1a in
the supporting information). As the year progresses, larger changes become less frequent, smaller positive
changes become slightly more common, and the high-altitude peak in dust DSO change is observed at
pressures as low as 20 Pa (Figure 11e). Night to day change is typically smallest during the middle of southern
summer (Phase VII) (Figure 11g). Positive day to night change is typically of low magnitude and rare, except
around southern summer solstice (Phase VI) (Figure 12f).
Around northern summer solstice (Phase III), when IDDL analysis in the tropics on the dayside is rarely
possible, areas that contrast in nightside IDDL do not strongly contrast in night to day change in the
dust distribution. Near Isidis Planitia (0°–20°N, 75°–105°E), where nightside median IDDL is ~1 J kg1
(Figure 5c), night to day change in dust DSO is greater than 103 kg m3 at ~40 Pa for ~40% of the
sampled instances. This change is equivalent to an increase in IDDL of ~1 J kg1 (Figure 13a). (We have
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Figure 15. Cumulative probability distribution of diurnal change in the vertical distribution of H2O ice DSO (m kg )
around northern summer solstice (Phase III), as labeled: (a) night to day change near Isidis Planitia, (b) day to night
change near Isidis Planitia, (c) night to day change near Tharsis Montes, and (d) day to night change near Tharsis Montes.
2
1
Black solid line marks 0 m kg .

veriﬁed that the distribution of night to day change over Amazonis Planitia is similar.) Over the Tharsis
Montes (15°S–10°N, 105°–135°W), where nightside median IDDL is approximately zero (Figure 5a), night
to day change in dust DSO is greater than 103 kg m3 at ~60 Pa for ~50% of the sampled instances
(Figure 13b). Therefore, detached dust layer formation during the day is similar and frequent in
areas with much different nightside populations of DDLs. (The differences in the vertical structure of the night
to day changes are not signiﬁcant, since they are smaller than the vertical resolution of the retrievals.)
We cannot study the size-frequency distribution of day to night dust change in areas with high median IDDL on
the nightside (Figure 14a). In other words, we cannot assess the intensity of nightside \removal in areas where
there are large numbers of DDLs at night. Dayside retrievals in those areas are typically cut off at high altitudes.
Looking in an area with low median IDDL, we ﬁnd a signiﬁcant decrease in dust DSO at 50 Pa and increase in
dust DSO ( <103 m2 kg1) at ~120 Pa, which is consistent with sedimentation of dust by about a scale height
in ~12 h (Figure 14b). Sedimentation over this distance would result in dilution of dust DSO by a factor of e. The
relative magnitudes of the negative dust DSO change at 50 Pa and the positive dust DSO change at 120 Pa
differ by approximately this factor.
The size-frequency distribution of water ice DSO change over Tharsis and Isidis around northern summer
solstice (Phase III) resembles that of dust. However, night to day increase for water ice DSO is centered at
~20 Pa rather than ~50 Pa, as it is for dust. This point is just as evident in the zonal averages (cf. Figures 10e and
10f) as it is in the size-frequency distribution of night to day water ice DSO change around Isidis and Tharsis.
Water ice DSO increases from night to day at ~20 Pa in 80–90% of sampled instances over both Isidis and
Tharsis (Figures 15a and 15c). Consistent with night to day change, water ice DSO decreases at 20 Pa
from day to night and increases from day to night at 80–100 Pa (Figures 15b and 15d).

4. Discussion
The strong contrast between the dayside and nightside dust distributions in the Martian tropics is of great
signiﬁcance for both the magnitude of dust injection above the planetary boundary layer (PBL) and the
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removal of dust from the atmosphere above the PBL following injection. On one hand, injection above the
PBL is a critical and ubiquitous part of the diurnal cycle of atmospheric structure and dynamics throughout
Mars’s tropics. On the other hand, the efﬁciency of removal implied by the magnitude of diurnal variability
around northern summer solstice suggests that processes other than sedimentation dominate dust removal.
There are many candidate mechanisms to consider. Roles for the tides, for direct scavenging of dust particles
by the long tail of the water ice size distribution, and for indirect effects of water ice clouds on mixing are all
possible. A limited examination of the ﬁrst two mechanisms suggests they are unsatisfactory in one way or
another to explain the removal but are worth exploring in greater detail.
As we will see, the signiﬁcance of removal processes is easiest to demonstrate in northern spring and summer
over the Tharsis Montes. However, we will show that the magnitude of variability in the dust distribution in many
other areas of the tropics implies that sedimentation is relatively unimportant in dust removal there as well.
In the discussion to follow, our discussion of IDDL and the size-frequency distribution complement one
another. IDDL allows the geographical distribution of DDLs to be visualized. Greater- and higher-altitude
perturbations are mapped by IDDL. However, the index convolves the magnitude of the perturbation, altitude
of the layer, and the frequency of perturbations. The size-frequency distribution is hard to visualize
geographically but unravels those convoluted parameters.
4.1. Implications for Dust Injection
The strong night to day increase in dust DSO at 20–80 Pa highlights the magnitude and regularity of dust
injection above the PBL, which is the means by which DDLs form. DDLs frequently form during the day in
the tropics throughout the year (every 2–5 sols for IDDL ~ 1 J kg1) (Figures 10a–10g). DDL formation is
common even at southern summer solstice, when the distribution appears the most uniformly mixed
[McCleese et al., 2010; Heavens et al., 2011a, 2011b]. Positive increases of dust DSO in the 20–80 Pa pressure
range occur 80–90% of the time, implying that DDL formation primarily occurs between early morning and
the middle of the afternoon. The mean magnitude of DDLs around time of formation is also higher in
northern spring and summer than southern spring and summer (cf. Figures 10a, 10c, and 10e with
Figures 10g, 10i, 10k, and 10m). The mean magnitude of DDLs around the time of formation during late
northern spring and early northern summer can be up to 1.5 × 103 m2 kg1. This value is high enough to
preclude the association of these perturbations with injections of dust that are large scale and vertically
uniform. The visible column opacity associated with such perturbations would be 1.35, which greatly exceeds
observed values of column dust opacity in this season [Toigo and Richardson, 2000; Smith, 2009].
We cannot strongly constrain the formation mechanisms for DDLs from this analysis. The preference for
DDL formation in the dust-clear seasons of northern spring and summer would be expected for any
process driven by solar heating of dust. Spiga et al. [2013] predict that “rocket dust storm” convection
should be most intense in the clear season, when atmospheric dustiness is low. This climatological
prediction would be complicated by seasonal variations in the lifting of dust. Clear conditions imply
strong heating of the surface, which would favor dust devils or topographic circulations as well. The
extant climatology of dust storms from visible imagery shows that dust storm activity is much more
common in the tropics during southern spring and summer than in northern spring and summer [Cantor
et al., 2006]. Unless this climatology is revised by wider time-of-day sampling, as proposed by Spiga et al.
[2013], the high frequency of large dust injection events in northern spring and summer precludes a
dominant dust storm source for DDLs.
Observations of spatial variability partially constrain formation processes, as long as the effects of
removal processes are considered. At times of year when IDDL can be assessed on the dayside
(Figures 7d–7g), DDLs are preferentially observed in a latitude band but have weak longitudinal
variability. In seasons where IDDL cannot be assessed on the dayside (Figures 7a–7c), the nightside
distributions (Figures 5a–5c) imply that DDLs are concentrated or absent from particular regions. The
rarity of DDLs over the nightside Tharsis Montes is likely due to more efﬁcient dust removal between
day and night rather than weaker dust injection above the PBL between night and day. DDL formation
during the day here is similarly frequent to areas elsewhere in the tropics (Figure 13b), but the
distribution at night is well mixed, unlike nearby low-altitude areas (Figures 5a–5c), a point we have
veriﬁed by inspection of individual retrievals.
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4.1.1. The Potential Role of Topographic Circulations
Once variability in removal is considered, the ubiquity of dayside DDL formation within the tropics at all
seasons strongly suggests a nontopographic process is injecting dust above the PBL. The high amplitude
of diurnal variability relative to nightside dust DSO argues for sedimentation/advection timescales during
late northern spring and northern summer (Phases II–III) much smaller (0.5–3 sols) rather than the 10 sols
used in Heavens et al. [2011a]. At the same time, dayside DDL formation with DSO greater than 103 m2 kg1
occurs approximately every 2–3 sols, while positive dayside change occurs nearly every sol (Figures 11b, 11c,
13a, and 13b). The ﬁrst point raises the required areal coverage of dust devils to sustain the HATDM.
The appropriately modiﬁed estimate of fractional dust devil coverage in Heavens et al. [2011a]
(an increase from 1.6 × 105 to as high as 3.2 × 104) remains within observational constraints. The
second point suggests that injection events at larger horizontal scales, such as rocket dust storms
[Spiga et al., 2013], may contribute to the feature.
Topographically enhanced injection, nevertheless, may explain the unusual population of DDLs between
35 and 50 km above the areoid that occur around northern summer solstice (Phase III) near 10°N, 55°W
(Figures 1d and 5c). Indeed, this population extends further south, perturbing the 95th percentile of IDDL on
the nightside in a band centered at 60°W between 10°S and 10°N (Figure 6c). (Sampling in the center of this band
is too limited for diagnosis of the 95th percentile value.) This band covers an area directly downwind of
southwesterly ﬂow from Coprates Chasma (12°S, 65°W) in Valles Marineris: the location of some of Mars’s steepest
slopes. Mesoscale simulations suggest that southwesterly upslope winds with vertical velocities “of up to several
m/s” can occur along a broad length of the canyon walls of Coprates Chasma during the afternoon [Richardson
et al., 2007]. Dust plumes entrained in these southwesterlies would be a plausible source for DDLs.
4.1.2. Decoupling From the Hadley Circulation
Another surprising aspect of DDL formation that emerges from this analysis is that DDL activity around southern
summer solstice is more strongly concentrated in the northern tropics than in the southern tropics (Phase VI)
(Figures 5f and 7f). If injection of dust above the PBL is accomplished by convective processes analogous to
tropopause-breaking tropical thunderstorms on the Earth [Rafkin, 2012], analogy would suggest that DDLs
should preferentially occur within the zone of convergent upwelling associated with the Hadley cells. Mars
GCMs show that Hadley cell upwelling is at ~30°S at this season [e.g., Richardson and Wilson, 2002].
This discrepancy suggests that DDL-forming convective processes are decoupled from the Hadley cell, an
exception to the analogy between Mars’s dust-driven meteorology and Earth’s water-driven meteorology
discussed by Heavens et al. [2011a]. It appears that DDL-forming convective processes on Mars are not
strongly affected by the strong radiatively driven thermal gradient in the southern tropics in summer. Mars’s
“dry” Hadley cells therefore may play a relatively small role in large-scale vertical transport on Mars compared
to whatever mechanism(s) drive DDL formation in the northern tropics during much of the year.
4.2. Implications for Dust Removal
Just as strong diurnal variability in the dust distribution implies diurnal frequency of injection of dust above the
PBL, it also implies diurnal frequency in dust removal. This point is clearest around northern summer solstice,
where the mean night to day increase in dust DSO (Figure 10e) at 50–100 Pa exceeds the magnitude of dust
DSO in the LDM/HATDM on the nightside [Heavens et al., 2011b]. Diurnal variability is further established by
the similarity in the distribution of negative day to night change and positive night to day change in dust
DSO (Figure 11 versus Figure 12).
4.2.1. Regional Variability
The effects of dust removal also can be seen regionally. Removal is unusually efﬁcient over the Tharsis Montes
in northern spring and summer. Daytime injection of dust between 20 and 80 Pa is common (Figure 13b),
but the nightside dust distribution is relatively uniformly mixed (Figure 5c). Dust removal is likely weakest
during southern summer (Phase VII). Nightside DDLs are most common (Figures 4b and 5g), but dust
injection is relatively weak (Figure 11g). Nevertheless, night to day variability in the dust distribution may be
signiﬁcant locally (compare median IDDL near 30°N, 40°W in Figures 5g and 6g).
4.2.2. Inferring the Efﬁciency of Dust Removal Processes
Wherever and whenever it occurs, the very fact that diurnal-scale removal of dust is apparent implies that
it is driven by processes other than sedimentation. For a day to night change to be apparent, dust would
have to fall at least ~2.5 km (half of the vertical resolution of MCS) in 0.5 sol, a velocity of ~0.06 m s1.
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Figure 16. Diurnal cycle of zonal average vertical velocity (m s ) (contours and colors) at Ls = 112–120° at the equator for a
Mars GCM simulation with radiatively active clouds described in Kleinböhl et al. [2013].

Acomplementary estimate would be the sedimentation velocity required such that a HATDM/LDM dayside feature
of 1.5 × 103 m2 kg1 was diluted to a nightside dust DSO feature of 6.5 × 104 m2 kg1 [Heavens et al., 2011a] in a
isothermal atmosphere of 200 K. (Sedimentation conserves dust particles in a given volume, resulting in a dilution of
mass mixing ratio proportional to the increase in density as the particles descend.) Such a change would imply
descent by 0.8 scale heights (8500 m) in ~0.5 sol: a velocity of 0.2 m s1. A sedimentation velocity of 0.2 m s1 also
would be inferred if the increase in dust at 120 Pa in Figure 14b were the result of sedimentation of dust injected at
~50 Pa (Figure 13b). All of these estimates signiﬁcantly exceed the ~0.01 m s1 sedimentation velocities estimated
by Kahre et al. [2008] for dust particles of 1–2 μm radius at 50–100 Pa. Indeed, since sedimentation is in the high
Knudsen number regime [Murphy et al., 1990], the necessary sedimentation velocity scales with particle radius, so
prohibitively large dust particles would be required. Vertical eddy mixing would be expected to act on much longer
than diurnal timescales as well (10–40 sols) [Korablev et al., 1993; Heavens et al., 2011b; Guzewich et al., 2013a].
4.2.3. Sedimentation by Tidal Processes
Mars’s strong, vertically propagating thermal tide could clear dust between 15:00 LST and 3:00 LST. We examined a
simulation with the Mars Geophysical Fluid Dynamics Laboratory GCM with radiatively active water ice clouds
[Kleinböhl et al., 2013]. This simulation indicates that the diurnal tide can generate downwelling vertical velocities
of 0.2–0.3 m s1 at 50–100 Pa in the early morning hours. These velocities last for ~4 h rather than 12 h prior
to observation by MCS (Figure 16), yielding only around half of the necessary sedimentation distance.
The simulated vertical velocities are sensitive to cloud radiative heating. The consequence of this sensitivity is
that vertical advection in the NH summer solstice season is as strong as in the dustier SH summer season.
Observations, however, suggest that removal has a different seasonality than the intensity of the tides.
During SH summer, dust injection at 20–80 Pa is relatively weak (Figure 11g), while median nightside IDDL
peaks (Figure 4b). The tides also do not explain the apparently greater intensity of dust removal over the
Tharsis Montes, since the area of tidal downwelling at 3:00 LST is relatively uniform longitudinally (Figure 17c).
Increased asymmetry in the water ice cloud distribution (Figure 17b) results in greater longitudinal
variability in vertical velocity in the model and is worth exploring. Differences in phasing of tropical
upwelling and downwelling between northern and southern summer also would be worth considering.
Simulations also suggest that the degree of nighttime cloud localization is sensitive to cloud particle size
(smaller particles—slower sedimentation—a more zonally uniform tropical cloud belt) so that greater
zonal modulation of vertical velocity is quite possible.
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Figure 17. Longitudinal cross sections at the equator (contours and colors) of a Mars GCM simulation with radiatively active
clouds described in Kleinböhl et al. [2013]. The time period of averaging is Ls = 112–120°: (a) temperature (K); (b) water ice
1
cloud mixing ratio (ppm); and (c) vertical velocity (m s ).

4.2.4. Dust Removal Over Tharsis
A more uniformly mixed vertical dust distribution over Tharsis Montes could arise from two additional
factors: (1) mixing of boundary layer dust concentrations to higher altitudes, since the daytime boundary
layer height is greater over higher-altitude surfaces [Hinson et al., 2008; Tellmann et al., 2013]; and (2)
convective mixing well above the surface driven by cloud radiative cooling (D. P. Hinson, Atmospheric
structure and diurnal variations at low altitudes in the Martian tropics, paper presented at the 45th meeting
of the Division of Planetary Sciences of the American Astronomical Society, Denver, CO, 6–11 October 2013).
This latter mechanism would be enhanced over Tharsis as a result of the opaque clouds observed or modeled
there (Figure 17b) [Pearl et al., 2001; Benson et al., 2003]. The unusual magnitude of dust removal over Tharsis
and the cloudiness of Tharsis suggest an additional explanation: scavenging of dust particles by water ice
clouds. Scavenging could explain the seasonal signal in the efﬁciency of dust removal, since water ice particle
sizes at low latitudes peak in the northern tropics during the summer [Clancy et al., 2003].
4.2.5. An Evaluation of Scavenging Processes
As a starting point for evaluating the plausibility of water ice scavenging, we present a ﬁrst-order calculation,
whose results would need to be veriﬁed by microphysical modeling and laboratory measurements. Let us
consider the “snow” inferred from analysis of the Phoenix lidar data [Whiteway et al., 2009]. These water
ice particles were inferred to be hexagonal prisms (cylinders are a good approximation) with an aspect ratio of
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3:1, consistent with analogs in the Earth’s atmosphere. Their volume was equivalent to a sphere with a radius of
35 μm, well beyond the size of water ice particles modeled in the Martian atmosphere before Daerden et al.
[2010]. Using the equations of Murphy et al. [1990] and the Hubbard-Douglas shape correction [Westbrook,
2008], we can estimate the fall speed of a cylindrical water ice particle with a particle density (ρice) of
910 kg m3 in terms of a sphere of equivalent volume. For instance, at a temperature of 200 K and pressure of
50 Pa, such a particle, if equivalent in volume to a sphere of 24 μm radius, will fall at a velocity of 0.2 m s1
From equations (4) and (5) of Heavens et al. [2011a], the number of dust particles per unit mass of air, Nm, is
 
1
dz τ
(3)
Nm ¼
Qext G ρ
 
where Qext is the extinction coefﬁcient at the relevant wavelength, G is the geometric cross section, and dρz τ
is the dust DSO at the relevant wavelength. The assumptions of the retrieval algorithm are that Qext is 0.35,
and G is 1.27 × 1012 m2. (The modiﬁed gamma parameters of the assumed distribution are a = 2.24, b = 8.04,
c = 0.647 for dust and a = 12.6, b = 31.4, c = 0.436 for water ice [Kleinböhl et al., 2011]). Thus, a dust DSO of
103 m2 kg1 is equivalent to Nm equal to 2.2 × 109 dust particles kg1. If one water ice particle scavenges
each dust particle, the contribution of dust to the water ice particle density is negligible. Therefore, the
necessary mass mixing ratio of water ice necessary to scavenge the HATDM/LDM at northern summer solstice is
qice ¼ V ice ρice Nm

(4)

where Vice is the volume of the particle, and the corresponding column amount of water vapor in precipitable
meters of liquid water is
qice Pgs
MH2 O ¼
(5)
ρH2 OðlÞ
where Ps is the surface pressure and ρH2 OðlÞ is the density of liquid water.
For ice particles with Vice equivalent to a sphere of 24 μm radius, qice would be 0.12 kg kg1 (equivalent to a
column of 1.9 × 104 precipitable micrometers (pr μm) for a surface pressure of 610 Pa), which exceeds the
amount of water vapor in the atmosphere by several orders of magnitude.
Rather than growing from a single dust nucleus, larger ice particles might form from multiple small ice
particles nucleating on dust and aggregating by an unspeciﬁed process. If the dust were spherical,
close-packing geometry would limit dust to 75% of the particle volume, or the fraction of particle
volume that is dust, fdust = 0.75. In this case, a cylindrical particle of equivalent volume to a sphere of
10 μm radius would fall at 0.2 m s1. (A dust mass density of 3000 kg m3 is assumed.) If we approximate
each dust particle as having a volume consistent with the average volume of the dust particles assumed
by the retrieval algorithm (1.80 × 1018 m3), each ice particle would contain 1750 particles of dust, a
dust to ice ratio (δI of 1750). The mass mixing ratio of water ice is then
qice ¼ ð1  f dust ÞV ice ρice

Nm
δI

(6)

The ice mass mixing ratio consistent with this scavenging situation would be 1.2 × 106 kg kg1 (equivalent
to a column water vapor amount of 0.2 pr μm for a surface pressure of 610 Pa). This estimate is entirely
realistic from a budgetary standpoint and would make up a small portion of the water ice modeled over
Tharsis (Figure 17b). A relatively small population of such particles would contribute to the cross-sectional
area of water ice particles in a weaker than linear proportionality to their total volume, perhaps explaining
why these particle sizes are larger than the 1–4 μm retrieved from infrared observations [Clancy et al., 2003].
The sensitivity of this calculation to the initial dust concentration is signiﬁcant. If dust were only 10% by
volume, a cylindrical particle of equivalent volume to a sphere of 20 μm radius would fall at 0.2 m s1. Such a
particle would contain 1400 dust particles. The mass mixing ratio of ice would be 4.4 × 105 kg kg1
(equivalent to a column water vapor amount of 7.2 pr μm for a surface pressure of 610 Pa), approximately the
column water vapor amount at the equator at northern summer solstice [Smith et al., 2009] and therefore
difﬁcult to conceal observationally.
In addition, particle aggregation under Martian conditions is not consistent with present knowledge of
microphysics. Aggregation is neglected without discussion in the modeling of Daerden et al. [2010].
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Moreover, aggregation has been neglected in modeling ice crystal growth under Mars-like temperature
conditions in the Earth’s tropical tropopause layer (TTL) under the reasoning that aggregation is strongly
inhibited at low temperatures [Spichtinger and Krämer, 2013]. Aggregation has been observed in the Earth’s
atmosphere at temperatures of ~230 K under the turbulent, electrically active, and ice-rich condition of the
tops of anvil clouds [e.g., Kajikawa and Heymsﬁeld, 1989; Connolly et al., 2005], but these cases may not be
analogous to Mars. Further investigation of aggregation in the laboratory [e.g., Connolly et al., 2012] may be
necessary to assess its importance under Martian conditions.
Even if we ignore limitations to aggregation at low temperature, the difﬁculties of aggregation posed by the
density of Martian clouds remain. A very thick water ice cloud on Mars with a mass mixing ratio of 50 ppm
would have a DSO of 2.3 × 102 m2 kg1 [Heavens et al., 2010]. At a pressure of 150 Pa and 170 K (as at 240–270°
longitude in Figure 17b), this cloud would have an MCS A4 opacity of 1.1 × 101 km1 (extremely
opaque to MCS) and a particle density of 3.5 × 107 m3 (following equation (3), G = 3.93 × 1012 m2).
If each ice particle were a coated dust particle, the coexisting dust opacity would be 1.5 × 102 km1
or 3.3 × 103 m2 kg1 (~10 times the inferred nightside dust DSO at 150 Pa around northern summer solstice),
which suggests only 10% of particles contain dust nuclei. Assuming a close-packed spherical geometry, each
particle in such a cloud would be separated from the nearest particle by 1700 μm. The mutual impact cross
section of cloud particles (based on the joint probability of the modiﬁed gamma distribution assumed by the
MCS retrieval algorithm for water ice) is 1.5 × 1011 m2, or 1.6 × 106 of the cross section of each 1700 μm
radius close-packed sphere. Thus, for every km of fall, only 0.47 collisions are expected, and only 0.05 collisions
with an ice-covered dust particle. Growth of larger ice particles would enhance collision in proportion to the
square of radius (as the contribution of the smaller particle to the mutual impact cross section). Even the large
“snow particle” observed by Phoenix would experience 300 collisions with other ice particles per kilometer of
fall and would have only 30 collisions with ice-coated dust particles. These collision rates are about an order of
magnitude too low to produce the extremely dust-rich particles that would explain high rates of scavenging.
4.3. Observational Uncertainties Relevant to Diurnal Variability
Our interpretations about injection and removal rely on dust opacity being retrieved accurately, particularly
in the dayside tropics during northern spring and summer, a location and season in which retrievals have
appeared unreliable at low altitudes [Heavens et al., 2011a].
These proﬁles encourage suspicion. We nevertheless have included them in the analyses of IDDL (if surface
temperature is retrieved) and in the analyses of diurnal variability. In some, water ice opacity is increasing
to optically thick levels (opacities > ~4 × 103 km1 under typical conditions). In others, dust opacity
rapidly increases toward higher pressure as water ice opacity decreases. If these rapid increases indicate
observation of aerosol with optical properties much different than those assumed by the retrieval
algorithm (such as might result from spatially varying grain shapes, size distributions, or water ice coating
of dust particles), some portion of the inferred diurnal variability might be spurious.
However, if aerosol optical properties were signiﬁcantly different than that assumed by the retrieval algorithm,
an overestimate of opacity, a large misﬁt of the observed radiances, and rejection of much of the proﬁle would
be expected [Heavens et al., 2011a]. The growth and compositional change associated with a coating of water
ice on dust, or the presence of very large or nonspherical water ice particles could explain such a shift. The
retrievals also could be truncated because the line-of-sight aerosol opacity is too high [Kleinböhl et al., 2009],
which seems unlikely under the relatively clear conditions of the dayside tropics around northern summer
solstice. Opacity would be more accurately retrieved in the second case than the ﬁrst case.
We argue that dust opacity on the dayside around northern summer solstice is accurately retrieved; cutoffs
in the critical region between 20 and 80 Pa are the result of high line-of-sight dust and/or water ice opacity
rather than differences between the assumed and actual spectroscopic properties of the aerosols. A small
number of retrieved proﬁles from the area and period in question do contain resolved DDLs. Heavens et al.
[2011a] showed an example from 16°S, 170°E from northern summer solstice of MY 30. Some examples
from the Mars Year prior to the landing of Curiosity are shown in Figures 18a–18d. Note that all of these
examples come from late afternoon cross-track observations, when advection and sedimentation may
have diluted the opacity of DDLs from their opacity earlier in the day.
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Figure 18. (a–d) Examples of retrievals from the dayside near the equator during northern spring and summer (as labeled) that contain resolved DDLs that do not
coincide with a water ice cloud layer.

The existence of resolved, dayside DDLs at a variety of longitudes throughout northern spring and
summer supports the idea that retrieved proﬁles that cut off at pressure levels greater than 20 Pa
result from the observation of DDLs with opacities at 463 cm1 > 4 × 103 km1, a rule of thumb for an
opacity equivalent to a line-of-sight opacity that would obscure the limb and prevent successful
retrieval. At 50–100 Pa, such DDLs would have a DSO of ~1.5–3.0 × 103 m2 kg1 (assuming an air
temperature of 200 K), which is comparable to the mean magnitude of night to day change in late
northern spring or around northern summer solstice (Phases II and III) (Figures 10c and 10e), to DSO
values observed at lower pressures (Figures 11b, 11c, 13a, and 13b), or to the peak DSOs in the
proﬁles plotted in Figures 18a–18d.
Another major uncertainty is whether diurnal variability in dust might be generated by nightside water ice
“hiding” dust particles by coating them. The retrieval algorithm then would retrieve these particles as water
ice rather than dust, so that dust would appear to be removed at night. The dust then would reappear during
the day, when the water ice sublimated.
This idea is inconsistent with one water ice particle hiding one dust particle uniformly. Equation (3) can be
adapted to water ice, assuming G of 3.93 × 1012 m2 and Qext of 0.773 (as the retrieval algorithm does). The
conversion factor is 6.8:1. In other words, 6.8 units of water ice DSO can hide one unit of dust DSO. The day
to night increase in water ice DSO at 20–80 Pa is 1.5 × 103 m2 kg1 around northern summer solstice
(Figure 9f ), equivalent to 2 × 104 m2 kg1. If a water ice particle were hiding 6.8 dust particles, an increase
in water ice DSO from day to night would be equal to the dust DSO decrease. For this to be possible, ice
particles would have to aggregate to an extent plausible only in an optically thick cloud of ~15 km vertical
extent (section 4.2.5). Moreover, if we compute the distribution-weighted average volume of the dust
particles and water ice particles assumed by the retrieval, a water ice particle is only 4.1 times the volume
of a dust particle. In addition, hiding dust with water ice in any ratio would not explain diurnal variability in
northern summer over the Tharsis Montes, since the characteristic pressure level of day to night increase in
water ice DSO (120 Pa) (Figure 15d) does not coincide with the characteristic pressure level of day to night
decrease in dust DSO (40 Pa) (Figure 14b). All of these points argue against water ice hiding enough dust to
explain the observed diurnal variability.
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5. Summary
Previous analyses of observations by MRO-MCS and MGS-TES implied signiﬁcant diurnal variability in the
climatological mean DDL feature in the tropical atmosphere between 20 and 80 Pa (the LDM/HATDM)
(particularly in northern spring and summer) as well as raised questions about the origins of DDLs in general.
In response, we have introduced two new techniques to analyze the seasonal and geographic variability of
DDLs and the vertical dust distribution. First, we have represented DDL features in individual retrieved
proﬁles by a single parameter. Second, we have isolated diurnal variability at high spatial resolution by
looking at differences between pairs of spatially contiguous proﬁles separated by ~0.5 sols.
Our results unambiguously establish that diurnal variability in the LDM/HATDM during northern spring
and summer exceeds the magnitude of the nightside DSO of the LDM/HATDM. Diurnal variability is
weaker at other times of year, particularly at Ls = 300°–320°. The high amplitude of diurnal variability in
dust at 20–80 Pa requires injection of dust above the PBL between early morning and midafternoon
almost every day as well as intense removal of dust in the nighttime hours. Removal processes can be
strong enough to homogenize detached dust layering observed on the dayside, so that the dust
distribution subsequently observed on the nightside in the same area is uniform.
DDL formation is widespread in Mars’s tropics. The meteorological sources of DDLs cannot be inferred from the
information available. Yet there is a discernable pattern to where DDLs are observed: DDL activity is focused at
particular tropical latitudes, depending on the season of the year. The latitude of focus is often decoupled from the
upwelling branch of the Hadley cell expected from theory and modeling. Longitudinal variability in the spatial
distribution of DDLs is relatively weak, implying that at least one of the injection processes involved is independent
of large-scale topography. The seasonal cycle in the frequency of large-scale dust injection events is opposite to
that of tropical dust storm activity, precluding a dominant dust storm source for DDLs, unless tropical dust storm
activity during northern spring and summer forms in the morning and dissipates by early afternoon.
In addition, the analyses presented here may contribute to the future development of parameterizations of
dust injection in Mars atmospheric models. They also may demonstrate the high frequency of deep
convective activity in Mars’s tropical atmosphere, drawing further parallels between Mars and Earth.
The dominant mechanism of removal also cannot be speciﬁed based on the information available. Clearing
of the 20–80 Pa region by nighttime tropical descent induced by thermal tides seems to be promising for
further investigation, particularly if the relatively weak seasonal variation in inefﬁciency of clearing in
southern summer can be explained. The association of intense dust removal with cloudy tropical regions
suggests a role for water ice scavenging. However, efﬁcient scavenging would require signiﬁcant and
possibly unrealistic aggregation of ice particles formed by heterogeneous nucleation in Martian clouds.
Observations by MRO-MCS, MGS-TES, and other instruments have revealed a rich phenomenology of aerosol
layering in Mars’s atmosphere, hinting that complex mesoscale processes are involved in both the dust and
water cycles. Limb sounding in the thermal infrared has proven remarkably powerful in observing these
aerosol layers, but this analysis suggests that in northern spring and summer, dayside DDLs as well as
modeled water ice clouds at night are often opaque to MCS.
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Our focus here was on the vertical dust distribution in a single Martian year with a low level of regional dust
storm activity, and thus, mesoscale processes outside of large-scale dust storm activity. Nevertheless, the
techniques we have described are broadly applicable to questions of aerosol structure and diurnal variability
distal from dust storm lifting centers, spatial variability in the diurnal tide, and interannual variability in DDL
formation activity in particular areas. These are all viable areas for investigation with the current MRO-MCS
data set and as it continues to grow and evolve in the future.
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