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Abstract The seasonal deposition and sublimation of CO, represents a major element in the Martian
volatile cycle. Here, co-registration strategies are applied to Mars Orbiter Laser Altimeter profiles to obtain
spatio-temporal variations in snow/ice level of the Seasonal South Polar Cap (SSPC), in grid elements of 0.5°
in latitude from 60° to 87°S and 10° in longitude. The maximum snow/ice level in the range of 2-2.5 m is
observed over the Residual South Polar Cap. Peak level at the Residual South Polar Cap in Martian Year 25
(MY25) are found to be typically ~0.5 m higher than those in MY24. The total volume is estimated to peak

at approximately 9.4 X 10'?> m?. In addition, a map of average bulk density of the SSPC during its recession is
derived. It implies much more snowfall-like precipitation at the Residual South Polar Cap and its surroundings
than elsewhere on Mars.

Plain Language Summary Each Martian year, up to one third of the atmosphere's CO,

is transported from pole to pole, being deposited and sublimated depending on the season. Accurate
measurements of snow level and volume variations of the resulting seasonal polar caps can serve as crucial
constraints on the Martian volatile cycles. In this study, we apply new approaches of analyzing the Mars Orbiter
Laser Altimeter profiles, which lead to spatially and temporally resolved measurements of snow/ice level of the
Seasonal South Polar Cap (SSPC). Based on that, the maximum snow level, interannual maximum level change
from Martian Year 24 (MY?24) to MY25, and how the volume of the SSPC changes with time are measured. We
also estimate the bulk density of the snow/ice deposition during southern winter. It is inferred that there is much
more snowfall at the Residual South Polar Cap and its surroundings than elsewhere on the planet.

1. Introduction

Each Martian year, approximately 30% of the atmosphere's CO, mass is in exchange with the polar surfaces
through deposition/sublimation (Leighton & Murray, 1966). The seasonal CO, polar caps resulting from repeated
depositions of snow/ice can extend down to 50°S/N (Piqueux et al., 2015). Temporal variations of the level and
volume of snow/ice associated with the deposition/sublimation process can put crucial constraints on the Mars
climate system and volatile circulation models. Additionally, this amount of snow and ice is significant enough
to cause seasonal deflection of the lithosphere (Wagner et al., 2022). Constraining the level and mass of the
seasonal portion of the polar cap is essential in properly modeling this deflection. Measurements of the level of
snow/ice of the seasonal polar caps have been made by the Mars Orbiter Laser Altimeter (MOLA) onboard the
Mars Global Surveyor (MGS, Smith et al., 2001; Aharonson et al., 2004; Smith & Zuber, 2018), measuring rock
shadow lengths in high-resolution images to deduce the seasonal changes in rock heights on the surface (Mount &
Titus, 2015), and precise radiative transfer models using imaging spectroscopy (Andrieu et al., 2018). Compared
with the latter two that are spatially and temporally limited due to data availability, MOLA data cover the entire
polar regions. Based on profile analysis at different latitudina annuli, Smith et al. (2001) measured the maxi-
mum seasonal level of snow/ice to be ~1 m at both poles. In a different approach, Aharonson et al. (2004) fitted
sinusoidal functions with annual and semi-annual terms to MOLA cross-over height residuals and estimated the
maximum level to reach ~1.5 m at the north pole and ~2.5 m at the south pole.

The “cryptic region” at Martian south pole during the southern spring is roughly located from 50° to 210°E and
poleward of 70°S (see also Figure 1 of Hansen et al. (2010)). It is so described as it possesses low temperatures
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that indicate the presence of CO, ice, and at the same time low albedo, an indicator of dust. Kieffer (2007)
suggested that the ability to maintain low temperatures in the presence of low albedo can be achieved in the
presence of a translucent slab of ice. In this case, the sunlight penetrates through the translucent slab ice, heating
the ground, triggering sublimation at the base of the slab ice, resulting in later CO, gas jetting and dust ejection.
This cold-jetting is hypothesized to relocate more mass of dust than the dust storms or the cumulative effect of
dust devils (Piqueux & Christensen, 2008). Thus, it is among one of the most active erosive processes on Mars
which creates various geological features among which are the troughs in the polar surface known as “spiders”
or araneiform terrain (e.g., Diniega et al., 2021; Hansen et al., 2010; Hao et al., 2019; Kieffer et al., 2006;
Portyankina et al., 2017). A review of the observations of these exotic processes can be found in Schmidt and
Portyankina (2018). The thickness of the Seasonal South Polar Cap (SSPC) is proposed to be a key factor in
controlling the cold-jetting process (Hao et al., 2020). However, little work has been done so far to investigate the
spatio-temporal variations of the snow/ice level of the SSPC, for example, in the cryptic and non-cryptic regions
(Aharonson et al., 2004; Jian & Ip, 2009; Smith et al., 2001).

As the orbit of MGS does not feature repeat tracks that are specifically devoted to the detection of surface
level variations, a common approach is to use differential height measurements where MOLA profiles inter-
sect (Aharonson et al., 2004; Smith et al., 2001). The cross-over method can suffer from significant interpo-
lation errors as the spacing between consecutive MOLA footprints is large (~300 m). Besides, shallow angles
between intersecting profiles, especially at regions close to the equator, provide an unfavorable geometry for the
estimation of cross-over height differences (Mazarico et al., 2010). Residual orbit, pointing, and timing errors
can translate into lateral shifts of the MOLA profiles and further contaminate the results (see also Steinbriigge
et al., 2015; Xiao, Stark, Steinbriigge, et al., 2021). In a previous effort (Xiao, Stark, Steinbriigge, et al., 2022),
an alternative approach for analyzing laser altimetry data was proposed to study the dynamics of Mars' polar
areas. In that study, we demonstrated that co-registering individual altimetric profiles obtained at different times
to static digital terrain model (DTMs) of a given region allows meaningful detection of small elevation variations
down to 5 cm. This precision is even higher than the MOLA inherent ranging resolution of 37.5 cm, which is
achieved by involving large quantities of altimetric measurements in the co-registration. As part of that study,
we devised a post-correction procedure based on pseudo cross-overs to remove temporal biases in MOLA foot-
print heights and other sources of residual errors. Providing that a DTM is available, any particular pair of laser
profile segments will form a pseudo cross-over (Barker et al., 2016; Xiao, Stark, Steinbriigge, et al., 2022). The
connection between the profiles is established by a reference DTM overlapping with both profiles. Hence, the
height difference between those profiles that do not necessarily cross each other is assigned as the difference of
their height corrections in their co-registrations to the reference DTM with parameterization in map coordinates,
that is, line, sample, and height.

Once the level of the SSPC is derived, its bulk density can be calculated by combining them with the corre-
sponding mass variation measurements. Similar magnitudes have been obtained for the total mass of the SSPC
from various sources and techniques, for example, ~6 x 10" kg from gravity variations (Karatekin et al., 2006),
6 x 10%5 kg from the Gamma Ray Spectrometer (GRS; Kelly et al., 2006), 6.1 + 0.6 x 10'5 kg from the High
Energy Neutron Detector (HEND; Litvak et al., 2007), and 5.6 + 1.3 X 10'5 kg from energy balance modeling
(Schmidt et al., 2010). The bulk density estimates can be directly converted to porosity which can constrain
depositional mechanisms (atmospheric precipitation as snowfall vs. direct surface condensation as frost) and the
microphysical states of the seasonal CO, deposits (granular vs. slab ice). Unfortunately, available bulk density
estimates are mainly represented as time-averages over extensive regions. Still, large discrepancies exist between
these estimates, for example, 910 + 230 kg/m? which represents as an upper limit from Smith et al. (2001),
maximum density of ~1,200 kg/m? for the SSPC from Smith and Zuber (2018), and 400 — 1,250 kg/m? for the
SSPC at latitudes between 80° and 90°S from Litvak et al. (2007). However, snow/ice bulk density can spatially
differ and continuously increase in time due to densification mechanisms such as annealing and re-crystallization
(Matsuo & Heki, 2009).

In this study, we focus on south polar regions from 60° to 87°S. First, seasonal variations in level of snow/ice at
grid elements of 0.5° in latitude and 10° in longitude are derived. Measurements at these individual grid elements
are then subject to further examination. The bulk density of the SSPC at the recession phase is then obtained for
each grid element by combining the level variation measurements and the mass change rates inverted from an

XIAO ET AL.

20f 13



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2022JE007196

energy balance model (Schmidt et al., 2009, 2010). Temporal evolution of the bulk density of the SSPC during
southern winter and spring is also derived and discussed.

2. Data
2.1. Reprocessed MOLA Data Set

MOLA mapped the topography of Mars within footprints of approximately 160 m in diameter with a center-to-
center along-track spacing of around 300 m (Zuber et al., 1992). The MOLA Precision Experimental Data Record
(PEDR) data set (Smith et al., 2003) features more than 8,700 profiles acquired in the mapping and extended
phases of MGS from March 1999 to June 2001, which spans more than one full Martian year (MY24 to MY25).
The PEDR data set was geolocated using a MGS trajectory and a Mars rotational model dating back to 2003.
Therefore, we have incorporated an updated orbit model from Konopliv et al. (2006) and IAU2015 Mars rota-
tional model as in Archinal et al. (2018) to update the MOLA geolocation (Xiao, Stark, Chen, & Oberst, 2022,
Xiao, Stark, Steinbriigge, et al., 2022). The motion of the spacecraft during laser time-of-flight has been consid-
ered. Meanwhile, a pointing aberration, which the PEDR processing ignored, has been added during the repro-
cessing to account for the special relativity effects (Xiao, Stark, Steinbriigge, et al., 2021). The self-consistency
of the reprocessed MOLA PEDR, evaluated as the root-mean-square (RMS) height discrepancy at cross-overs in
equatorial and tropical regions without the seasonal CO, condensation/deposition, has been reduced from 8.2 to
7.0 m, a nearly 15% improvement (Xiao, Stark, Steinbriigge, et al., 2022).

2.2. Mass Change Rate Measurements

Cubes from OMEGA, that is, Observatoire pour la Minéralogie, I’Eau, les Glaces et I’Activité, the visible and
infrared imaging spectrometer onboard the Mars Express (Bibring et al., 2004), are used to provide mass esti-
mates of snow/ice. Using surface properties deduced from the OMEGA spectral cubes, Schmidt et al. (2009)
proposed an energy balance model, and modeled the mass deposition/sublimation rates from 30° to 90°S with
temporal resolution of 5° in solar longitude. Note that the actual albedo used in the radiative transfer model is
valid only from L, ~120° to ~300°. Thus, the mass change rates not falling within this period can be unrealistic.
These data are used as they were from Schmidt et al. (2009, 2010) which are provided to us as grid maps with
spatial resolution of 920 m in a south polar stereographic projection (available at Schmidt (2022)). To facilitate
the comparison to the derived temporal level variations, the spatio-temporal maps of these mass change rates are
resampled into grid elements of 0.5° in latitude and 10° in longitude.

3. Methods

We generate a reference DTM from 40° to 87°S from the self-registration of the reprocessed MOLA profiles
(available at Xiao, Stark, Schmidt, et al. (2021)). Then, post-corrected spatio-temporal level variations of the
SSPC (refer to Figure 5 in Xiao, Stark, Steinbriigge, et al. (2022) for a detailed schematic) and its mean bulk
density during the recession phase are derived. These procedures are described in the following subsections.

3.1. Reference DTM From MOLA Self-Registration

As preparation, We build a reliable reference DTM for the area of interest at (40°, 87°S) to be used in the meas-
urements of seasonal variations in surface elevation. We adopt self-registration of the reprocessed MOLA profiles
(Stark et al., 2015; Xiao, Stark, Steinbriigge, et al., 2022). The self-registration is carried out through multiple
iterations. For each iteration, a random subset (25%) of laser profiles is selected and then co-registered to an
intermediate DTM constructed from the rest of profiles. The co-registration is parameterized in line, sample, and
height in the polar stereographic projection centered at the south pole. This process is iterated 30 times until no
outliers are seen by visual inspection and the MOLA reference DTM is made out of these self-consistent profiles.
To minimize the interference of the spatially and temporally inhomogeneous level variations of the SSPC in the
self-registration processes, we follow a divide-and-conquer strategy. First, we divide the region into five contig-
uous annuli, that is, (40°S, 50°S), (50°S, 60°S), (60°S, 69°S), (69°S, 78°S), and (78°S, 87°S), to which we apply
the self-registration technique separately. We obtain five self-coherent DTMs with spatial resolutions of 1 km/
pixel, which are mosaicked into one reference DTM, conveniently prepared in stereographic projection.
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3.2. Seasonal Level Variation Measurements

The proposed method measures the CO, seasonal level variation by taking advantage of a local co-registration
process (Xiao, Stark, Steinbriigge, et al., 2022). Measurements are made over a grid of elements 0.5° in latitude
and 10° in longitude, from 60° to 87°S. First, a grid element, a laser track crossing the specific grid element, and
one laser footprint along the track are chosen. Then, all footprints acquired within +30 s of the acquisition time
of the footprint in question are selected to form a local profile segment. For nadir-pointing profiles, the selected
segment extends to about 90 km and contains about 600 footprints in total. Then, the selected profile segment is
co-registered to the underlying reference DTM with parameterization in stereographic map coordinates (Xiao,
Stark, Steinbriigge, et al., 2022). The height correction of the aforementioned co-registration process is consid-
ered as our observable. The above process is then repeated for all footprints along all profiles that fall within the
grid element. Finally, all observables representing different acquisition times, are median-binned, with a temporal
resolution of ~5 days, to form a level variation time series. The precision of each median is represented by the
scaled median absolute deviation (Leys et al., 2013).

3.3. Post-Correction Procedure

It is necessary to correct for a global systematic temporal bias in MOLA height measurements, which is mimick-
ing a seasonal 2 m peak-to-peak amplitude elevation variation signal (Aharonson et al., 2004). This bias still
remains after the reprocessing using updated auxiliary information (Xiao, Stark, Steinbriigge, et al., 2022). To
correct for this artifact while aiming for high-precision temporal level variations, we employ a process known as
regional pseudo cross-over adjustment (RPCA) which combines the concept of DTM-based pseudo cross-overs
and the local co-registration technique (Xiao, Stark, Steinbriigge, et al., 2022). A pseudo cross-over is formed
by two laser profile segments that do not necessarily intersect each other. The height difference at a pseudo
cross-over is assigned as the difference in the height corrections when these two profile segments are aligned
to the reference DTM using a co-registration in stereographic map coordinates. In the RPCA process, we try to
minimize the height misfits at pseudo cross-overs acquired within 5 days and solve for height adjustments for
each of the profiles. Ridge regression is adopted in the RPCAs to solve the ill-posed problem due to the correla-
tion between the model parameters, that is, height adjustment for each of the profiles. The ridge trace approach is
used to pin down the optimal regularization strength. Since the profile segments do not necessarily have to inter-
sect, the available number of “cross-overs” is normally multiplied. By utilizing the co-registration in the pseudo
cross-over formulation, the errors due to interpolation and lateral shifts of the profiles associated with the tradi-
tional cross-overs can be avoided and compensated, respectively. Furthermore, the profile segment pair forming
a pseudo cross-over can be widely separated across the region, offering “global” constraints in the adjustment.

Specifically, we apply two consecutive RPCAs in a post-correction procedure as “bi-RPCA” to link the polar
regions with CO, level variation signal and a tropical annulus without (Xiao, Stark, Steinbriigge, et al., 2022).
Each of the profile segments falling within (44°S, 56°S) annulus is co-registered in stereographic map coordi-
nates to the reference DTM to obtain height corrections per profile for the global systematic temporal bias. The
first RPCA is then applied to acquire the adjustments for the aforementioned height corrections. Assuming that
the systematic temporal bias is spatially invariable and equals the one acquired at (44°S, 56°S), these height
corrections are then adjusted and applied to the profile segments within a polar grid element. Subsequently, the
second RPCA is performed at that grid element to obtain the height corrections for each of the profiles due to all
categories of residual errors, including that of the reprocessed MOLA profiles, the co-registration process, and
the reference DTM. The local profile segments are formed by selecting footprints acquired within +30 s of the
central footprints along the profiles intercepted by the grid element. In order to involve more pseudo cross-overs
in the second RPCA, grid elements within 80° to 8§7°S are extended by an extra of 5° in longitude on each side.
Similarly, grid elements within 70° to 80°S and 60° to 70°S are extended an extra of 10° and 15°, respectively.
Finally, height corrections from both of these RPCAs are applied to observables from Section 3.2, which are
median-binned to form a seasonal level variation time series.
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3.4. Gridded Products

Two essential characteristics, that is, maximum level of the SSPC and MY24 to MY25 peak level variation, are
then extracted at individual grid elements and gridded as to be spatially examined over the south pole (available
at Xiao, Stark, Schmidt, et al. (2021)).

3.5. Bulk Density Map of the Snow/Ice Deposition

Mass change rates from a energy balance model (Section 2.2) are used for estimation of the bulk densities of the
SSPC within each of the grid elements. These mass change rates are integrated and examined against the obtained
seasonal level variations to determine the average bulk density of the SSPC during recession phase. Then, the
obtained bulk density estimates are gridded to be analyzed for spatial patterns.

To suppress noise, the gridded maps from Sections 3.4 and 3.5 are filtered using a local sliding 3 X 3 Gaussian
window (1.5° X 30°) with a sigma of five grid elements for the Gaussian weight kernels in both longitudinal and
latitudinal directions. Furthermore, interpolation using global spherical splines is applied for representation of
level variations within the grid elements.

4. Results

The south pole topography represented by the reference DTM from self-registering the reprocessed MOLA
profiles is shown in Figure 1a. Before the analysis within local grid elements, the general trend of the seasonal
snow/ice level against latitudes is studied by applying the proposed approach at different latitudinal annuli.
Specifically, temporal level variations are obtained at seven different latitude bands of 2°, centered at 48°S, 62°S,
72°8S, 80°S, 82°S, 84°S, and 86°S (Figure 2a). The precision of these results, as indicated from the scattering
of the measurements, is found to be better than 10 cm. The peak-to-peak amplitudes of the variations gradually
decrease from ~1.7 m at 86° to ~0.5 m at 62°S, and then to ~0.3 m at 48°S. As the latter marks approximately the
maximum extent of the SSPC, we consider ~0.3 m as the accuracy of the obtained measurements for all annuli.
Results from two previous studies, that is, Smith et al. (2001) at annulus 86.5°S and Aharonson et al. (2004) at
annulus 86°S are also plotted for comparison. It is noteworthy that the peak-to-peak level variation of our result
for annulus 86°S nearly doubles that of Smith et al. (2001), but is significantly lower than that of Aharonson
et al. (2004). The off-season increase in southern summer and fall, which is present both in our results and in
previous ones, is discussed in Section 5.1.

Further, the annulus analysis is extended to continuously cover the entire range of latitudes from 50° to 8§7°S with
an interval of 2° in latitude. The total volume of the SSPC for each time step is then obtained by adding contri-
butions from all different annuli (Figure 2b). Volume is computed by multiplying the measured level of snow/
ice of each annulus by the area of each annulus, with Mars assumed as an ellipsoid with an equatorial radius of
3,396.19 km and a south polar radius of 3,379.21 km. For the small gap poleward of 87°S, it is assumed that
the variations in level of snow and ice are identical to that acquired at the neighboring annulus 86°S. Volume
contributions from latitudes equatorward of 50°S are considered negligible (Schmidt et al., 2010). After increas-
ing during southern winter, the total volume of snow and ice generally decreases during late southern winter
and spring as snow/ice sublimates and reduces to a minimum. The off-season increase during southern spring
is discussed in Section 5.1. The total volume during southern summer and fall is erratic and not shown, which
should be considered as an artifact, as discussed in Section 5.1. The peak volume is approximately 9.4 x 10!2 m?
in Martian Year 24 (MY24) and is 8.6 X 10'2 m3 in MY25. Meanwhile, the peak in MY 24 is reached later by ~15°
in solar longitude (L) than observed in MY25.

A typical level variation time series for a grid element ([85.75°S, 86.25°S, 180°E, 190°E]) is illustrated in Figure 3.
As we are interested in the relative level variations, the minimum is set to zero. The level of the SSPC maximizes
at around L, 165° to be ~2 m, slightly lower than 2.5 m for the annulus 86°S from Aharonson et al. (2004). The
peak level in MY25 is ~0.3 m less than that in MY24. Movie S1 on the spatio-temporal variations in level of the
SSPC is available as the supplementary material to this paper (see also Xiao, Stark, Schmidt, et al., 2021).

Map of the peak-to-peak level variations or the maximum snow/ice level of the SSPC is shown in Figure 1b.
The associated precision, as measured by the scaled median absolute deviation, is normally better than 20 cm
and below 10 cm poleward of 80°S (Figure S1 in Supporting Information S1). This map illustrates the spatial
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Figure 1. (a) Topography of the Martian south pole from the self-registered Mars Orbiter Laser Altimeter reference digital
terrain model with respect to a Martian ellipsoid with an equatorial radius of 3,396.19 km and a mean polar radius of
3,376.20 km. (b) Maximum level. (c) Interannual peak level variation. Yellow and red colors mean there is higher snow/

ice level in M25 than in MY24. The adopted projection is polar stereographic centered at the south pole. (d) Bulk density of
the Seasonal South Polar Cap during its recession. Warmer tone denotes higher bulk density, which is equivalent to smaller
porosity. Map format is the same as from (a) to (c) except that the map coverage ranges from 70° to 87°S. Boundary of the
Residual South Polar Cap from Skinner Jr et al. (2006) is marked in green. For (b) to (d), contours are also added.

distribution of the maximum seasonal CO, level, in particular its non-axisymmetric pattern within annuli. The
largest magnitudes up to ~2.5 m are located at the Residual South Polar Cap and regions poleward of 85°S, which
can be related to the higher albedo and lower solar elevation angles (resulting in higher condensation and lower
sublimation rates) compared to the surroundings (Gary-Bicas et al., 2020). Large magnitudes also occur on the
exposed water ice patch (from 82° to 84°S and 315° to 5°E) along the northern margins of the Residual South
Polar Cap (Titus et al., 2003), which supports deposition and retention of the deposits (Calvin et al., 2017). In
addition, no dichotomy is observed in the maximum level variations at the cryptic and non-cryptic regions.

The statistics of the maximum snow/ice level, that is, mean, maximum, and standard deviation, are examined
in each 0.5° latitudinal annulus (Figure 4). ward of 67.5°S, the mean of the maximum snow/ice level appears to
increase almost linearly with latitude at an average rate of ~5.5 cm/degree. The mean level within the edge of
the Residual South Polar Cap (poleward of ~84°S) steadily increases before it stabilizes at ~2 m, which is due to
the asymmetric distribution of the Residual South Polar Cap around the south pole. The variability of the level
within each annulus is expressed by the standard deviation, which ranges from 0.1 to 0.25 m. In addition, we show
the average solar longitude corresponding to the maximum level against latitude at a step of 0.5° (green crosses
in Figure 4). We can see that the level begins to decline at 60°S after peaking at L, ~150° right after the middle
southern winter. However, the accumulation lasts longer at higher latitudes, and the SSPC over the Residual
South Polar Cap only begins to thin at L, ~170° in the late southern winter. These time stamps also correspond
well with the curves obtained at various annuli (Figure 2).
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Figure 2. (a) Temporal level variations at selected annuli. Contrarily to that observed in southern winter and spring, the
arrows indicate artifacts in the southern summer and fall since the latitude dependence is not smoothly decreasing. Results
from two previous studies are shown for comparison. (b) Total volume deduced from the temporal level variations in the
annuli poleward of 50°S. Red shade denotes the time period that features data considered to be in error (see text for details).

By comparison of the interannual peak level of snow and ice in MY24 and MY25 (Figures 1c and S2 in Support-
ing Information S1), we can see that the peak level at MY25 is normally ~0.5 m higher than that at MY24 over
the Residual South Polar Cap, indicating either increased deposition in MY25 or thickened Residual South Polar
Cap in MY24. Exceptions are the lower peak level in MY25 than in MY24, which mainly cluster in topographic
lows of Chasma Australe and the attached Promethei Planum (refer to Figure for locations).

A typical temporal mass change rate for the grid element of (85.75°S, 86.25°S, 180°E, 190°E), together with the
associated temporal level variation is shown in Figure 5. While the level of snow and ice culminates at around L
160° and begins to generally decline thereafter, the mass predicted by the energy balance model still accumulates
until around L 200°, but with diminishing rate during southern spring. The aforementioned desynchrony is noted
to be ubiquitous at all grid elements, which could be that the height loss due to densification begins to outweigh
the height accumulation at the end of southern winter. The off-season increase in southern summer observed
by MOLA is considered to be an artifact, as discussed in Section 5.1, so the comparison to the mass change
rate is meaningless. Here, we derive the average bulk density of the SSPC during the recession phase, defined
here as the period of level declination from the maximum at the middle-to-late southern winter all the way to
0 at the end of southern spring or beginning of southern summer. The bulk density is obtained from dividing
the corresponding net sublimated mass (sublimated minus condensed) per unit area integrated at the recession
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Figure 3. Level variation time series for a selected grid element along 86°S
([85.75°S, 86.25°S, 180°E, 190°E]). Yellow shade denotes the precision of
the median-binned temporal curve measured by the scaled median absolute
deviation. Two key statistical characteristics for interpretation are marked.

phase, defined here as when the level is declining, by the maximum level at
MY?24 (as marked in Figure 5). The maximum level decreases with latitudes
and becomes less than ~1 m equatorward of 70°S (Figure 1b). In this case,
its variation due to the associated measurement error can be magnified in
the aforementioned division process and leads to noisy and unreliable bulk
density measurements at individual grid elements. Meanwhile, as the MOLA
profiles become sparser toward lower latitudes, the measurement error asso-
ciated with the maximum level also increases and further contaminates
the bulk density measurements. Thus, we spatially restrict our analysis to
regions poleward of 70°S. The spatial distribution of the bulk density of the
SSPC during recession is shown in Figure 1d. Patches at the Residual South
Polar Cap and its surrounding regions feature the lowest values in the range
of ~300 to ~600 kg/m?3, some of which are even lower than the threshold
of 420 kg/m3 for snow (74% porosity; Mount & Titus, 2015). Meanwhile,
regions within 70° to 80°S feature higher bulk densities that can vary from
~600 kg/m? to up to 1,500 kg/m?, some of which are even higher than the
threshold of slab ice (1,190 kg/m? with 26% porosity; Mount & Titus, 2015).
We can also see that poleward of 75°S the bulk density at the cryptic region
is generally higher than that at the non-cryptic region, but it is spatially inho-
mogeneous with a large range of ~200 to ~500 kg/m?).

5. Discussions

5.1. Off-Season Increase and Decrease

The off-season increase (within L 180°-230°) of snow and ice of up to 1 m
in southern springtime (Figures 6 and S3 in Supporting Information S1),

particularly pervasive over the south pole, remains unexplained. This is also reflected as the spring increase

of ~2 x 10'> m? in the volume evolution as shown in Figure 2b. The level variation time series at 86.5°S from

Aharonson et al. (2004) also exhibits slight springtime increase but it is within the uncertainty bars. Spring

increase commences earlier and its magnitude becomes larger at annuli with lower latitudes, for example, ~0.1 m

at annulus 86°S and ~0.3 m at annulus 72°S (Figure 2a). As the surface area of each 2° annulus increases with

lower latitudes, the volume increase during springtime is dominated by those signals obtained at lower latitudes.
Interestingly, Pommerol et al. (2011) observed that both the albedo and CO, spectral band depth around the south
pole present an unexpected increase from L, ~ 200° to ~250° during the southern spring. They attributed these

to the predominance of surficial sublimation of the CO, ice layer which releases some of the water ice and dust

particles that are then blown away by the winds. This theory is also in agreement with our observations which

3.0
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Figure 4. Statistics of the seasonal CO, polar cap maximum level as a
function of latitude. Green crosses show the average solar longitude when the
maximum level is reached with respect to latitude.

would lead to an increase of surface reflectance and CO, spectral band depth.
Indeed, it is frequently observed in satellite images that dark deposits can
entirely disappear during mid-spring below a brighter and bluer veil before
they re-appear almost intact later in spring (e.g., Pommerol et al., 2011).
Andrieu et al. (2018) applied Bayesian inversion techniques involving a radi-
ative transfer model to constrain the changing level of the SSPC at Rich-
ardson Crater (72°S, 180°W), where off-season spring increase of ~0.1 m
is found at three out of four of their test sites. They attributed the measured
increase in thickness to dust migration within the ice, producing an opti-
cally thick layer of dust burrowing downwards. In fact, Langevin et al. (2006)
argued that granular CO, ice could be deposited on top of the seasonal ice
layer by the cold-jetting process itself via adiabatic cooling of the gas jets.
However, the thickness of these fine-grained deposits is speculated to be
just on mm-level. Note that MOLA pulses are often found to be saturated
when the instrument is operating over bright polar areas in the early to-mid
southern spring (Text S1 in Supporting Information S1). Thus, the range
walk corrections, typically applied to the data, may be biased, which then
could translate into the observed transient springtime increase. A solution
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MY24 MY25 would be to simulate the full waveform of the saturated pulses (e.g., Budge
= S‘L‘ff,'lﬁl" s‘;:‘,'i‘:;" ss?,l:,l::er? so‘;talﬁem Sc\:vl::::" et al., 2006; Jacob et al., 2008) and re-estimate the range walk corrections,
w; 10 condensed mass 2.5 by taking footprint-scale topography measured from high-resolution DTMs
o 57 = m cublimated mase r2.0 T such as that from High Resolution Imaging Science Experiment (HiRISE;
PR N L1.5 g McEwen et al., 2007), Color and Stereo Surface Imaging System (CaSSIS;
% _5] 1 1.0 ‘§ Thomas et al., 2017), and Context Camera (CTX; Malin et al., 2007) images.
g ‘ S As preliminary treatment of the simulation implementation, we would need

-10+ 0.5 © . . . . .
g \ 0-5 % to precisely align the MOLA footprints and the high-resolution DTMs by
-
S ~151 i r0.0 co-registration techniques (Xiao, Stark, Steinbriigge, et al., 2022). Mean-
@ . . . .
é —2090 ™ 2;0 300 o o -0.5 while, the idea that the MOLA laser pulses at 1,064 nm may partially pene-
Solar longitude [deg] trate the translucent slab ice during southern spring is ruled out (Text S2 in

Supporting Information S1).

Figure 5. Temporal mass change rate at the grid element of (85.75°S,

86.25°S, 180°E, 190°E). The corresponding temporal level variation is also

The observed abrupt increase and subsequent rapid loss of snow/ice in south-

plotted, same as that in Figure 3. Maximum level of the Seasonal South Polar ern summer (L, 270°-360°; Figure 2a), have been identified previously, as
Cap during MY24, and the net sublimated mass, that is, sublimated minus indicated by the relatively large amplitudes of the semi-annual sinusoidal

condensed, per unit area integrated when the level in on the decline, are

marked.

term in Figure 7c in Aharonson et al. (2004). Interestingly, the off-season
summer increase is spatially confined to regions poleward of ~60°S. Unlike
the curves during the southern winter and spring which gradually decrease
in magnitudes in annuli at lower latitudes, those during southern summer
stay nearly the same (Figure 2a). The shadowing by topography is local and the squalls can be temporary, which
runs contrary to the temporally and spatially extensive presence of these summer and fall biases. Thus, these two
factors can be ruled out as possible causes. Meanwhile, it is observed by MGS Thermal Emission Spectrometer
(TES) that the annuli from 50° to 70°S are free of seasonal ice in the southern summers from MY23 to MY31
(Piqueux et al., 2015). Evidence for surface ice is also lacking in Mars Orbiter Camera (MOC) images acquired
at MY24 and MY25 (James et al., 2007; Wang & Ingersoll, 2002). In addition, the off-season summer increase
has not been verified yet using other formats of measurements, such as the Neutron Spectrometer, GCMs, and
energy balance model (Feldman et al., 2003; Prettyman et al., 2009; Schmidt et al., 2010; Smith et al., 2009). To
conclude, these summer decrease and increase observed by MOLA are considered as artifacts. As for the level
decrease and increase in southern fall, it bears significant similarities to that in southern summer. Thus, there are
also considered artifacts for the similar arguments.

The summer and fall curves are insensitive to different latitudes, indicating them to be the results of some system-
atic temporal bias. In contrast, the level oscillations during southern winter and spring can gradually and orderly
decrease from ~1.8 m at 86° to nearly O at 48°S, which is also consistent with the observation that the lowest
latitude SSPC can extend to is roughly 50°S (Piqueux et al., 2015). Time stamps when the level maximize are
also orderly shifting from mid-winter at low latitudes to late-winter at high latitudes (Figures 2a and 4), which is
in accordance with the gradual migration of the sublimation from the edge of the SSPC to the inner-most areas.
Thus, we believe the biases responsible for the observed southern summer
and fall artifacts do not act on the seasonal signal during in southern winter

1.0 and spring.

08 ¢ 5.2. Implications From the Measured Bulk Density Map
§ The lowest bulk density values cluster at the Residual South Polar Cap and
0.6 g its surroundings. There exists a general increase of the bulk density toward
E lower latitudes. These could be explained by higher concentration of CO,
0.4 % clouds, and hence snowfall, toward the Residual South Polar Cap and its
g surroundings (Cornwall & Titus, 2010; Gary-Bicas et al., 2020; Hayne
0.2 "5 et al., 2012). The phenomenon of atmospheric precipitation dominating in
the western hemisphere may be due to the distinct climate regimes caused
0.0 by the enormous Hellas and Argyre impact basins (Colaprete et al., 2005;

' Giuranna et al., 2008).

Figure 6. Off-season increase during southern spring examined within L By comparing the mass of the SSPC from time-variable gravity measure-

180°-230°. Map format is the same as in Figures la—Ic.

ments assuming a linear distribution of the surface mass density (Karatekin
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— sx\t(s:m — et al., 2006), and the corresponding volume (Figure 2b), we can also look
10 winter spring summer 8 50 into the evolution of the bulk density of the SSPC. We fit the volume time
= series using the Gaussian Process regression in which a radial basis function
= 87 6= (15 B kernel is adopted. The sigma added to the diagonal of the kernel matrix is
< 6l o § assigned as two folds of the scaled median absolute deviation associated with
> L4 2 1.0 :‘; each volume measurement. Volume measurements are then sampled from
E 4 4 % the fitted curve with an interval of 2° in solar longitude from L, 110°-270°.
= 5 dersity (reshold density threshold 2= 05 ;; The bulk density is obtained from dividing the mass of the SSPC by the
‘ ' for snow Lo.o «Q corresponding volume measurement (black line in Figure 7). To estimate the
90 180 270 360 uncertainties of the derived bulk densities, we also evaluate the lower and

Solarlongitude [deg] upper bounds of the mass measurements from Karatekin et al. (2006) against

Figure 7. Fitted curve of the volume measurements in Figure 2b (green line), that of the volume measurements taken as the 95% confidence interval

and the 95% confidence bounds (green shade). Also shown are the mass of from the Gaussian Process fitting. Lower and upper bounds from Karatekin
the Seasonal South Polar Cap during southern winter and spring (red line and et al. (2006) are taken as model outputs assuming the poles as point masses
shade), and the resultant evolution of its bulk density (black line and shade). and a constant surface mass density, respectively. The bounds of the mass and

The bulk density thresholds for slab ice (1,190 kg/m?) and snow (420 kg/m?)

volume measurements, and the resultant bulk densities are represented by the
are marked for reference.

corresponding shades in Figure 7. We can see that the bulk density actually

decreases at the beginning-to-late wintertime from an initially high value of

~1,450 kg/m?3, which is even much higher than the threshold for slab ice
(1,190 kg/m3). Then, it reaches a local minima when its volume maximizes (~660 kg/m?), which is followed by
an increasing period. However, the transient spring accumulation, which could not be confirmed at current status
(Section 5.1), cutoff the upward trend and leads it to a global minima of ~300 kg/m?. But, right after reaching
the global minima, we can observe that it increases again to ~950 kg/m? at the end of southern spring before the
SSPC completely sublimates away.

The bulk density decrease during beginning-to-late southern winter (Figure 7) is in contrast to the normal assump-
tion that it should continuously increase throughout fall, winter, and spring (e.g., Matsuo & Heki, 2009). It is
likely that, initially the direct condensation dominates during the southern fall and early southern winter, then as
the temperature continues to drop, snowfall gradually prevails. At accumulation phase during the fall and winter,
starting with direct condensation has also been suggested by laboratory experiments (Grisolle, 2013). Some CO,
ice experiments and observations also suggest that the density decrease trend could be due to fracturation (e.g.,
Grisolle, 2013; Mount & Titus, 2015). The bulk density of the SSPC when its volume maximizes is ~660 kg/m?,
which actually corresponds to a local minima. Subsequently, there exists an upward period that could be attrib-
uted to compaction mechanisms such as annealing and re-crystallization (Eluszkiewicz et al., 2005; Matsuo &
Heki, 2009). The resultant slab ice can undergo a self-cleaning process in which dust grains burrow downward or
released through the upper surface, to become translucent and enable sunlight to reach the substrate, which is the
key prerequisite for the cold-jetting mechanism at the cryptic region (Kieffer et al., 2006).

It is worthy to note that by the time the bulk density of the SSPC falls below 1,190 kg/m? during the south-
ern winter, ~4.8 X 10" kg (or ~80% of a total of ~6 X 10" kg) has already been accumulated to the surface
(Figure 7). Thus, snowfall is largely limited to the Residual South Polar Cap and its surroundings as aforemen-
tioned, and overall it just constitutes of less than ~20% of the total annual deposition. The deduced proportion is
largely in agreement with the statement that snowfall constitutes only 3%—20% of the seasonal CO, deposits in
latitudes between 70° and 90°S (Hayne et al., 2014).

6. Conclusion

Based upon methods we developed previously (Xiao, Stark, Steinbriigge, et al., 2022), we retrieve variations in
the snow/ice level of the Mars' SSPC from MOLA data by applying a local co-registration strategy complemented
with a post-correction procedure based on pseudo cross-overs. The temporal level variation is obtained for each
grid element of 0.5° in latitude and 10° in longitude. The maximum snow/ice level in the range of 2-2.5 m are
found over the Residual South Polar Cap. Peak level at the Residual South Polar Cap in MY25 are normally
~0.5 m higher than those in MY24. In addition, by applying the methods to different annuli, we find the peak
volume is approximately 9.4 X 10'> m*® in MY24 and 0.8 X 10'?> m? less in MY25. Furthermore, we derive the
bulk density, for the first time as map, of the SSPC during its recession by combining our data with corresponding
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modeled mass change rates from surface's energy balance. Residual South Polar Cap and its surrounding regions
feature lowest values in the range of ~300 to ~600 kg/m3. These relatively low bulk densities there as compared
to elsewhere is likely due to much more concentrated atmospheric precipitation. However, overall snowfall just
constitutes of less than ~20% of the total mass of the SSPC. Direct condensation dominates during southern fall
and early southern winter, and the bulk density of the SSPC actually decreases due to snowfall until its volume
maximizes. Meanwhile, a time shift between the maximum level of the SSPC following ~40° in solar longitude
later by the maximum mass of the SSPC is identified and proposed to be linked to the densification of the depos-
its, most probably by metamorphism.

This study sheds light on both the temporal and spatial level evolution of the SSPC, which stand as important
constraints on future Martian climate and volatile models. In addition, our results can be combined with labora-
tory modeling to gain insights into the cold-jetting mechanism which is related to the thickness and state of the
SSPC. As for the next step, we will do the same analysis to the Seasonal North Polar Cap (SNPC). These results
will be analyzed against that of the SSPC to reveal different behaviors of the two seasonal polar caps. Meanwhile,
total CO, budget evolution of the atmosphere-surface exchange can be obtained by analyzing the SSPC and
SNPC as a whole. We will also apply the approach of Andrieu et al. (2018) to the entire SSPC to examine its
level variations during the sublimation phase. Simultaneously, we will try the SHAllow RADar (SHARAD) radar
altimetry (Seu et al., 2007; Steinbriigge et al., 2021) to derive long-term level variations of the seasonal polar
caps of Mars. These independent results can also be used to cross-validate the off-season increase and decrease
as measured by the MOLA data set.
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