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Mars’ slope streaks are dark albedo features created by the avalanching of
surface dust. Recent work provided geostatistical evidence for the dry nature
of streaks and their drivers, but presented no direct, quantitative measure of
streak formation rates and seasonality. Here, | associate the global, spatio-
temporal occurrence of more than 2.1 million slope streaks, identified between
2006 and 2024, with their hypothesized dry, (non)seasonal drivers: meteoroid
impacts, marsquakes, and wind action. Streak formation rates vary across Mars
and time, with an average of ~0.05 newly-formed streaks per existing streak per
Mars Year. Only ~-0.1% of the annually formed streak population can be directly
attributed to non-seasonal processes like meteoroid impacts and quakes. The
bulk of streak formation coincides with the seasonal delivery of atmospheric
dust and peaks in the southern summer and autumn, when wind stress sys-
tematically exceeds the threshold required for the initiation of sand saltation
and dust mobilization. The conditions most conducive to seasonal streak
formation appear to occur at sunrise and sunset, explaining the lack of direct
observations of streak forming events to date. This work underscores the dry
nature of slope streaks and enumerates their potentially important role in the
Martian dust cycle.

Slope streaks are dark albedo features on Martian slopes that have
been associated with the transient presence of liquid water or brines
since their discovery in the 1970s'°. A recent study used a global, deep
learning-enabled, geostatistical approach to suggest a purely dry nat-
ure of slope streaks on Mars’, agreeing with the conclusions presented
by preceding regional studies (e.g., refs. 8-12). Bickel and Valantinas’
also reported statistical evidence for the decisive role of atmospheric
dust delivery and dry, energetic triggers in driving the formation of
slope streaks, specifically meteoroid impacts, marsquakes, and near-
surface winds and gusts. Yet, Bickel and Valantinas’ limited their ana-
lysis to Dickson et al’s® MRO CTX (Mars Reconnaissance Orbiter
Context Camera™) global mosaic, which represents one snapshot in
time, inhibiting any direct, sophisticated spatiotemporal correlation of
slope streak distribution and formation with other relevant datasets,
such as atmospheric models and catalogs of impact- and tectonic
events.

Here, I use an improved, deep learning-driven approach to iden-
tify slope streaks in the full CTX image archive, enabling a holistic

analysis of slope streak occurrence and formation in space and time, all
across Mars. | use this dataset to (1) investigate the distribution,
magnitude, rate, and seasonality of slope streak formation across the
planet, (2) quantify the contribution of the three main drivers of streak
formation to the overall streak production, and (3) estimate the
potential contribution of slope streak formation to Mars’ overall
atmospheric dust budget. This study represents a holistic, spatio-
temporal investigation of one of Mars’ most enigmatic, transient sur-
face features, with important implications for our understanding of
modern Mars’ surface-to-atmosphere interactions and the dust cycle in
general.

Results

Global streak formation rates and seasonality

I identify 2,169,234 individual slope streaks in 91,687 CTX images
acquired between 2006 and 2024 (including MRO orbit 84,839, Sep-
tember 2024), covering Mars between 55°N and 35°S multiple times
over. This census intentionally includes a substantial fraction of
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Fig. 1| Distribution, formation rates, and seasonality of Martian slope streaks.
A map of the maximum number of streaks identified in each grid cell, considering
all available CTX images, overlain on a Viking Merged Color mosaic and a trans-
parent TES (Thermal Emission Spectrometer) albedo map (60°N to 40°S), high-
lighting dust-rich (0.2-0.26, tan) and very dust-rich (>0.26, blue) regions, following
ref. 7. Five distinct, global streak populations are highlighted: Amazonis, OMA
(Olympus Mons Aureole), Tharsis, Arabia, and Elysium. Small white dots indicate
cells with counts between 12 and 15 streaks. B heatmap of the relation between
streak count difference (left y axis) and seasonality per cell (Ls, number of cells
considered is 596); manual ground-truth measurements overlain (black dots, right
x axis); white ellipses indicate (manually scanned) image pairs without any change.
Manual counts were derived using images acquired between 2007 and 2023. The

L () A solar incidence (°)

accuracy of the results presented in (B) is dependent on the noise floor of the
detection method itself and is affected by the tradeoff between the allowed max-
imum image acquisition date delta (here, 6 months or -90° Ls) and data abundance,
which reduces the temporal resolution or temporal accuracy of the detector-
derived count differences; this inaccuracy is likely causing the slight temporal
offset between the detector-derived and manual counts. C and D quantify the
accuracy of the automated detection method using ground-truth data, as absolute
counts and as a percentage, respectively. Relation of the difference of solar inci-
dence between image pairs and season (E), MCD column-integrated dust optical
depth and season (F), and the difference of solar incidence between image pairs
and the time between image pair acquisitions (G), per considered (slope streak-
bearing) cell (as used for B).

duplicate detections, as streaks persist over years and decades,
appearing in several subsequent CTX images. All streak detections are
binned into 0.25° x 0.25° “cells’; the highest density of streak-bearing
cells (‘maximum count’) is located in five globally distinct streak ‘hot-
spots’: Amazonis, OMA (Olympus Mons Aureole), Tharsis, Arabia, and
Elysium, agreeing with earlier global mapping efforts’ (Fig. 1A). OMA

features the highest density and number of streak-bearing cells, with a
peak maximum count of 221 streaks/cell (Fig. 1A), while Arabia features
the spatially most-extensive, coherent region of slope-bearing cells.
Integrating the maximum counts for all cells and adjusting them for
the effect of spatially co-located (nested) streaks as well as for the
recall of the used detector (-75%), the data suggest there are -1.6
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million CTX-scale slope streaks all across Mars, which is slightly lower
than the ~1.9 million slope streaks estimated earlier by Bickel and
Valantinas 7, but twice as high as previous estimates by Aharonson
etal. ™.

Considering cells with image pairs that were acquired with a
temporal difference of less than 6 months and that feature 100%
spatial overlap with the respective cell, I derive differences in streak
counts over time (‘difference counts’). Differences in streak counts per
cell over time can be indicative of streak formation and fading, but -
importantly - can also be caused by variations in imaging geometry
and atmospheric conditions (false changes). Most prominently, chan-
ges in the atmospheric dust load and solar incidence angle, as well as
spatial shifts caused by minor image geolocation inaccuracies can lead
to the detection of false changes; for example, streaks that were sha-
dowed in the first image of a pair are illuminated in the second image,
which enables their detection - and thus mimics their formation
(Fig. S1). I characterize the median ‘noise floor’ caused by false changes
using a set of 100 ground-truth cells (Fig. 1C, D) and only consider
difference counts that exceed the median noise floor, to minimize the
impact of false changes. Here, the term noise floor describes the
threshold that is used to distinguish between valid (i.e., used for the
analysis) and invalid changes (i.e., not used for the analysis), in a
statistical way.

My workflow identifies substantially (globally) enhanced streak
count differences — more cells with higher count differences - during
the southern summer and fall, with a peak between Ls-220° and ~-360°,
and a less pronounced tail that extends until Ls-60° (Fig. 1B). These
peaks indicate distinct, seasonally enhanced streak formation rates,
and agree with the results presented by earlier surveys conducted in
specific regions on Mars'>'*, Most considered cells host low numbers of
newly formed streaks (<10), but there are ‘bursts’ of streak formation
with more than -40 features that form between two images. As
observed earlier by Bickel and Valantinas 7, the used streak detector
tends to identify spatially co-located (nested) streaks as one single
feature, suggesting that the detector-derived burst counts under-
estimate the actual (absolute) number of individual streaks that
formed by a factor of ~2, on average.

I conduct a detailed, manual ground-truth time-series spot-check
of two separate OMA slope streak monitoring cells centered at 24°N,
147°W and 28°N, 145°W using 77 images acquired between 2007 and
2023. The results of the spot-check (Fig. 1B) closely agree with both the
number of the detector-observed newly formed streaks as well as their
seasonal timing. The spot-check also confirms the observation that
streak formation can happen steadily («10) and in bursts (>40)
between consecutive images. Notably, the locations of highly active
cells (derived by manual and detector counts) closely resemble the
spatial distribution of cells with high to very high maximum streak
counts, implying that the three independent measures of streak
activity agree.

Using the first and most recent images taken of each analysis cell, |
compute a global streak formation rate with the longest-possible
temporal baseline (A,, average of ~5.2 MY, and a minimum of 1 MY).
Globally, all considered cells experience an average, normalized streak
formation rate of ~5.5%/MY. This rate (5.5%/MY, for A, >1 MY) and the
number of slope streaks estimated to be present across Mars
(n=-1,600,000), along with two additional rates derived from image
pairs with A, >2 MY (4.6%/MY) and A, >3 MY time difference (4.2%/
MY) suggests that between ~88,000, -73,600, and ~67,200 CTX-scale
streaks should form per MY all over Mars. This implies that Mars’ entire
streak population would be replenished within ~18 to ~24 MY, assum-
ing that the overall population of streaks remains constant.

Sporadic, higher-than-average formation rates (up to ~88%/MY)
can exclusively be attributed to streak bursts that happened at loca-
tions with few pre-existing streaks and between images with a rela-
tively short temporal baseline (A, ~ 1 MY) and do not represent the

long-term formation rate of the majority of the streak population.
Image pairs with a difference of at least 3 MY suggest that the highest
long-term formation rates (up to ~28%/MY) occur across all major
hotspots, with the exception of Elysium (Fig. S2). Overall, these for-
mation rates are in line with earlier, regional estimates of streak for-
mation (-3 to -7.9%/MY, with peaks up to ~30%/MY)>"® as well as
previous estimates of streak lifetime (-11 to ~22 MY)"™*, although the
increased number of streaks that were mapped across Mars’ leads to
higher absolute formation rates of streaks than previously estimated
(-factor ~1.3 to ~1.8)", further establishing slope streaks as a highly
dynamic geologic process. It remains unclear whether formation rates
and locations of peak activity change over decadal or centennial
timescales.

Slope streak count data are openly available here: https://doi.org/
10.48620/91828.

Seismicity as a non-seasonal driver of streak formation

Two of the twenty-four (-8%) InSight-recorded BB and LF events with
back-azimuth-derived epicenter locations (‘Broadband’ and ‘Low-Fre-
quency’, MQS Catalog v14)*** feature — more or less distinct - bursts of
newly formed streaks in post-quake images acquired of the recon-
structed epicenter location: events S0105a, moment magnitude (M,,)
3.0 (2019-03-14, 10 new streaks), and SO173a, M,, 3.7 (2019-05-23, 15
new streaks), both located in Elysium. This implies that endogenic
seismicity can trigger streak formation, although the current data
imply that the contribution to the global formation budget might be
small: assuming the 25 identified, newly formed streaks formed within
one Mars Year, tectonic activity might be responsible for as little as
~0.04% of the streaks that form on Mars every MY. Importantly, the
InSight data are spatiotemporally scarce, cover only ~2 MY and a small
fraction of the planet, and thus do not allow for an extended com-
parison with the global-scale slope streak formation data. Further, the
inaccuracies associated with the spatial localization of quake epi-
centers are substantial (e.g., ref. 22), and a direct relation between a
quake and newly formed streaks is difficult to (dis)prove, particularly
with image pairs that were acquired weeks and months apart. In reality,
endogenic seismicity might be a substantially more important driver of
streak formation than suggested by the results above.

An association of newly formed meteoroid impacts and streaks is
more straightforward (Fig. 2A-E). Overall, 254 of the 1027 cells (-25%)
with impact craters that formed during CTX operations® host slope
streaks and are covered with at least 2 CTX images that meet the
desired change detection requirements. Of those 254 cells, 14 cells
(-6%) show bursts of newly formed streaks in post-impact images. In
total, impact events appear to have triggered the formation of 255
(CTX-scale) slope streaks between 2006 and 2020, implying that
impact events lead to the formation of an average of ~34 slope streaks
per MY, or about ~-0.05% of the annual formation population.

This analysis does not include two specific streak bursts that
recently have been tied to seismicity by Bickel and Valantinas’ and
Lucas et al.?*: S1000a (impact) and S1222a (quake). S1000a is not part
of Daubar et al.’s* global database, and the cells around S1222a’s
current epicenter location (covering ~2000km? host a minimal
number of slope streak detections (<10), which removes both events
from my analysis.

Dust, wind action, and saltation as seasonal drivers of streak
formation

The difference count data and modeled, low-resolution, regional-scale
atmospheric data extracted from the Mars Climate Database (MCD
v6.1)” suggest that ~20% of the cells with ongoing (directly observed)
streak formation activity experience wind stress values beyond 0.02 Pa
(maximum of the sol at image pair mean Ls, with a maximum temporal
difference of 6 months or 90° Ls between the images). Here, wind
stress values are estimated from horizontal wind velocities (modeled
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Fig. 2 | Meteoroid impacts as drivers of non-seasonal (burst) streak formation.
A new impact crater cluster that formed in Elysium and triggered a slope streak
burst with more than 100 individual (CaSSIS-scale; Colour and Stereo Surface
Imaging System)®’ streaks; image credits ESA/TGO/CaSSIS CC-BY-SA 3.0 IGO; note
that CaSSIS has a higher spatial resolution than CTX. Additional observations of
impact events that triggered streak formation as imaged by CTX in Amazonis (B),
Arabia (C), and Tharsis (D); crater location indicated by white point; image credits
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Fig. 3 | Evidence for wind action as one of the drivers of streak formation
magnitude. Relation of streak count difference and modeled MCD sol-maximum
(regional, averaged) horizontal wind velocity 4.5 m above the surface (A) and
estimated wind stress (B), at the Ls of the count difference measurement (max-
imum of the sol at image pair mean Ls); ~20% of all cells that experienced streak
formation exceed estimated wind stress values of 0.02 Pa (indicated by vertical red
line). Relation of streak maximum count and modeled MCD annual-maximum
(regional, averaged) horizontal wind velocity 4.5 m above the surface (C) and
estimated wind stress (D); ~60% of all streak-bearing cells exceed estimated wind

stress values of 0.02 Pa. E Joyplot (showing counts) of the LST at which (MCD-
based, regional) diurnal maximum wind stresses occur at the five main streak
populations, only considering values with associated wind stress values >0.02 Pa;
day- (white shade) and night-side (black shade) indicated; MRO’s orbital revisit time
window (centered at -3 PM) indicated by vertical dashed line and beige shade. The
number of cells considered per region is indicated. Background distribution of
(modeled) maximum annual wind velocity and stress (for all cells, n =520,200)
visualized by black histograms in (C) and (D); black vertical lines represent the
background distribution’s mean (thick line) and 10, 20 (dashed line).

at 4.5m above the surface) and the spatiotemporally associated
atmospheric density, assuming a simplified aerodynamic (surface)
roughness of 2 centimeters. Throughout the year, ignoring streak
formation timing, about -60% of all streak-bearing cells experience
peak wind stress values beyond 0.02 Pa (Fig. 3B, D). Several past stu-
dies suggested that wind stress in excess of 0.02 Pa is able to initiate
and sustain the saltation of sand-sized particles (100 um) that are the
most susceptible to wind shear (e.g., refs. 26-34). Upon re-impact on
the surface, these particles can mobilize and eject smaller particles,
including dust particles (<62 um), making wind stress values beyond
0.02 Pa indicative of atmospheric conditions that are generally con-
ducive to the mechanical triggering of streak formation. Generally, the
average sol-maximum wind stress in streak-bearing cells tends to
approach or exceed 0.02Pa at around Ls-220°, in early southern
summer (Fig. 4E, F), agreeing with the observed surge in streak for-
mation activity (Fig. 1B). Notably, cells with faster near-surface winds
and higher wind stresses tend to experience higher streak formation
rates (Fig. 3), but that effect seems to vanish for wind velocities and
wind stress values beyond ~12 to ~17 m/s (at an altitude of 4.5 m) and
~0.02 to ~0.03 Pa (Fig. 3). These spatiotemporal observations suggest
that wind action, or more specifically, wind stress-induced saltation, is
a major driver of streak formation. Importantly, MCD-predicted
atmospheric parameters represent regional averages and are not
expected to fully capture the dynamics of the atmosphere at the slope
streak scale, which directly affects all estimates of wind stress. In
addition, the assumed, simplified (constant) aerodynamic roughness
cannot be expected to fully capture the variability of surface rough-
ness across Mars.

The local times at which modeled maximum wind stresses occur
(excluding wind stress values below 0.02 Pa) vary substantially across
the five geographic streak hotspots: in Arabia, the conditions most
conducive to streak formation appear to occur at sunrise; in Tharsis,
these conditions appear in the late afternoon; in Amazonis, the most
conducive wind stresses occur shortly after sunrise and shortly before
sunset; and in OMA and Elysium, these conditions appear at and
shortly after sunset (Fig. 3E). These observations might explain why
direct observations of actively forming streaks - and potentially
associated dust clouds or plumes - have not been made over the past
decades of Mars imaging, as the vast majority of orbiters were con-
strained to imaging around noon and the early afternoon - and as only
a few orbiters are capable of sunrise and sunset imaging, such as ESA’s
Trace Gas Orbiter and Mars Express.

My data also suggest that 92% of all difference and maximum
count cells are located in regions featuring very high TES albedo
(>0.26, Fig. 5A, C), with ~99% of all streak-bearing cells exceeding the
average surface albedo (across all analysis cells). Notably, higher sur-
face albedo seems to lead to higher formation rates and maximum
streak counts. Similarly, MCD-derived column-integrated dust optical
depth values of cells with active (directly observed) streak formation
(maximum of the sol at image pair mean Ls, with a maximum temporal
difference of 6 months or 90° Ls between the images, Fig. 1F) as well as
the sol-maximum dust optical depth of streak-bearing cells in general
(Fig. 4A, B), show an enhanced atmospheric dust load during the
seasons that are associated with streak formation activity, with a dis-
tinct rise at Ls~220°, coinciding with streak formation activity (Fig. 1B).
Notably, the sol-maximum dust optical depth at cells that experience
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streak formation and/or host slope streaks remains slightly above the
background over the course of southern summer and fall, i.e., during
streak formation season (Fig. 4A, B). Further, peak streak activity - and
streak abundance in general - appears to be centered at elevations
of ~-2000 to ~-2500 m (Fig. 5B, D), below the average background.
Figure 6 visualizes the interaction between the key drivers of streak
occurrence, where all streak-bearing cells are located in high-albedo
(dust-rich) terrain and at lower topographic elevations, with a distinct
indication that higher albedo and lower elevations generally result
in enhanced streak activity (for difference and maximum counts).
Figure 6 also underlines the direct relation between streak activity,
wind velocity, and wind stress, where regions of peak activity corre-
spond to regions of enhanced wind action.

Discussion

My observations highlight how the interaction of three key pre-
conditioning factors and drivers lead to seasonal slope streak activity:
(1) the presence of topographic inclines, (2) a combination of surface
dust and the seasonal delivery of atmospheric dust, as well as (3) the

mechanical mobilization of dust through saltation, which in turn is
driven by near-surface winds and the atmospheric density. All three
preconditions and drivers are required to form slope streaks. The data
suggest that the wind stress at slope streak-bearing locations is not
necessarily higher than elsewhere on Mars but seems to be high
enough (>-0.02 Pa) to initiate and sustain the saltation of sand-sized
particles (<100 um) and - with that - the mobilization of dust particles.
On inclined terrain, the local mobilization of sand and dust can lead to
a cascading effect and the formation of slope streaks.

This mechanism highlights the seemingly important role of
another key factor, the availability of sand-sized particles (in the
~100 um range), which are the most susceptible to wind stress and,
thus, are the most likely to trigger downslope dust displacement
through saltation. Notably, past surveys established that aeolian fea-
tures, which imply the presence of loose sand, such as (Barchan) dunes
and ripples, are widespread across Mars**, including all the geo-
graphic slope streak hotspots identified in this work. Other surveys
established that sand migration is strongly seasonally controlled as
well and surges in early southern summer, remaining high throughout
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Fig. 6 | Dust abundance and wind action as the main drivers of streak forma- cell (A, B), (estimated) sol-maximum or annual-maximum wind stress per cell
tion. Relation of MOLA (Mars Orbiter Laser Altimeter) elevation and TES (Thermal  (C, D), and (modeled) sol-maximum or annual-maximum wind velocity per cell
Emission Spectrometer) albedo for all difference count cells (left column, A, C, E)  (E, F). Red vertical lines in (A, B) indicate albedo values highlighted in Fig. 1 and
and maximum count cells (right column, B, D, F), in comparison to all analysis cells  Fig. 5, indicative of the abundance of fine dust. TES albedo distribution for differ-
(n=520,200, transparent coral color, in the background); the difference and ence and maximum count cells (n = 491, n = 13,184, respectively) visualized by black
maximum count data are colorized using count difference or maximum count per  histograms.

Nature Communications | (2025)16:9583 8


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65522-4

southern autumn (e.g., refs. 27,37,38). This implies that the spatial
distribution of sand as well as the periodicity and magnitude of sand
migration closely agree with the distribution and activity of slope
streaks, directly supporting the hypothesis that dust, wind, and (salt-
ating) sand jointly drive slope streak formation on Mars.

Importantly, all estimates of wind stress are based on several
assumptions, such as the utilization of one average, simplified (and
potentially too high) aerodynamic roughness for the entire surface of
Mars. These assumptions follow several preceding studies (e.g.,
refs. 34,39) but are likely to affect the overall accuracy of the derived
wind stress estimates, also because of the low spatial resolution of the
MCD. Notably, a recent study that used the movements of dust devils
to measure near-surface wind velocities across Mars* suggests that the
global-scale MCD - not surprisingly - systematically and substantially
underestimates local-scale wind velocities, suggesting that the wind
stresses at streak locations could be larger than estimated here, further
underscoring the ability of near-surface winds to initiate sand saltation
and trigger streak formation. As highlighted by Bickel and Valantinas’,
future studies of slope streak formation and activity should utilize
atmospheric meso-scale models and a wider range of aerodynamic
roughness values - in combination with the new slope streak dataset
that is associated with this study - to address some of the key short-
comings of this study.

In contrast to seasonal drivers, meteoroid impacts and quakes
seem to be locally distinct, yet globally relatively insignificant drivers
of slope streak formation, which might help explain why Bickel and
Valantinas’ only observed a weak statistical (purely spatial) relation
between impact and streak locations, and only in Arabia Terra. Simi-
larly, other local studies only found modest evidence for a potential
impact of the strongest recorded marsquake (S1222a) on regional
streak formation rates*. Notably, impact-generated and endogenic
seismicity are (predominantly) non-seasonal and appear to primarily
drive bursts of streak formation, which seem to exceed the rates
commonly observed for seasonal drivers like wind action and saltation
(Fig. 1B). This distinction might make the detection of very large (off-
season) streak bursts - in the absence of newly formed impact craters
- a powerful tool for the orbital, global monitoring of Mars’ present-
day tectonic activity, at least in the dust-covered, topographically
rough regions of the northern hemisphere.

For example, my workflow identified a number of very large streak
formation bursts that cannot be associated with impact events or
seasonal wind action and saltation, such as in Amazonis, southern
Erebus Montes (170.7°W, 24.1°N), where more than 270 streaks formed
within four adjacent 0.25° x 0.25° cells, across tens of kilometers — and
numerous more streaks across other cells in the vicinity, between
2008-01-07 and 2013-09-25. This burst occurred pre-InSight and it is
unclear whether it was indeed triggered by tectonic activity or whether
it might be tied to the 2007 planet-encircling dust storm*?; if this burst
was caused by a marsquake, its magnitude appears to have exceeded
the 3.3 M,, of S1222a, the strongest recorded marsquake*, judging
from the pronounced difference in the number of new streaks and the
extent of their spatial distribution. The utilization of very large streak
bursts for the detection of tectonic activity remains an intriguing
possibility, highlighting the imperative role of orbital assets that can
provide long-term, continuous, global-scale, and intermediate-
resolution (space and time) observations of the martian surface,
such as currently provided by MRO and other orbiters, and as envi-
sioned by ESA’s Lightship (and Spotlight) concept for the future*>*,

Using measures of average streak area (0.1km?) and assumptions
about average streak thickness (5cm, based on refs. 8,44) and dust
density (2500 kg/m?), streak formation as described by a conservative,
normalized long-term formation rate (-4.2%/MY) would imply the
displacement of a dust volume of ~3.4 x 10" km*/MY, -3 x 107 km*/MY
of which might potentially get injected into the atmosphere (-90%,
per, e.g., refs. 8,45), representing a dust mass of about ~7.6 x 108 t/MY,

corresponding to -26% of the global, annual surface-to-atmosphere
exchange budget (per ref. 46) or -1.9 global dust storm equivalents
(per ref. 47). Currently, TGO’s CaSSIS instrument is attempting to
capture the active formation of slope streaks and verify the existence
of associated dust plumes. Direct observations are required to verify or
discard the potentially critical role of slope streaks in the martian dust
cycle - and quantify their specific contribution to the surface-to-
atmosphere exchange budget.

Methods

Few-shot learning-driven slope streak mapping

I build on the validated slope streak detector (based on YOLOVS,
PyTorch 1.7, from https://github.com/ultralytics/yolov5) used in ref. 7
and substantially improve its overall detection performance by adding
a total of 4737 and 389 new slope streak labels located in a total of 575
and 41 CTX image patches (1000 x 1000 pixels each), for training and
testing data, respectively, taken from 27 CTX images. The full, used
training and testing datasets include 5744 and 424 streak labels taken
from 68 CTX images. Each label represents one rectangular bounding
box drawn around a slope streak. Data selection, labeling, and valida-
tion, as well as detector training, follow the identical procedures as
documented by Bickel and Valantinas’, including label augmentation
(label rotation, up-down flipping, shearing, scaling, and contrast/
brightness modifications), which in turn followed established proce-
dures. All used CTX images are listed in Table S1.

The trained detector achieves a recall of ~75% (% streaks in testset
identified) and a precision of ~94% (% correctly identified testset
streaks) at a model confidence threshold of 0.5, with an AP (average
precision) of ~-80%. The detectors used by Bickel and Valantinas’ and in
this work cannot be directly compared due to their different testsets,
but the performance of the new detector is expected to be sub-
stantially enhanced, due to the considerably larger and more diverse
trainset. The test results imply that the detector is able to identify
about 75% of all streaks visible in a CTX image, while about 94% of its
detections are correct, on average. For this study, | deploy the new
detector with a confidence threshold of 0.5, i.e., I consider all detec-
tions with model confidence scores higher than 0.5. Due to the fact
that individual streaks can be spatially co-located or overlap (nested
streaks), I use a random set of 1000 streaks to estimate the average
number of slope streaks per detection: -2 (slightly lower than the ~2.33
estimated by Bickel and Valantinas’, most likely due to the improved
detector).

The deployment of the detector uses the identical methodology
as detailed in ref. 7, utilizing one single NVIDIA RTX 3090 GPU (Gra-
phical Processing Unit) and a processing pipeline developed over
several years (e.g., refs. 48,49). The workflow retrieves map-projected
and calibrated CTX images located between 55°N and 35°S
(n=105,754, geographically constrained by the earlier global census
conducted by Bickel and Valantinas’) from https://image.mars.asu.
edu/stream/, cuts them into 1000 x 1000 pixel patches, deploys the
detector, and uses the standard YOLOv5 NMS (non-maximum sup-
pression) to remove duplicate detections made in the same image
patch, as is best practice for object detection. All detections are stored
along with preview thumbnails and CTX-derived metadata, such as
accurate geographic location, image solar longitude, image ID, image
acquisition date, illumination conditions, and imaging geometry. Total
processing of the entire (available) CTX image archive required
~1.5months using one single GPU-enabled desktop computer. The
detector identified a total of 2,169,234 individual slope streak detec-
tions, which are too many for a manual candidate review, as performed
by Bickel and Valantinas’; in this study, I rely on the thorough (statis-
tical) assessment of the precision of the detector in the testset: this
assessment suggests a precision of 94%, which means that a minimal
number of false detections are included in the dataset, but strongly
implies that those false detections will not have any substantial effect
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on the scientific results and interpretations. A purely statistical
assessment of detector precision — without manual review - is com-
mon for datasets with extremely large numbers of detections, such as
recently showcased in ref. 50, which mapped millions of boulders
across the lunar surface.

Spatiotemporal data binning and statistics

luse a geographic grid consisting of 520,200 0.25° x 0.25° quadrangles
that cover Mars between 55°N and 35°S. Each slope streak detection is
associated with the unique ID of its ‘host cell’ or ‘analysis cell’. The
spatiotemporal analysis is conducted on a cell-by-cell basis. Overall, |
consider 91,687 CTX images. On average, each analysis cell intersects
with 6.52 CTX images, with a minimum of 1 image and a maximum of
187 images. The used CTX images feature a homogeneous longitudinal
distribution and a relatively homogeneous latitudinal distribution,
with fewer images taken at very high northern latitudes, beyond ~45°N
(Fig. S3). Past surveys have not identified any slope streaks at latitudes
beyond ~40°N (e.g., ref. 7). The used CTX images feature a slightly
heterogeneous seasonal distribution, with more images acquired over
northern spring and summer (Ls-0° to -170°) and fewer images over
southern spring, summer, and autumn (Ls~220° to ~360°) (Fig. S3). The
relative lack of images is particularly expressed at very high northern
latitudes, beyond ~40°N, between ~200° and ~360° Ls, where no slope
streaks are present. It is unlikely that the seasonal imbalance of images
has an effect on the results of this study, as the overabundance of
images in northern spring and summer should affect the streak counts
at those seasons, yet the peak streak formation season is associated
with southern spring, summer, and autumn (Fig. 1B).

Maximum counts

This workflow uses the slope streak counts made by the detector in a
given cell, in all CTX images that fully or partially overlap that cell. The
workflow selects the overall maximum count made in each cell; in
other words, the workflow derives the largest number of slope streaks
ever recorded by CTX in a given cell. In addition, the workflow extracts
the maximum (annual) climatology average solar MY horizontal wind
velocity (U,) at an altitude of 4.5m above the surface (2), a daily
column-integrated dust optical depth value (regularly kriged maps of
9.3 um absorption column dust optical depth, 610 Pa®), as well as the
atmospheric density (p,) at the respective time from the MCD**. 1 use
those parameters along with the law of the wall** to compute the wind
shear velocity (u.) at surface level (with k as the von Karman constant,
0.4, and z, as the aerodynamic surface roughness, here 2 cm):

U(2)= % In <z£> @

0

and then estimate the wind stress (t) using®®**:

T=p, * U 2)

z, is computed using (per, e.g., ref. 39):

D
20:2*% 3)

assuming a median grain size (D) of 30 cm, as recently used by Bickel
et al. **. I note that the utilization of one single D and z,, value as well as
the usage of Eq. (3) largely oversimplifies the substantial variability of
the aerodynamic roughness across Mars. Most notably, the assumed D
and z, values are relatively high and might not be fully representative
for many slope streak-bearing regions.

Wind stress values beyond ~0.02 Pa, either vortical (e.g., in dust
devils or convective vortices)** > or non-vortical (e.g., in near-surface
wind gusts)**** have been shown to be able to initiate and sustain the

saltation of sand-sized particles (-100 um), which can eject finer dust-
sized particles upon re-impact on the surface. The ejection of dust
through saltating sand-sized particles is suspected to be the main dust
lifting mechanism on Mars (e.g., ref. 33,56-60). Lastly, the workflow
extracts the TES albedo® and MOLA topographic elevation®*** at each
streak location.

Differential counts - seasonal

This workflow selects all CTX images that have a 100% overlap with a
given cell, i.e., the process excludes images that might only partially
cover agiven cell, which likely leads to lower counts. Subsequently, the
workflow identifies image pairs with a temporal acquisition difference
of less than 6 months (one quarter MY, 90° Ls), counts slope streaks in
the before and after image, and computes a count difference,
embodying an integration of the number of streaks that formed and
faded between the two images. | identify 6 months as the most
appropriate time difference (time window) for this analysis, as it
represents the best compromise between data availability and tem-
poral resolution, i.e., identified changes can be attributed to a season
with reasonable accuracy - yet, the temporal window is wide enough
to maximize the number of image pairs available, which in turn
improves the overall spatiotemporal coverage of the analysis.

The slope streak counts can be substantially affected by the illu-
mination and observation geometries of the available images, as well
as their overall data quality and the state of the Martian atmosphere
(e.g., atmospheric dust, Fig. 1C, D, S1). In fact, the conditions that
mainly drive detections of false changes (solar incidence and atmo-
spheric dust) are more prevalent during the southern summer and fall,
which might affect the results of the presented change detection
analysis. I carefully characterize the noise floor caused by false changes
in a statistical manner by comparing detector- and human-derived
(ground-truth) streak counts in 100 control cells across the five streak
hotspots. The median absolute difference between detector- and
human-derived change counts (i.e., counts of newly formed streaks) is
4 per cell per pair (Fig. 1C). As the total number of streaks per cell can
vary drastically and as streaks can be nested, I define the noise floor as
the median percentage of the difference between the human-derived
count difference and the detector-derived count difference and the
mean of the detector-derived before and after image counts, i.e., ~24%
(Fig. 1D). This study only considers difference counts that exceed the
median noise floor, to minimize the impact of false changes,
acknowledging that the application of the noise floor reduces the
overall sensitivity of the investigation to subtle, small-scale changes.
Importantly, even changes beyond the noise floor can be caused by
data quality issues or differences (Fig. 1C, D), which remains the most
relevant limitation of the overall accuracy of the presented results.
Notably, tightening the requirements on, for example, incidence and
temporal differences between CTX images drastically reduces the
overall number of cells with appropriate spatiotemporal coverage,
impeding a representative, global-scale change detection analysis
(Fig. 1G). My analysis does not consider the fading of slope streaks
(negative formation rates), as the signature of fading streaks is less
clearly defined (i.e., is not binary, as in the streak formation case, e.g.,
ref. 12) and is thus substantially less pronounced in the count data, and
is also noticeably more affected by count noise.

For all cells with slope streaks, the workflow further uses the
average Ls of a given image pair to extract a daily column-integrated
dust optical depth value (regularly kriged maps of 9.3 um absorption
column dust optical depth, 610 Pa) from the MCD®'. The workflow also
extracts the maximum (regional, averaged) horizontal wind velocity
value (at an altitude of 4.5 m above the surface) that is predicted by the
MCD for the given sol, at the given Ls and the given MY, as well as the
corresponding atmospheric density value®** As for the maximum
count workflow, I use those parameters to compute the wind shear
velocity at the surface level and to estimate the resulting wind stress.
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As a last step, the workflow extracts the TES albedo® and MOLA
topographic elevation® at all streak locations.

Differential counts - non-seasonal

This workflow focuses on all cells that contain (a) slope streaks and (b)
a new impact that formed during CTX operations (n=1027, based on
ref. 23) or an InSight epicenter location (n = 24, BB ‘Broadband’ and LF
‘Low-Frequency’ events with back-azimuth, InSight MQS Catalog
v14)**? InSight BB and LF events are classified as tectonic events***. If
a cell contains a quake epicenter, all adjacent 8 cells are also included
in the analysis, to broaden the spatial footprint of the overall analysis.
The workflow considers all CTX images that overlap a given cell at least
by 90%, counts slope streaks in each image, and plots all counts as a
function of time (Fig. 2E), along with the temporal brackets derived by
Daubar et al. > for each impact event - or along with the exact timing
of a given quake, as provided by the MQS Catalog v14*°. The utilization
of a 90% overlap criterion slightly increases the count noise but sub-
stantially increases the number of images available for the analysis. |
manually analyze each of the cell time-series, looking for subtle to stark
increases in the streak counts that could be related to an impact or
seismic event.

Manual ground-truth counts

In order to validate all automated maximum and difference counts, |
conduct a detailed manual slope streak time-series analysis of two
separate cells centered at 24°N, 147°W and 28°N, 145°W, in OMA. The
analysis uses a total of 40 and 26 CTX image pairs, respectively, that
feature 100% overlap with the cell and feature temporal differences of
less than 6 months, acquired as part of a monitoring campaign
between 2007 and 2023. This workflow resembles the differential
count workflow, (manually) counts slope streaks in before and after
images, per image pair, computes count differences, and records them
along with the average Ls of the respective CTX image pair (Fig. 1B).

Formation rates

I use an adapted workflow to derive slope streak formation rates on
MY-scales. This workflow utilizes all CTX images that have a 100%
overlap with a given cell, selects the two images with the largest
temporal difference (with a maximum difference of ~17 years or ~8.5
MY, ~2007 to -2024), counts slope streaks in the before and after
image, and computes the count difference. The workflow uses two
approaches to compute slope streak formation rates: (1) one approach
relates the number of streaks that formed between the before and after
image to their temporal difference, providing a measure of ‘newly
formed slope streaks per MY’ (N,):

Nc - ’{Af count “4)
t

Notably, the number of newly formed streaks is dependent on
the overall abundance of slope streaks in a given cell (see, e.g.,
ref. 15), which is why approach (2) relates each difference count to
the total number of slope streaks that are present in the after image
(N¢oea), Providing a measure of ‘percentage of population-increase
per MY’ (N,), directly following the methodology developed and
used byIZ,I(rlS:

N. = Ndiffcaunt

= *100 5)
. A * Neorar

Methodological and data limitations

The most important limitation of the accuracy of the presented results
is the noise caused by (a) the slope streak counts and (b) the temporal
bias introduced by the applied CTX image pair window (6 months),

which in turn are rooted in the variability of the available CTX image
data, as discussed above. In addition, there are other factors that affect
the accuracy of the results presented throughout this work. The spa-
tiotemporal analysis relies on various auxiliary datasets and model-
derived products, specifically, TES surface albedo®, MOLA topo-
graphic elevation®*®®, catalogs of new impact craters® and
marsquakes?®?, and the MCD**2, Each of those products is subject to
different limitations that might affect the results of this study. For
example, the used catalogs of new impacts and marsquakes are very
likely incomplete, in space and time, as demonstrated by recent stu-
dies that identified additional impact events (see, e.g., ref. 65). InSight
data, in particular, is extremely scarce in space and time, and only
features minimal overlap with the other datasets used. TES and MOLA
products feature spatial resolutions that are not representative of the
local, meter-scale environment that is likely to play animportant role in
slope streak pre-conditioning and triggering. The MCD only provides
approximate, low-resolution, region-scale (5.625° longitude by 3.75°
latitude per cell), and thus heavily averaged insights into atmospheric
processes, and cannot be expected to fully represent the dynamic,
complex topographic environments slope streaks are located in.
Recent work showed that the MCD appears to substantially under-
estimate the horizontal near-surface wind velocity**, which implies that
this work underestimates the wind stresses at slope streak locations. |
underline the importance of local and regional studies - and the uti-
lization of high-resolution products and meso-scale atmospheric
models, in combination with the new dataset that is associated with
this study - for the future verification and scrutiny of the results pre-
sented here, as previously highlighted by Bickel and Valantinas’.

Data availability

This work is exclusively based on open data. The slope streak count
data generated in this study have been deposited in the University of
Bern’s BORIS database under accession code: https://doi.org/10.
48620/91828°%. InSight seismic data is available here: https://www.
insight.ethz.ch/seismicity/catalog/vi4. CaSSIS image data are openly
available here (use the search bar to find specific image IDs or zoom
and pan on the map): https://observations.cassis.unibe.ch/. HiRISE
data are openly available here: https://www.uahirise.org/. CTX image
data are openly available here: https://viewer.mars.asu.edu/viewer/
ctx#T=0. The used USGS map products (MOLA topography, TES
albedo) are openly available here, respectively: (1) https://
astrogeology.usgs.gov/search/details/Mars/GlobalSurveyor/MOLA/
Mars_MGS_MOLA_DEM_mosaic_global_463m/cub, (2) https://
astrogeology.usgs.gov/search/map/Mars/GlobalSurveyor/TES/Mars_
MGS_TES_Albedo_mosaic_global_7410m.

Code availability

This work is exclusively based on open software. The used YOLOV5
architecture is openly available here: https:/github.com/ultralytics/
yolovs.
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