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Abstract

Dust devils (DDs) are dust-filled vortices that loft dust from the surface to the atmosphere
in dry daytime convective conditions. Although they are a common sight in many arid
regions on Earth, as well as Mars and possibly Titan, little is known about surface properties
and atmospheric processes that influence the vortices” dust-lofting capacity, thus limiting
what is known about their contribution to the atmospheric dust budget. We present
measurements of DD width, relative dustiness, and shape from a 1.67 h long data sample
obtained during a field campaign conducted in Smith Creek Valley, Nevada USA. DDs
were localized through stereogrammetric triangulation from time-lapse stereo images. A
total of 245 individual DDs were found, consisting of 220 sequences and 25 solo instances.
DDs translated downwind ~1.9 times faster than that of the 10 m mean wind speed, a
ratio higher than that measured in previous studies. DD widths did not vary significantly
over the study period, contrasting with various hypotheses regarding DD response to
a growing convective boundary layer (CBL). Rather, the measured DD characteristics
were most influenced by changes in surface properties, which varied considerably over
the study area. Notably, DDs were most likely to broaden, increase in dustiness, and
develop a coherent cylindrical shape as they traversed from a vegetated hummocky area
onto a bare compact playa. Observed episodes of growth, dustiness, and coherence were
limited to <~1 min periods that were often a small fraction of a DD’s lifetime. As a result,
instantaneous observations of DDs should be used with caution when estimating size
distributions and vertical dust fluxes. Finally, DD width measurements are dependent
on instantaneous DD structure, which can vary considerably at timescales of seconds
or less. Previous studies have used conflicting or unspecified criteria to make width
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measurements, affecting DD size statistics and estimations of vertical dust flux—both of
which are necessary to determine atmospheric dust loading from DDs. In summary, we find
that DD physical characteristics are more variable and more reliant on surface properties
than have previously been reported.

Keywords: dust devils; planetary boundary layer; convective boundary layer; structure-
from-motion; geospatial dataset; Great Basin Desert

1. Introduction

Convective motions in the buoyantly unstable, dry daytime CBL on Earth have long
been known to consist of structured turbulent eddies taking the form of kilometer-scale
open convection cells [1]. Upwelling plumes (thermals) at the intersections and vertices
of these cells concentrate ambient near-surface vorticity (e.g., [2-4]). The rising motions
within the plumes may tilt and stretch vortices, rendering them more vertical and stronger,
respectively (e.g., [4-8]). Vortices that intersect with the ground and are strong enough
to loft dust are called DDs, and they are one of the few visual indicators of the vigorous
motions of the convecting atmosphere. Large eddy simulations (LES) of the CBL on
Mars [6,9-15] found that convective motions can produce vortices, providing context
for DD observations made from orbiting (e.g., [16]) and landed (e.g., [17]) spacecraft.
Recent data analysis [18] and LES [19-21] of Titan’s CBL indicate that convective vortices,
potentially dust-filled, may form there as well.

Because they erode dust from the surface and can loft it hundreds to thousands of
meters in the atmosphere (e.g., [22]), DDs contribute mineral dust to Earth’s atmospheric
aerosol budget. Although this amount may be negligible at a global scale [23,24], several
studies have found that dust loading produced by DDs is substantial at local and regional
scales during summer [24-35]. The impact of lofted dust on Earth’s energy budget is still
poorly constrained [36], with the impact of DDs on this process neglected in most global
modeling efforts. Improved parameterizations of dust lofting that include dry convective
processes and reproduce the observed dust cycle are now available for general use in
climate modeling [37]. However, ground truth is still needed to improve our understand-
ing of how DDs, and the dust they loft, are influenced by changing meteorological and
surface conditions.

Field studies have consistently found that DDs form where loose and dry dust is plen-
tiful at the surface, winds are not strong (<~10 m/s), and the lapse rate is superadiabatic [6].
Many of these studies have found DDs to vary in abundance spatially (e.g., [38-40]), but
the factors responsible for these patterns have not been well constrained. Further, because
many studies measure instantaneous observations of DDs, their development in size and
shape over time is not often recorded (e.g., a DD’s response to traversing over varying ter-
rains). For example, relatively large DDs loft more dust than relatively small DDs (e.g., [25])
and have longer durations [41]—but do the large DDs maintain a consistent size from
initiation to dissipation, or do DDs spend most of their existence as small phenomena?
Because a DD’s width, rotation speed, and core pressure seem to determine its dust lofting
capacity (e.g., [42]), the meteorological and surface conditions influencing these factors are
needed to realistically model vertical dust fluxes from DDs.

Here, we investigate a small portion (2.83 h, 1.67 h during which DDs formed) of a two-
season field campaign spanning a total of four weeks [43,44], demonstrating a technique
that triangulates DD locations from stereo time-lapse images. We describe an automated
method to measure near-surface DD widths and brightnesses, which we use as a proxy
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for DD diameter and dust opacity, respectively. Because diffuse dust plumes surrounding
DDs occasionally interfered with width measurements, we manually recorded when DDs
exhibited a coherent cylindrical shape, and whether it was embedded within such a plume.
The study period coincides with a time when wind blew DDs over terrain that varied in
elevation, roughness, albedo, thermal conductivity, and likely, sediment availability, which
strongly influenced DD width, brightness, and shape.

2. Study Area and Field Investigation
2.1. Smith Creek Valley, Nevada

The analysis presented in this work uses data collected during a field campaign
conducted in Smith Creek Valley (SCV), Nevada, USA, from 8 to 20 June 2019 and from 7 to
21 June 2021 [43]. Figure 1A shows the location of SCV, one of many similarly sized valleys
situated within the Great Basin Desert. With a broad valley floor lying at an elevation
of 1844 £ 2 m, SCV is surrounded by fault-block mountain ranges that rise 120-1300 m
above the valley. These mountains primarily comprise Tertiary silicic ash-flow tuffs that are
common in Nevada [45], with the valley’s basin fill consisting mainly of material eroded
from these mountains [46].
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Figure 1. The field site, showing (A) regional context in Nevada spanning 117°06'-117° 54’ W,
39°06'-39°36' N (inset shows the map’s location within the contiguous western US). U.S. Route
50 appears as a yellow line passing through the north end of the valley. Black arrows show prominent
Pleistocene beach ridges. The black box provides context for (B), the study area in Smith Creek Valley.
Blue icons mark the location of the weather tower and suite of cameras, with their respective camera
stations numbered #1 through #4. Blue lines show camera fields of view, fully overlapping on and
beyond the north end of the main playa. Map data: Google, ©2025 Airbus. (C) Elevation profile A-A’
(10 m horizontal resolution) crossing from the main playa through the lower reaches of the alluvial
plain north of the mini playa (vertical exaggeration: 66x). Elevation data is from [47].
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A playa with a hard, compact silt and clay surface (here called the ‘main playa’) lies in
the center of the valley, extending 11 km NE-SW and ~5 km NW-SE. In the study area, the
main playa sits at an elevation of ~1845 m. A smaller playa (here called the ‘mini playa’)
lies north of the main playa at an elevation of 1850 m, extending 1 km NE-SW and 5 km
NW-SE. Numerous shoreline deposits ring the valley (some are pointed out in Figure 1A),
indicating that a pluvial lake formed during the Pleistocene Epoch (‘Lake Desatoya’), with
a depth reaching up to 57 m at an elevation of 1899 m [48]. One prominent 350 m wide,
3-7 m high beach ridge complex separates the main playa from the mini playa (Figure 1B).

An elevation profile (Figure 1C) illustrates the topographic relationships between the
surfaces in which DDs were observed. From south to north along the profile A-A’, these
areas included the bare (vegetation-free) surface of the main playa, a zone of hummocky
ground alternating between low-lying valleys with sparsely vegetated playa-like surfaces
and 2—4 m high hills covered by phreatophytic shrubs (mostly greasewood, Sarcobatus
vermiculatus), the beach ridge complex rising 9 m above the main playa floor, the bare flat
surface of the mini playa sitting 4 m below the beach ridge, and an alluvial plain vegetated
with Sarcobatus vermiculatus rising steadily toward the Shoshone Mountains.

2.2. Experimental Setup

A description and the configuration of the 2019 field instruments are detailed in [43],
with relevant portions briefly described here. Combining the methods of [49,50], we
collected continuous meteorologic data and daytime images from 7 to 21 June 2019, with
camera imaging constrained only by severe weather and occasional power limitations. We
selected 11 June 2019 for detailed analysis in part because, after onset, DDs were plentiful
and formed continuously throughout the day [43], and in part because the sky was cloud-
free and thus did not interfere with automated DD detection. All four cameras began
operating simultaneously at 9:09:54 local time (where ‘local time’ refers to Pacific Daylight
Time, UTC-7). All successive references to time are in this local time.

2.2.1. Meteorology Instruments

A Campbell 10 m weather tower continuously monitored meteorological conditions
throughout the field campaign, collecting a full set of data every 2 s. The tower was placed
50 m from the northeast margin of the main playa (Figure 1B), with the location selected
to capture differences in conditions based on wind direction, regardless of where DDs
were observed to form. Winds ranging from north-northwesterly to easterly represent flow
across the hummocky, shrub-covered terrain north of the main playa, whereas winds from
the remaining sector represent flow across kilometers of a flat, smooth playa surface. If
these factors affect DD characteristics, then meteorological measurements representing
conditions within these sectors may help determine when and how this happens (e.g., [51]
found that DD production was suppressed where eddy heat fluxes were increased by high
aerodynamic surface roughness).

The weather tower monitored the energy budget using a CS655 water content re-
flectometer, a Huskeflux soil heat flux plate that was buried to a depth of 8 cm, a CMP3
pyranometer to measure incoming solar radiation (wavelength range 0.3-2.8 um), and
an Apogee Infrared radiometer to measure emitted longwave radiation from the surface
(wavelength range 8-14 pm). Using this data, [43] estimated that the playa surface albedo
in 2019 was ~0.41 when not darkened by rain, and that the playa’s thermal inertia was
relatively high with an upper limit value of ~1100 J m~2 K~! s*.

Anemometers (R.M. Young Wind Sentry model 03101) and thermistors (model 109)
were placed on booms at different heights on the tower at approximately linear distances in
log space. These instruments enabled wind and temperature profiling, leading to estimates
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of aerodynamic surface roughness. Reference [43] found these values to vary considerably
with wind direction. Extraordinarily small surface roughness values of ~0.002 mm cor-
responded to winds crossing 10 km of flat smooth playa, whereas values up to ~8.5 mm
corresponded to winds that had just blown over nearby hummocky, shrubby terrain.

A three-dimensional sonic anemometer (CSAT3B) and fine-wire thermocouple (model
FWO05) measured turbulent heat and momentum fluxes at a frequency of 20 Hz. These
instruments were placed at a height of 5 m, 1.5-2 times the height of the phreatophyte
canopy, to avoid the roughness sublayer produced by the shrubs and hummocks. A Vaisala
barometer (model PTB110) and temperature/relative humidity probe (model HMP60)
were located at the same height on the tower, but at a distance from the high frequency
instruments to prevent contaminating their data.

2.2.2. Time-Lapse Stereo Imaging

We placed four Canon EOS 7D Mark II digital single-lens cameras (DSLR) (purchased
from B&H Photo Video, New York City, NY, USA) on the eastern margin of the main playa,
with fields of view (FOV) approximately centered on the weather tower (Figure 1B, [43]).
The cameras were spaced ~500 m apart and set to a wide FOV (64.8°, f = 28.4 mm). This
setup produced views that overlapped by 8-35° of arc at the center of each camera’s
FOV, providing stereo coverage of the northern main playa. Each 20-megapixel image
(5472 x 3648 pixels) was stored in Canon Raw Version 2 (‘CR2’) format. The cameras were
set to autonomously and synchronously capture an image every 20 s.

2.3. Meteorological Conditions on 11 June 2019

The following summarizes meteorological conditions measured on 11 June 2019 by [43].
On the morning of 11 June 2019, the sky became cloudless at 8:00 and remained so through-
out the rest of the day. After sunrise, at 5:23, ground temperatures rose from a minimum
of 2.9 °C at 5:42 to a maximum of 36.2 °C at 13:40, and 10 m air temperatures rose from
a minimum of 4.7 °C at 5:37 to a maximum of 28.3 °C at 15:58. Despite both air and
ground temperature increases during the morning, ground temperatures did not exceed air
temperatures until ~9:45, almost 4.5 h after sunrise.

Several factors indicated that convective activity abruptly escalated between 10:15 and
10:45. First, the water vapor mixing ratio remained at ~5 g/kg until ~10:20, when it abruptly
dropped to ~3 g/kg over the following 40 min. This sudden drop in moisture coincided
with the onset of DD production (Section 4.1), suggesting that dry air was mixed from
aloft as convective activity strengthened. Second, 15 min averaged wind speeds increased.
From 9:00 to 10:30, winds were light at ~1 m/s (SW), with gusts <2 m/s. Beginning at
10:30, winds increased only slightly to 1.5-2 m/s (NW to E), but gust speeds increased
considerably to 2.5-5 m/s. Third, at 10:30, eddy fluxes reflected this sudden increase in
gustiness, with the heat flux increasing from ~5 to ~50 W/m? and the friction speed (1)
more than doubling from ~0.1 m/s to >0.2 m/s. Over the same time period, the turbulence
kinetic energy (TKE/m) increased from 0.2 to 1.3 m?/s?.

The rapid mid-morning shift in playa conditions was attributed to the presence of a
strongly stable boundary layer at night, as the high albedo and high thermal inertia of the
playa would both delay local surface heating [43]. Further, possible (although unmeasured)
latent heat flux from snowmelt ponded elsewhere on the playa may have additionally
inhibited the growth of sensible heat flux. Strongly stratified near-surface air can suppress
growth of the convective boundary layer until thermals are able to ‘punch’ through this
stable layer, leading to a sudden onset of convective turnover (e.g., [52]).
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Station 1: Image_ID = 15313

3. Analysis Methods

We analyzed images beginning after all four cameras were turned on (at 9:09:54). Our
analysis was conducted on each set of images obtained until noon (11:59:54), for a total of
511 ‘timesteps’.

3.1. Stereogrammetric Triangulation
3.1.1. DD Identification

The first step in triangulating DDs was to identify them in images, and then record
their horizontal (U) and vertical (V) image pixel coordinates in each camera frame and
for each timestep (i.e., each camera frame, e.g., Figure S1). We wrote Python (version
3.13) code to display time-differenced frames for each camera (e.g., Figure 52). Using a
graphical user interface (GUI), the apparent base of each DD in each camera frame was
selected manually (by LKF) and its image pixel coordinates were automatically recorded
to a table (see Supplementary Materials). Each identified DD was assigned a lowercase
identifying letter, such that each image timestamp and assigned letter corresponded to a
single occurrence of a DD. Here we refer to each occurrence as a ‘DD instance’. Figure 2A
shows an example of an image timestep from one of the four cameras, containing 9 DD
instances (identifiers ‘a’ through ‘’). Even though the image contrast has been enhanced for
publication, most of the DDs in the distance are difficult to spot. As previously found [49],
DDs become much more apparent when differencing sequential timesteps, as shown in
Figure 2B. For example, DD instance j’ is the most prominent, with a tall plume. In
differenced images, the leading edge of the DD becomes brighter (yellow) due to the dust
load reflecting more sunlight than the previous frame. The trailing edge of the DD is darker
relative to the previous frame (purple). Therefore, the purple-to-yellow color contrast
indicates that DD instance /" is translating from left to right.

Station 1: Image_ID = 15313

Figure 2. (A) Image from Camera Station #1 (11 June 2019 at 11:03:54 local time) that has been
contrast-stretched, and (B) difference between the frame at 11:03:54 and the following frame at
11:04:14, highlighting subtle details in lofted and moving dust. Each DD is labeled with an identifier
letter, in order from left to right. The difference image is shown with a viridis color palette [53]: DDs
in the current timestep appear purple, while those in the following timestep appear yellow. The white
arrow points to the dust plume of a car just entering the field of view from the left. The Image ID in
the upper left corner corresponds with the filename (e.g., ‘ST015313.CR2’). Views of this timestep
from all four cameras are shown in Figures S1 and S2.

Nearly all visible DDs were labeled in Figure 2, with some caveats. Although the
FOVs of the four cameras largely overlapped, there were ‘blind spots” where DDs might be
visible in fewer images. To triangulate their locations, DDs had to be identified in at least
two camera frames from the same timestep. Where they were not visible in at least two
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frames, they were not marked. DDs also needed to be visually distinct to be confidently
labeled and correlated in each of the cameras. For example, there are two small dust plumes
between DDs ‘'h’ and ‘j” in Figure 2, which are unlabeled because they were not confidently
identified in the other camera frames of this timestep. Another nuance of labeling DDs
occurred when an optically thick DD passed in front of a smaller or fainter one, which
typically occurred in one or two, but not all camera FOVs of that timestep. To track the
quality of each DD instance, an index from 1 to 3 was assigned based on our confidence
in the DD’s identification and correlation among cameras (e.g., a value of ‘1’ indicated a
DD of some opacity and size, with a shape distinctive enough to permit a high level of
confidence, whereas a value of ‘3" corresponded to DDs that were faint, with correlations
inferred from positions in previous timesteps).

A rough estimate of human error in determining DD position can be made by com-
paring the manually determined horizontal pixel coordinates (U) with automatically de-
termined locations used to calculate DD widths, the latter of which was conducted for a
limited set of DD instances in Camera Station #4 (described in Section 3.2.2). The median
difference between the manual and automated U coordinate was 6 pixels. By doubling this
value to 12 pixels, we approximate the compounded uncertainty in manually determined
DD positions from multiple cameras, as well as the uncertainty inherent in faint, very
wide, or complexly shaped DDs (i.e., those not included in width determinations). At a
distance of 1 km, this horizontal uncertainty is 3 m, and at 5 km it is £14 m, i.e., the
approximate location uncertainty from manual horizontal coordinate selection is of the
order of one or two DD diameters. We also note that DDs located beyond the beach ridge
may have additional position uncertainty, as the beach ridge would have blocked views of
the DD bases.

3.1.2. DD Localization

The roughly linear, widely spaced configuration of ground-based digital cameras
(Figure 1B) provided sufficient parallax to enable the localization of DDs using structure-
from-motion and multi-view geometry methods. Agisoft Metashape Professional (version
2.2.0 build 19890, 64 bit) was used to perform camera calibration, image alignment, and
3D reconstruction, enabling estimation of camera parameters and triangulation of point
locations from overlapping image frames.

Camera stations were initially surveyed using a handheld Garmin global navigation
satellite system (GNSS, manufactured by DeLorme in Yarmouth, Maine, USA), providing
only meter-scale position accuracy in the local geographic frame. The project’s geographical
reference frame was refined using a subset of images from four cameras, imported and
automatically aligned in a Metashape project. Stable landmarks (e.g., mountain peaks,
vegetation patterns, rock outcrops, and human-made features) were identified within the
image frames and used as tie points. These landmarks were identified in georeferenced
satellite and aerial imagery, and their geographic coordinates were extracted and imported
into Metashape as ground control points (GCPs). Their corresponding image projections
(U,V) were manually identified in each camera view. Metashape’s camera optimization
(bundle adjustment) simultaneously refined interior orientation parameters, estimated
camera poses, and aligned the solution to a WGS84 datum, projected into UTM Zone 11N.

Because the landmarks span large distances relative to the camera spacing, the result-
ing geometry provided strong constraints on camera position and orientation, ensuring
that all reconstructed DD positions were expressed in physically meaningful ground coor-
dinates. Reprojection residuals for the optimized cameras were low (sub-pixel; Table 1),
indicating a stable and internally consistent solution.
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Table 1. Camera positions, orientations, and associated uncertainties from the bundle adjustment.
Positional and angular errors represent estimated uncertainties in camera location and orientation,
respectively. The number of projections indicates the total contributing image observations, and pixel
error corresponds to the mean reprojection residual. Coordinates are reported in UTM Zone 10N
with applied offsets (Easting: +459 km, Northing: +4352 km, Elevation: +1.8 km).

Cam X (m) Y (m) Z (m) Error (m) Yaw (°)  Pitch(°) Roll (°)  Error(°) Projections Error (Pix)
1 182 122 0.3 0.06 23.7NE -9.9 -1.5 14 168 0.59
2 692 84 0.3 0.19 9.7 NE -12.0 0.9 1.4 228 0.78
3 232 365 0.3 0.24 7.5 NE —14.8 -0.8 1.2 219 0.81
4 671 494 0.2 0.09 0N —-10.7 —-0.7 14 150 0.55
Total Error: 0.16 14

Ground control points used to constrain the solution were located several kilometers
from the camera array (Table 2). These GCPs, which include mountain peaks and other
stable features visible in all four cameras, were located approximately 5.6-17 km from the
cameras and exhibited reprojection errors of ~0.70-2.77 pixels, corresponding to object-
space residuals of ~1.2-13.0 m. These values were consistent with expected geometric error
propagation under long-range viewing conditions, where small image-space uncertainties
produced meter-scale positional errors when projected over kilometer-scale distances. As
such, these residuals represent an upper bound on positional uncertainty imposed by
viewing geometry rather than a limitation of image measurement precision.

Table 2. Ground control point (GCP) coordinates used to constrain the bundle adjustment, reported
in UTM Zone 10N with applied offsets (Easting: +459 km, Northing: +4352 km, Elevation: +1.8 km).
The number of projections indicates that each GCP was observed in all four images. Pixel error (Error
(pix)) represents the reprojection residual, while object-space error (Error (m)) reflects the residual of
each point after adjustment. The larger object-space errors relative to pixel residuals are consistent
with long-range intersection geometry, where small angular uncertainties propagate to meter-scale
positional errors.

GCP X (m) Y (m) Z (m) Error (m)  Projections  Error (Pix)
1 4796 5382 108 4.5 4 0.88
2 4701 6105 120 2.8 4 0.70
3 4498 7716 122 9.5 4 0.79
4 6104 10,378 356 13.0 4 1.39
5 4078 15,506 173 11.1 4 2.77
6 5979 11,853 519 12 4 0.97
7 5363 16,561 410 6.1 4 2.00
8 1388 33,115 571 3.8 4 2.75

In contrast, scale constraints defined within the near field of view provided a more
representative estimate of expected accuracy for DD localization. Known distances
(~15.3-15.7 m) measured between field markers show absolute errors of —0.35 to +0.14 m,
reflecting substantially reduced propagation of image-space uncertainty under short-
baseline conditions. Because positional uncertainty scales approximately with distance for
a given level of image-space error, these results indicated that features located within the
camera FOVs—such as the DDs analyzed here—were resolved under favorable geometric
conditions for triangulation. The mean angular uncertainty across all GCP’s individual
reprojection errors is 0.020°.

DDs observed simultaneously from multiple viewpoints were treated as pseudo-GCPs
with unknown object-space coordinates. Using the calibrated and georeferenced camera
models, Metashape solved for the 3D position of each DD instance by minimizing the
reprojection error between observed pixel locations and the projections of the reconstructed
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point into each camera’s view. Each observation defines a line of sight from the camera
center into the scene, and the DD position corresponds to the point of best intersection of
these rays. Observations from three or four cameras provided overdetermined solutions,
while two-camera observations represented simpler intersections that were more sensitive
to viewing geometry.

Uncertainty in DD positions was estimated from image-space residuals scaled by
viewing geometry, with horizontal positional uncertainty (oxy) providing the most robust
measure of localization accuracy (Table 3; Figure 3). This approach provided a practical
estimate of positional uncertainty based on image-space residuals and viewing geometry,
rather than a full covariance propagation from the bundle adjustment. For each point, the
reprojection error was converted to an angular uncertainty by dividing by the focal length
(in pixels) and projected into ground coordinates using the mean horizontal distance to
the observing cameras. To account for weaker geometric constraints in cases with fewer
projections (e.g., two cameras provide only one ray intersection), the results were scaled by
1/+/N¢, where N is the number of cameras that observed the DD. This follows standard
error propagation for independent observations and provides a first-order approximation
of positional uncertainty, though it does not capture the full covariance structure of the
multi-ray intersection. The analysis focused on horizontal positional uncertainty, as vertical
estimates were more sensitive to viewing geometry and less reliable for these observations.
The distribution of oxy was strongly right-skewed, with an overall median of 2.31 m
(N =1786) and an interquartile range of 1.45-3.82 m, indicating that most solutions were
concentrated within the low meter-scale range. Although the mean uncertainty (3.55 m) was
elevated by a small number of large-uncertainty cases, these outliers do not reflect typical
performance; the majority of DD positions were resolved with horizontal uncertainties on
the order of a few meters. The 95th percentile error provides an upper bound on typical
performance and is approximately 10.4 m.

Table 3. Summary statistics of horizontal positional uncertainty (oxy) for DD locations derived from
multi-view image intersections, scaled by 1/+/N; to adjust for projection count.

DD instance count (N) 1786
Mean (m) 3.55
Standard Deviation (m) 5.02
Minimum (m) 0.01
Q1, 25% (m) 1.45
Q2/median, 50% (m) 2.31
Q3, 75% (m) 3.82
P95 (m) 10.4
Maximum (m) 128.57
2 projection, mean =+ std (m) 1.81 +3.76
3 projection, mean =+ std (m) 514 £5.38
4 projection, mean = std (m) 3.18 £4.88

Projection-dependent (N, ) statistics are included for reference, reported as mean =+ std
(0xy), and indicate that geometric redundancy contributes to solution stability. Four-
projection solutions (N = 1242) exhibit a mean uncertainty of 3.18 & 4.88 m, while three-
projection solutions (N = 424) show a broader distribution and higher mean uncertainty
(5.14 £ 5.38 m). Two-projection solutions (N = 120) exhibit a lowest mean uncertainty
(1.81 £ 3.76 m) but represent a limited subset characterized by underdetermined estimates
of uncertainty due to only a single ray intersection and therefore do not reflect a clear
framing of geometric accuracy. However, we note that all observations have uncertainty
estimates that are sub-decimeter and improve from 3 to 4 observing cameras. Median
and interquartile statistics provide the most representative measures of typical localization
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uncertainty. The histogram in Figure 3 illustrates the concentration of low-uncertainty
solutions and a small population of higher-uncertainty cases defining the upper tail of the
distribution. As a demonstration, image projections were obtained of a car crossing the
camera FOVs along the beach ridge gravel road, providing an example of four-projection
solutions that placed the car on or very close to the road (Figure S3).

T T T
= = Median: 2.31 m (N=1786)
[ 4 projections (N=1242, median: 2.20 m)
[ 3 projections (N=424, median: 3.29 m)
Bl 2 projections (N=120, median: 1.12 m)

2 4 6 8 10 12 14
Horizontal Position Error (m)

Figure 3. Horizontal positional uncertainty (oxy) distributions for DD locations derived from multi-
view intersections, separated by projection count. Three-projection solutions exhibit low errors and a
narrow distribution, while four-projection solutions show decreased uncertainty due to an additional
observing camera. Two-projection uncertainty estimates are underdetermined with only single ray
intersections. Histograms are clipped to the 95% interval.

Following triangulation, DD coordinates were exported from Metashape in the same
geographic reference frame used for the camera and GCP data. For each instance, the
reprojection residual between measured and predicted pixel locations provides a direct
indicator of localization quality. Instances with large residuals—typically corresponding
to faint, partially obscured, or poorly constrained observations—were identified using
consistent reprojection residual thresholds and excluded from further analysis. Because the
camera array provides substantial parallax over ~500 m spacing, the majority of DD recon-
structions were well conditioned and yielded consistent, meter-scale horizontal accuracy
suitable for subsequent spatial analysis.

3.2. Data Analysis

We constructed a spreadsheet (see Supplementary Materials) containing one row for
each DD instance, adding new fields as calculations were made. Prior to the analysis, the
fields included the datetime (image timestamp), a lowercase letter identifier (e.g., Figure 2),
an identification confidence index, the number of camera images ( N;) in which each DD
instance was identified (2, 3, or 4), the U and V pixel positions of the DD in each camera,
and the corresponding projected X and Y locations in UTM Zone 11N coordinates. Maps
throughout were created using ArcGIS® Desktop (version 10.5) by Esri.
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3.2.1. Identifying Sequences of DDs

Sequences of DDs were manually identified by comparing the shapes and positions of
DD instances from one timestep to another. DDs tended to translate at a constant direction
and speed, and their shapes and brightnesses did not often vary substantially over the 20 s
sampling period. As a result, it is generally possible to recognize the same DD in different
cameras or subsequent timesteps based on its expected location and physical characteristics.
This fact enabled analysis of initiation locations and DD evolution.

3.2.2. Measuring DD Widths, Relative Dustiness, and Shape

Given a known location and distance from a camera, the width of a DD may be
determined by the number of pixels it spans horizontally across an image. This pixel width
(wp) may be converted to width in meters (wy,) by calculating the arc length of these pixels,
i.e, wy = wyd (pixel pitch/focal length), where d is the distance from the camera to the
DD, and the pixel pitch and focal length of the DSLRs are 4.17 um and 18 mm, respectively.
We measured DD widths using Camera Station #4 because it was closest to, and thus best
resolved, the observed DDs. Once the widths were determined, the mean uncalibrated
brightness (i.e., digital number, or DN) in a 3-pixel high region along the DD’s width serves
as a proxy for relative dust opacity.

Therein ends the straightforward part of measuring DD widths, because select-
ing a method to consistently and objectively measure apparent w, is fraught with
complications—even at our field site, with its relatively simple geometry. First, DDs may
vary in width along their height, depending on turbulent diffusion that affects both dust
lifting and transport on subsecond timescales. To estimate vertical dust fluxes at the surface,
DD widths would ideally be measured just above the surface. However, DD bases were
not always visible from the vantage point of the cameras, such as when (1) one DD crossed
in front of another, (2) a DD was located beyond the margin of the bare playa and the base
was obscured by shrubs and hummocks, and/or (3) the base of a DD was obscured by an
inferior mirage (i.e., turbulent air refracts light, causing the image to be mirrored below
the actual object). Second, the width must be measured against a constant background
to ensure that both the width and relative brightness measurements are consistent as the
DD moves from one location to another. Third, the sharpness of the outside ‘edge’ of a
DD varied with the amount and distribution of dust, potentially making manual width
determination subjective and limiting automated width determination to the most ideal
cases. For example, opaque DDs often had distinct margins, whereas relatively dust-poor
DDs generally have more diffuse margins. Suitable criteria are required to ensure unbiased
and consistent measurements.

To address the above potential pitfalls, we created a semi-automated method to
measure DD widths (see the example in Figure 4). First, each DD instance was isolated
in a 400 pixel-wide x 600 pixel-high image area centered on the instance (Figure 4A).
The color images were converted from RGB encodings to equivalent grayscale using the
following commonly applied weighted mean brightness: 0.299R + 0.587G + 0.114B. We
then isolated the lofted dust by subtracting from each image the darkest (i.e., dust-free)
pixels in the surrounding six image timesteps (three before and three after). Each resulting
difference image contained only time-varying features and noise (Figure 4B). Other than
the lofted dust of each DD in the image, these temporally changing features commonly
included a mirage that refracted the view from a horizontal line along the playa surface,
and occasionally, from among the visible vegetation-free hummocky regions. Similarly,
in some cases, wind gusts would move the camera enough to create an enhanced skyline
along the background mountaintops.
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Figure 4. Measuring DD width and relative brightness. (A) A 400 x 600-pixel image portion, centered
on a representative DD. The image was taken by Camera Station #4 at 10:38:54; the DD is from
Sequence #27, located 2.5 km from the camera (beyond the margin of the bare playa). The white
triangle points to the location of the DD. (B) The same image, with the darkest pixels from the
surrounding 6 images subtracted out, leaving behind only features that vary temporally, such as a
refracting layer of turbulent, heated air (mirage) and a skyline created as wind buffeted the camera.
(C) A portion of the image (outlined in (B)) from which the DD was measured, masking areas outside
a 15-pixel high area to ensure a uniformly dark background above the nearby hummocky terrain, and
to avoid the mirage layer. (D) Differenced pixel brightness values from 3 image rows surrounding the
brightest pixel. DD widths and brightnesses were calculated from the area shown in cyan (also shown
in (C)), for which contiguous pixel brightnesses were greater than the median + median absolute
deviation (MAD). In this case, the DD width is 40 pixels, equating to a width of 16 m, and a mean
relative brightness of 17.
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We then applied a mask to each difference image that limited automated DD mea-
surement to a 15-pixel high region just above the hummocky region, which both ensured a
relatively uniform background against the far alluvial plain and excluded the mirage layer
and mountain skyline (Figures 4C and S4). A 2D Gaussian blur of 5 x 5 pixels was applied
to the difference image to locate the brightest point in the DD, which was assumed to be
representative of the most opaque part of the dust-lofting vortex. From this brightest point,
each adjacent pixel to the left and right of the original difference image was considered to
be part of the DD’s width if its brightness exceeded a statistically significant background
noise level along a 400 pixel-wide x 3 pixel-high area centered on the DD. This upper limit
to the background noise was defined by the median brightness plus the median absolute
deviation (MAD) brightness, providing a robust measure of the high end of background
brightness dispersion (i.e., this value is not sensitive to pixel brightnesses within the DD).
Figure 4D shows an example of pixel brightnesses from the 400 x 3 pixel area centered on
a DD, in which brightnesses within the cyan area were considered to be part of the DD
(the same pixels are also outlined in Figure 4C). The width of the cyan area represents the
DD width, and the mean brightness within the cyan area is a measure of the DD’s relative
dust content. We note that using the mean brightness to infer relative dust content neglects
factors such as particle size distribution, which may vary spatially from the phreatophytic
hummocky region to the bare playa, as well as internal shading from 0.1-2 m scale dusty
structures within the dust devil.

The above automated method produced several false or incomplete detections, re-
quiring evaluation and, where possible, correction. Each DD instance measurement
was manually inspected and assigned a quality value to the column ‘W_quality’ (see
Supplementary Materials) according to the success of the measurement. DDs with widths
that were correctly determined were given a ‘W_quality” value of ‘1’ (e.g., Figure 4). Values
of ‘0’ generally corresponded to very faint DDs in which pixel DNs did not rise sufficiently
above the background noise (median + MAD) to provide a width measurement. Widths
less than 3 pixels were included in this category. In some cases, one DD would pass close
to another, such that the width measurement erroneously included either both DDs or the
wrong (brighter) DD. In cases where these overlapping signals could not be separated (e.g.,
Figure S5), the “‘W_quality” was assigned a value of ‘0OLXX’ (with the ‘OL” indicating an
overlap issue and ‘XX’ corresponding to the sequence ID of the overlapping DD). Some
overlap cases were corrected by masking out DDs that were not the intended target (e.g.,
Figure 56) and were assigned a “W_quality” value of “10LXX’. For DDs with diffuse and
complex structures, the algorithm often identified a portion of the DD’s width (‘incomplete’,
Figure S7). These widths were assigned a ‘W_quality” of 2" and should be regarded as
lower limit widths. Of the measured DD instances, 63.1% had quality values of ‘1’, and
2.8% had “10L’ for a total of 66.0% successful width measurements; 18.3% had quality
values of ‘0’, and 5.3% had ‘OOL’ for a total of 23.6% unsuccessful width measurements;
and 10.6% had quality values of ‘2, indicating incomplete width measurements. In the
following analysis, we included only successful width measurements.

While manually evaluating width measurements, the qualitative closeness to a cylin-
drical shape was also noted. This aspect was tracked in part because [43] found DD shape
to vary with wind speed, but also because these shapes are relatively rare and other factors
may be required to produce a tight cylindrical shape. Further, we sought to investigate
whether the morphology and structure of DDs relate to their longevity or size (i.e., their
dust-lofting capacity). DDs with sharp-edged and cylindrical-shaped dust walls were
given a ‘Cylindrical” value of ‘1’ (i.e., ‘good cylindrical’, Figure 5A). DDs with a somewhat
cylindrical shape, but with more diffuse or irregular edges, were assigned a value of ‘2’
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‘0" (Figure 5B).
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Figure 5. Examples of Camera Station #4 images of (A) cylindrical (‘good cylindrical’), (B) somewhat
cylindrical (‘fair cylindrical’), and not cylindrical DDs. Cylindrical DDs are relatively uncommon,
typically forming only during part of a DD’s occurrence. The ‘good cylindrical’ DD is from Sequence
#88 at 11:05:34. The ‘fair cylindrical’ and ‘not cylindrical’ DDs are from Sequences #98 and #91,
respectively, at 11:10:34.

4. Results
4.1. The DD Database

We identified a total of 1786 DD instances that passed through at least two camera
FOVs on the morning of 11 June 2019, from 9:09:54 through 11:59:54 local time. These
instances consist of 245 individual DDs, comprising 220 multiple-instance sequences (i.e.,
DDs that were seen on at least two successive timesteps) and 25 solo instances (i.e., DDs
that were only identified in one timestep). Figure 6 shows the mean number of DDs and
DD sequences, per image timestep, observed throughout the measured period.
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Figure 6. (A) The number of DD instances counted in each image from Camera Station #4 on the
morning of 2019-06-11. Fifteen-minute averages are shown in comparison with those identified in [43]
using Camera Station #1, highlighting the advantage of using time-differenced images to find fainter
DDs. (B) The number of active DD sequences over time. Both the number of instances and sequences
steadily increase from onset until late morning and then drop in the 15-30 min period before noon.

The first DD of the morning appeared at 10:20:14, on the alluvial plain north of the
playas. Once DD activity began, there were only four timesteps in which DDs were not
observed, each of which occurred early in the study period (10:21:54, 10:22:14, 10:22:34,
and 10:29:54). After the onset of activity, the number of DDs observed per image increased
linearly until 11:30 and then dropped slightly from 11:30 to 12:00 (Figure 6A). Similarly, the
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number of DD sequences active in 15 min periods increased linearly until 11:45 and then
dropped from 11:45 to 12:00 (Figure 6B). Figure 6A also shows the 15 min mean count of
DDs presented by [43] using Camera Station #1 over the same time period. Because that
study did not use time-differenced images, many fainter DDs were not counted, and thus
this previous count is most representative of the largest and most optically thick DDs.

Figure 7 shows that the spatial distribution of DD observations was not uniform. The
view in Figure 7 is zoomed in to highlight the majority of the DD occurrences; full maps of
the entire dataset are shown in Figure S8. Most DD instances were located on bare playa
surfaces, with 900 (50%) found on the main playa, 199 (11%) found on the mini playa, and
687 (38%) found on the surrounding vegetated areas. DDs concentrated in three regions:
west of the mini playa, in the eastern region of the mini playa, and in the northeastern
region of the main playa (labeled as ‘1’, '2’, and ‘3’ in Figure 7A, respectively). In this data
set, no DDs that fully dissipated appear to have reformed again downwind. In addition,
only one DD sequence appears to have crossed the beach ridge (Sequence #130, in area
‘1"). However, each of the Sequence #130 instances was poorly localized, with horizontal
position errors >10 m, so it is possible that this DD did not cross the beach ridge.

. % Mean DD
¢ - translation
& direction

Figure 7. DD locations from 10:20 to 12:00 local time on 2019-06-11, with (A) individual instances
shown as red dots and (B) time sequences shown as differently colored lines. DDs occurred most
frequently in three locations (labeled with yellow numbers): (1) west of the mini playa, (2) on the
eastern region of the mini playa, and (3) on the northeastern portion of the main playa. The longest
observed DD sequence (18.33 min, Sequence #32) is highlighted in cyan. USA Topo Map Copyright:
©2013 National Geographic Society, i-cubed.
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4.2. DDs South of the Beach Ridge

For two reasons, we conducted the remainder of the data analysis only on DD instances
and sequences found south of the beach ridge. First, these DDs represented a single micro-
climate region of Smith Creek Valley, in that they occurred on or near the main playa. As a
result, any temporal and spatial variations in DD behavior may be interpreted in the context
of this environment, whereas DDs located elsewhere may have been influenced by different
local conditions. Second, the meteorological tower was located in their midst, recording
local conditions most representative of the region in which these DDs formed, evolved, and
dissipated. The subset of DDs south of the beach ridge complex consisted of 1387 instances
(78% of all 1786 instances) comprising 159 sequences (72% of all 220 sequences) and 24 solo
occurrences (the only other observed solo DD formed on the mini playa). The first DD
south of the beach ridge occurred at 10:23:54, or 3.33 min after DD onset observed in the
broader camera suite FOV.

South of the beach ridge, overlapping camera FOVs form an irregular polygon with
area A = 28.63 km? (Figure 59). Over the 1.6 h duration of DD activity from 10:23:54 to
11:59:54, the 183 observed DDs’ (sequences + solo occurrences) mean areal density was
4.0 km~2 h™L. Given that DD counts during previous surveys tended to follow an areal
density rate of ~ 50/ A per day [41,54], this relationship suggests a typical value for our
site would be 1.7 km 2 day ~!. The pulse of morning DD activity was the strongest during
this day, but DDs continued to form until 18:03:33 [43], suggesting that the areal density
south of the beach ridge was >6 km 2 day~!. This indicates that on 11 June 2019, the SCV
study area exhibited a high rate of DD formation relative to most observational sites.

4.2.1. DD Duration and Formation Sites

The duration of each DD sequence was determined by the time of its first and last
sighting. As a result, many durations are lower limits, as DDs within the camera FOVs may
have formed up to 20 s before the first sighting and lasted up to 20 s after the last sighting.
Further, some DDs likely lasted longer than observed because they either translated into the
camera FOVs after forming, or out of the camera FOVs while still active (i.e., they ‘entered
onstage’ and ‘exited offstage’). For example, the longest observed DD ran for 18.33 min,
from 10:40:54 to 10:59:14, beginning just southwest of the beach ridge and translating SSW
for 2.6 km onto the main playa (Sequence #32, highlighted in cyan in Figure 7B). In the
first sighting of this DD, it appeared near the center of each camera frame, so that its
initiation was fully captured in our images. However, the DD eventually traveled out of the
overlapping camera FOVs, continuing further along the playa for an unrecorded duration,
so it may have lasted much longer.

Figure 8A shows a histogram of DD sequence durations in 1 min bins. The modal
duration lies at <1 min, and the mean duration of all 159 sequences and 24 solo instances
is 2.22 min. Figure 8B shows a timeline of DD sequence duration. Solo DDs, shown as
‘x’-shaped points with a duration of 0 min, occurred throughout the observation period.
The 15 min mean sequence duration is also shown in Figure 8B, increasing from ~1 min at
DD onset to a steady duration of ~2.5 min, peaking at 3.25 min from 11:15 to 11:30, and
then dropping to 1.5 min after 11:45. This peak occurs at the same time as the maximum
15 min mean number of DD instances per image (Figure 6A). This correlation suggests that
the processes enhancing DD generation also increase their duration.
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Figure 8. DD sequence duration south of the beach ridge, shown as (A) a histogram and (B) a timeline.
Solo instances were assigned a duration of 0 min. Despite long-lived outliers, the mean DD duration
over time correlates with the number of DDs observed per image (Figure 6A).

In any given region, DDs are known to preferentially form in some locations more
than others, as they are influenced by spatial variations in surface roughness, heat flux, and
sediment availability [51,55,56]. At our field site, DDs south of the beach ridge formed on
and off the bare playa in nearly equal numbers (Figure S10), with 72 initial sightings on
the main playa and 87 off the main playa (45% and 55%, respectively). Of these sequences,
those that formed off the edge of the main playa tended to end before translating onto
the main playa (63 sequences, or 72% of sequences that formed off the playa edge). These
off-playa DDs were generally short-lived, with a mean duration of 1.48 min (Figure S11A),
and occurred throughout the observation period (Figure S11B). Further, most of the solo
sightings south of the beach ridge (18 of 24, or 75%) were located off the main playa. In
contrast, those DDs that either initiated on or traversed onto the playa lasted longer than
those that remained outside the main playa. Those that formed on the playa had a mean
duration of 2.70 min, and those that formed off the playa but traversed onto the bare playa
surface had a mean duration of 5.00 min. This pattern suggests that the bare playa surface
created conditions that enhanced DD stability, relative to conditions off the playa.

4.2.2. DD Widths and Brightness

Of the 1387 DD instances identified south of the beach ridge, 800 widths and bright-
nesses were measured successfully. These measurements were drawn from 143 multiple-
instance DD sequences and 13 solo DD instances. Figure 9A shows that the modal, mean,
and median widths all fell between 10 and 20 m, similar to widths measured in previous
DD field surveys on Earth [17,57,58]. Fifteen-minute mean DD widths measured over
time (Figure 9B) varied between 11 and 22 m, with 15 min mean values peaking between
10:45 and 11:15. The histogram in Figure 9C shows that the majority of DDs were relatively
diffuse (i.e., they had a low brightness value); the DD instance shown in Figure 4 is a typical
example with a moderately sized width (16 m) that is fairly diffuse (brightness DN value
of 17). Similar to the DD widths, 15 min mean brightnesses peaked between 10:45 and
11:15 (Figure 9D). When DD width and brightness are plotted together (Figure 9E), a
moderate correlation emerges, reflecting longer dust-laden path lengths of wider DDs.
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Figure 9. DD width and brightness south of the beach ridge, shown as (A,C) histograms and
(B,D) timelines, respectively. (E) DD width and brightness are moderately correlated. (F) Differential
(not cumulative) width distribution of 732 measurements, excluding widths < 3.6 m that were likely

to be undercounted. Bin sizes increase with a factor of v/2. The negative slope for the five bins with
353 DD widths > 14.4 m was fit to a power law with an exponent —1.55, %2 =0.99.

One application of our width dataset is a measure of DD width distribution, which is
key for estimating and extrapolating dust fluxes (e.g., [59]). For comparison, we fit the num-
ber of DDs (N) of width (w) to a differential power law (N (w) = aw?). To best determine
this relationship, we first recognize that narrow DDs are more difficult to identify with in-
creasing distance from the camera suite. From the DD population south of the beach ridge,
the farthest DD instance was located 5.185 km from Camera Station #4. At this distance, the
narrowest DD the camera could identify, assuming a minimum width spanning 3 pixels,
would be 3.6 m wide. We thus bin the width data following [58], using differential width
bins that increase in size with a ratio of v/2 and begin with the narrowest reliable width
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measurement (i.e., bins are 3.6 m, 3.6v/2m, 3.6 (\ﬁ) ? m, 3.6 (\/5)3 m, etc.). The resulting
histogram plotted in (Figure 9F) consists of 732 measurements with widths >3.6 m. The
distribution peaks in the 14.4-20.4 m bin, which is much larger than the estimated 3-pixel
lower limit of 3.6 m. It is unclear whether this low-end ‘rolloft” truly reflects the population
width distribution or if other factors limit robust width measurements smaller than 14.4 m.
For the 353 measurements in the five largest bins >14.4 m, a differential power law fit results
in an exponent b = —1.55 with r? of 0.996. This is smaller than the —2.6 exponent that some
previous datasets fit [59], but consistent with the theoretical approach of [60]. We note that
our fit is limited by the small size of the dataset (e.g., [58] suggested that robust statistics
require >5000 DD width measurements). Moreover, DD size distributions may change with
environmental conditions, and thus may inherently not be well represented by any specific
population function. For example, in this survey, DD widths peaked at 10:45-11:15 but
overall DD counts peaked at 11:15-11:45, indicating a shift in size distributions over time.

The spatial distribution of DD width and brightness south of the beach ridge shows
that the widest and brightest cases occurred on the main playa (Figure 512). This is perhaps
best illustrated by isolating long DD sequences (duration > 8 min) that crossed from the
phreatophytic hummocky area onto the main playa, with at least three instances observed
in each location (Figure 10). In each of these DD sequences, the DD grew in both size and
brightness once it crossed onto the bare playa surface. These include two of the longest DD
sequences in the dataset, both of which initiated just south of the beach ridge (DD Sequences
#32 and #128, which traveled 2.48 km and 1.23 km, for a duration of 18:20 and 10.33 min,
respectively). DD Sequence #32 contains the brightest DD instance measured (DN 94, with
a corresponding width of 44 m, at 10:48:54), and DD Sequence #128 contains the largest
DD width measured (65 m, with a corresponding brightness of DN 37, at 11:30:54). Both
instances occurred shortly after these DDs traversed onto the main playa. We infer that the
transition onto the main playa may enhance both DD width and brightness.

The observed changes in DD width and brightness along the sequences in Figure 10
suggest that some DDs vary considerably in their physical properties as they develop.
Figure 11 shows the range of widths and brightnesses for each DD sequence with successful
measurements, sorted by the width range. Narrower and dimmer DDs on the left side of
the plots generally appear to remain within a typical range, varying by less than 20 m in
width and less than 20 in brightness. In contrast, the widest and brightest DD instances
belong to DD sequences in which the DDs also experience relatively narrow and dim
periods, respectively. This temporal variation may influence the use of single instance
width measurements to estimate DD duration (e.g., [41]), because a single image of a DD
may not reflect how its properties may vary over time. Some factors, such as crossing
onto the main playa, appear to enable DDs to grow in size and opacity. DD Sequences
#32 and #128 may have been additionally enhanced (or initiated) by the beach ridge. DDs
in longer sequences are more likely to increase in size and brightness, perhaps because any
encountered enhancement process also increases the stability of the convective vortex, or
perhaps because these convective vortices initiated with a higher vorticity and were able to
last long enough to undergo enhancement.
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Figure 10. Five DD sequences crossing from the phreatophytic hummocky area onto the main playa.
Successful width and brightness measurements are shown, with widths being the same scale as the
map. DD instances from each sequence are connected by lines. The widest (65 m, in Sequence #128 at
11:30:54) and brightest (DN value of 94, in Sequence #32 at 10:45:54) DD instances in this study are
labeled. USA Topo Map Copyright: ©2013 National Geographic Society, i-cubed.
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Figure 11. The range in DD (A) width and (B) brightness for each DD sequence, both of which are
sorted by the range of widths. Lines are equally spaced, so the horizontal axis is not linear. Vertical
gray lines connect DD instances in each sequence. Wider and brighter DD sequences exhibit a broader
range of width and brightness than narrower and more diffuse DD sequences (i.e., instances of wide
and bright DDs do not reflect these properties throughout a DD’s duration).
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4.2.3. DDs with Tight Cylindrical Morphology

Of the 1230 DD instances with attempted width and brightness measurements located
south of the beach ridge, 82 (6.6%) had either a ‘good” or ‘fair’ cylindrical shape (i.e.,
‘Cylindrical” values of 1 or 2, respectively), and of these only 40 had a ‘good’ cylindrical
shape (3.3%). This is similar to the low proportion of sharply defined columns (<4%) and
even more rare ‘rope’-shaped columns of DDs observed in the Eldorado Valley, Nevada
by [55]. The rarity of these instances suggests that specific conditions must be met for DDs to
produce and maintain this form. Comparison of cylindrical forms with other measurements
reveals a few characteristics typical of these DDs (Figure S13). The cylindrical form tended
to take shape for brief periods during a DD sequence, rarely maintaining this form for more
than 2 min, and more often doing so for less than 1 min (Figure S13A,D). Tight cylinders
are not typically the first observed shape of a DD sequence, mainly because at initiation,
DDs have yet to loft a coherent dust column high enough to be identified as cylindrical.
Cylindrical DD instances span the observed range of measured widths and brightnesses
(Figure S13B), although few ‘good’ cylindrical instances had brightness DN values less
than 10. This is reflected in median values: for ‘good cylindrical’, “fair cylindrical’, and
all DD instances in Figure S13B, the median brightness is 21, 14, and 13, respectively;
and the median widths are 14 m, 8 m, and 11 m, respectively. The higher brightness
values of good cylindrical DDs may reflect a subjective bias, as dust column shape is more
readily identified in optically thick DDs. Larger ‘good cylinder” widths occur when these
measurements represent the size of the entire DD dust cloud, which was often wider than
the tight central cylinder (e.g., Figure 5A). Cylindrical forms occurred throughout the study
period, although ‘good’ cylinders formed only after 11:00 (Figure S13C). Finally, there is no
apparent correlation with DD duration (Figure S13D), such that cylindrical forms occurred
in both short- and long-lived DD sequences.

Considering their spatial distribution, most cylindrical DDs formed on the main playa,
in accordance with the overall high number of DDs identified on the playa (Figure 12),
and like similar observations from Eldorado Valley [55]. Those DDs that formed in the
phreatophytic hummocky area between the main playa and beach ridge most often did
so in bright, low-lying areas between the hummocks where playa sediment had begun to
accumulate and shrub density was relatively low. As with DD width and brightness, the
occurrence of a cylindrical shape is correlated with playa-like surfaces.

4.2.4. Comparison with Meteorological Data

The weather tower obtained 2 s measurements throughout the day, with 2991 mea-
surements occurring between the onset of DD activity and the end of the study period.
During this time, winds measured at a height of 10 m were light with a mean speed of
1.35 £ 0.96 m/s (Figure 13A). Mean and modal wind directions were both northeasterly
(42 £ 75°) (Figure 13B). DD translation speeds and directions were calculated for each
instance, and grouped by their location south of the beach ridge: either on the bare playa
or on the vegetated hummocky are. The mean DD translation speed south of the beach
ridge, 2.56 & 1.74 m/s, was 1.9 times greater than the mean 10 m wind speed measured by
the meteorological tower. Most DDs translated toward the southwest (228 £ 44°), pushed
downwind by the northeasterly wind (42 £ 75°). There was no significant difference in the
mean speed or direction of DDs on the playa and hummocky area, although the standard
deviation of both speed and direction is higher in the hummocky area than on the playa.
The rough surface may lead to greater variation in DD velocities, although we note that
the standard deviation would also be increased because (1) DDs on the hummocky region
were farther from the cameras and thus had slightly larger location errors, and (2) fewer
instance speeds were calculated on the hummocky area.
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Figure 12. Locations of cylindrical and non-cylindrical DD instances south of the beach ridge on
(A) satellite imagery (Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS,

USDA, USGS AeroGRID, IGN, and the GIS User Community) and (B) digital elevation map (DEM)
on shaded relief from [47]. Cylindrical DDs appear to be most common on the margin of the playa

and in low-lying bright regions between hummocks.
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Figure 13. Meteorological tower measurements (at a height of 10 m) of (A) wind speed (mean:
1.35 + 0.96 m/s) and (B) wind direction (42 + 75°), compared with stacked histograms of DD transla-
tion speeds south of the beach ridge. DD movement on the playa is shown in partially transparent red
(mean speed 2.4 & 1.3 m/s, direction 231 £ 35°), and DD movement on the phreatophytic hummocky
area is shown in partially transparent orange (mean speed 2.9 & 2.4 m/s, direction 221 + 59°). Wind
directions are shown in the meteorological sense (upwind), whereas DD directions are shown in the
sedimentological sense (downwind). DDs followed the strongest and most common wind direction,
and they translated across the surface at 1.9 times the wind speed.
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Figure 14 shows DD activity when compared to some of the measurements derived
from the weather tower and ceilometer, described by [43]. Here, we consider which
portion of the study area the weather tower instruments sampled. In any given moment,
eddy momentum and heat fluxes measured by weather tower instruments represented
an adjacent upwind area (i.e., the ‘flux footprint’), the size of which varied with mean
wind speed and static stability (e.g., [61]). During the study period, 90% of the measured
fluxes represent upwind conditions within a few hundred meters of the tower, most of
which is contained in the phreatophytic hummocky area outside the margin of the bare
playa. The study period is sufficiently short that only a handful of DDs were observed
within the approximate flux footprint, so here we consider DD activity within 1 km of the
weather tower (~3 times the upwind length of the flux footprint). Over our study period,
219 DD instances consisting of portions of 26 DD sequences passed within 1 km, and
largely upwind, of the weather tower and ceilometer. Similarly to those shown in Figure 13,
the DDs near the weather tower translated faster than ambient 10 m winds (2.4 + 2 m/s,
1.8 times faster) and downwind of the most frequent winds (210 £ 55°).
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Figure 14. DD activity compared to atmospheric measurements, with local times indicating the
middle of 15-min sampling periods. (A) The mean number of DDs per camera image of the entire
study area (as in Figure 6A), as well as those south of the beach ridge and those within 1 km
(mainly upwind) of the weather tower. (B,C) show corresponding weather tower and ceilometer
measurements and derived parameters from [43]. DD activity in the vicinity of the weather tower
does not initiate until both mechanical and convective shear increases after 10:30 local time. Activity
up to 16 min earlier occurred elsewhere in the study area, indicating there was a spatial difference in
conditions conducive to DD onset time.
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The first DD to form within 1 km of the meteorological instruments was a solo sighting
at 10:36:34, more than 16 min after the first DD was observed elsewhere in the study
area. The timing of this nearby sighting corresponds well to meteorological measurements
indicating a sharp increase in turbulence kinetic energy (TKE) from 10:30 to 10:45. This
sudden increase in TKE was driven by both buoyancy and shear production, as shown,
respectively, by increases in eddy heat flux and friction speed (Figure 14B,C). The relative
delay in DD onset in the vicinity of the weather tower suggests that conditions conducive
to DD formation elsewhere in the study area were reached several minutes prior to those at
the weather tower. We note that the friction speed and 10 m wind speed do not correlate
well, other than both exhibiting a net increase after 10:30. Assuming that eddy covariance
analysis properly de-spiked, de-trended, and tilt-corrected the sonic anemometer data [43],
we suspect that these variations are caused by short-term variations in turbulence that the
cup anemometer used to measure 10 m wind speeds could not resolve.

Near the weather tower, DD activity fluctuated but generally climbed from 10:45-12:00 local
time (Figure 14A). This result contrasts with the observed decrease in DD activity in the
broader region south of the beach ridge from 11:30-12:00, as well as the net decrease in TKE
from 10:45-12:00. It is unclear whether the observed DD counts near the weather tower
were too low to statistically reflect changing environmental conditions, or whether the
decrease in TKE within the weather tower’s flux footprint was represented by the regional
decrease in DD occurrences. Longer observation times are required to provide more robust
statistics of these patterns.

5. Discussion
5.1. What Even Is DD Diameter?

DD width measurements in this study reflected the near-surface, continuous horizontal
concentration of dust that could be detected above background noise (Section 3.2.2). In
some cases, this measurement represented the apparent extent of the rotational core of the
DD, where most visible dust was contained within the rotating column. However, this was
not the case for all DDs, with an example shown in Figure 15. This DD began as a short
conical wedge of dust (11:04:54) that rapidly elongated vertically (11:05:14). Some dust
escaped the rotational central region, spreading laterally, while the core took on a distinctly
(‘good’) cylindrical shape (11:05:14-11:06:34, see also Figure 5A). At 11:06:54 the cylindrical
core weakened, and dust continued to spread horizontally while the dust plume translated
downwind—likely still exhibiting some degree of rotation, but not sufficient to loft more
dust. Note that the width measurements do not represent the ‘good’ cylindrical core, but
rather the full horizontal extent of the enveloping dust plume. A contrasting example
is shown in Figure S14, in which DD Sequence #98 exhibited an opaque dusty column
that varied between 10 and 40 m in width over a period of five minutes before dispersing
and broadening beyond measurement capability (note that at 11:10:34 an instance of this
DD sequence is used as the ‘fair cylindrical” example in Figure 5B). In this latter example
sequence, the measured width may indeed reflect the diameter of the rotational core, or
there may be a smaller rotating core that is too heavily obscured by dispersing dust to be
identified. Likely, both possibilities play varying roles throughout the duration of this and
many other sequences.
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Figure 15. Near-surface portion of DD Sequence #88, which lasted for 3 min and was observed in
10 instances. (A) Camera Station #4 images and (B) differenced images (as in Figure 4B) of the same
frames, and (C) location, width, and brightness as the DD crossed onto the main playa (symbols
and their scale are the same as those shown in Figure 10). Red lines indicate the location of width
measurements, with a black dot showing the brightest point of the DD. A ~5 m wide ‘good’ cylinder
developed at 11:05:34, but the measured widths also include the span of dust thrown out from
the rotational core. (Satellite imagery source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics,
CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.)

In previous field studies, most visual DD width measurements have been based on im-
ages or in situ inspection of a short portion of a DD sequence’s duration (e.g., [22,39,62-65]).
In most cases, widths/diameters are listed without description of the criteria used for their
measurement, no description of how or whether the rotating core was distinguished from
more widely dispersed dust, and little discussion of how individual DD widths varied
during a DD’s lifetime. Exceptions include [66], who measured the width of the “core
diameter” inside of the “dust diameter”, and [50], who did the opposite and measured the
width of the diffuse “outer column” of dust rather than its “well-defined central column”.
The restriction to “core diameter” by [66] may in part explain why a similar measure of DD
widths in Gusev crater on Mars from the rover Spirit [67] appeared to be larger than their
terrestrial counterparts—in addition to other factors [59].

The measurement of DD width from orbital images (mainly of Mars) is likewise
varied in methodology, ranging from methods that were not described in detail [68-71],
to those that used the less foreshortened and more distinct shadows [72], to those that
avoided the difficulty of near-surface width measurements by measuring the top of the
dust plume instead [73]. The earliest of these measurements were greatly limited by
camera resolution [68], which has been shown to influence DD width measurements [70].
DDs measured from orbital images are expected to be larger than those measured from
surface observations, not only because images from orbit sample a wider area over which
less frequent, wide DDs may be found, but also because orbital images are less able to
resolve the smaller DDs visible from the ground [59]. Here, we suggest that an additional
complication may be that the enveloping dust plume can be indistinguishable from the
full rotating DD core at the distance of an orbiting camera. Quantifying this potential
discrepancy would require an investigation comparing field images of DD widths to those
measured from orbital images. Ideally, this would be conducted both on Earth and Mars,
to determine whether the dispersion of dust is similar in the environment of both planets.
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DD width has been proposed to be related to convective conditions and has been con-
sidered (1) proportional to the Monin—-Obukhov length [3,4,74], (2) inversely proportional
to the sensible heat flux and the DD’s thermodynamic efficiency [60], (3) related to the lapse
rate between heights of 0.3 and 10 m [75], or (4) to represent some fraction of the planetary
boundary layer height [59,76]. In the first two cases, DDs would become narrower at peak
heating hours (just after noon) when, for example, the Monin-Obukhov length should be at
its daily minimum and eddy heat flux is at a maximum. In the last case, DDs should grow
rapidly in diameter in the morning and then remain wide until the convective boundary
layer collapses in late afternoon. In contrast to these predictions, some studies suggest
that DDs reach peak widths at midday [39,63,67]. Our results (Figure 9B) span the rapid
CBL growth of the morning, yet the spread in measurements is considerable. The peak
mean width occurs between 10:45 and 11:15, coinciding with a sudden rise in the CBL
height (Figure 14C) and following the initial burst of convective conditions from 10:30 to
10:45 (Figure 14B,C). The mean widths do indeed drop as noon approaches, consistent with
a drop in the Monin-Obukhov length and peak in eddy heat flux (Figure 14C). However,
spatial variations in factors affecting DD width obscure this potential relationship (see
the following section), such that our data cannot robustly support any of the proposed
relationships. The field data required to test any of the hypotheses regarding DD widths
includes observations over a spatially uniform area to isolate the atmospheric, and rule out
any surface, factors that can also affect DD size.

5.2. Spatial Variations in DD Characteristics: Initiation, Width, Brightness, and Shape

Several previous field studies have identified spatial variations in DD occurrence and
their areal density. DDs preferentially form in dry river beds (e.g., [38,55,57,63]), on roads
and gravel parking lots [39], where vegetation is limited [51,77], by surface boundaries [40],
and over low thermal inertia regions on Mars [15]. Pressure drops diagnostic of convective
vortices demonstrate that the vortices themselves, whether they are dust-filled or not, also
vary in occurrence spatially [56]. These observations are consistent with the proposal
by [63] that DDs most readily form where sediment availability is high, the local ground
is anomalously hot, and either local obstructions or terrain boundaries perturb the flow
sufficiently to either create vortices or enhance extant ones.

Surface roughness is likely to influence vortex dynamics, but different studies have
produced varied results [7]. Large eddy simulations (LES) suggest that rough surfaces
should produce more conical-shaped DDs, whereas DDs on smooth surfaces might be
more cylindrical [78,79], and this is supported by some field observations (e.g., [7,55]).
Our results are also consistent with this trend, with DDs preferentially forming into tight
cylinders on smooth, playa-like surfaces. However, the small fraction of these distinctive
forms among all those observed has yet to be explained. It appears that some local set of
conditions must be met for a DD to form and maintain a tight cylindrical shape.

The role of <1 km scale topography influencing DDs has not been thoroughly investi-
gated in the field [6], likely because DDs are most readily observed and studied on open,
flat plains [17,57]. Likewise, numerical models, such as large eddy simulations (LES), are
generally idealized with periodic boundary conditions and cannot typically use realistic
topography to study its effect on convective vortices [12]. However, theory indicates that a
rise in elevation should enhance convective circulations [80]. In contrast, ref. [63] noted
that DDs were more prevalent downwind of small mountains, suggesting that the drop in
elevation may have created turbulent eddies that contributed to DD formation. At our field
site and during the hours of observation investigated here, convecting air advected over a
rough alluvial plain, up a 4 m high beach ridge aligned perpendicular to the flow, and then
back down a gradual 9 m drop over terrain alternating between vegetated hummocks and
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low smooth playa-like hollows (Figure 1C). Unstable air impinging on the sunlit, NE side
of the beach ridge would undergo vertical acceleration (e.g., [80]). Rotational components
of thermals traversing over this ridge might stretch or detach, which could enhance or
disrupt these convective vortices, respectively. We suggest that both events occur. Upon
acceleration up the beach ridge slope, weak vortices could stretch to the point of being
detached, which would explain why no DDs cross over the ridge. In contrast, stronger
vortices could strengthen as they are stretched (without being detached), as vertical acceler-
ation intensifies vorticity. This may be how DD Sequences #32 and #128 formed, as they are
among the longest-lived, wider, and dustier examples, and both initiated just south of the
beach ridge (see Figure 10).

We find that DD occurrence, width, and dust opacity were generally enhanced for
those that either formed on or translated onto both the mini playa and the main playa.
When transitioning to the playa at SCV, convective structures in the PBL experienced
the abrupt influence of (1) a drop in aerodynamic surface roughness by several orders of
magnitude [43], (2) a drop in vegetation, (3) an increase in albedo, (4) a decrease in sand
availability with which to entrain dust through saltation, and, (5) as a result of increased
ground moisture, an increase in thermal conductivity (Figure 1, [43]). These factors are
enmeshed and difficult to isolate, given the short observation period considered here.

Although several of the factors listed above should limit DD generation on the playa
surface relative to nearby vegetated surfaces, we observed nearly equal rates of DD initi-
ation on and off the playa (Section 4.2.1, Figure S11). In principle, an increase in surface
albedo and thermal conductivity would limit playa surface heating and lower the eddy heat
flux relative to the vegetated surfaces upwind, slowing CBL growth and weakening thermal
updrafts over the playa. Further, development of an ‘offshore’ playa breeze (e.g., [81])
would produce sinking motion over the playa, further inhibiting DD development [82].
Higher surface roughness from vegetation would generate more turbulence than a smooth
surface, leading to higher eddy heat fluxes above the vegetated ground [83], which could
enhance DD production there. However, several other factors could readily counteract
these effects. For example, [51] argued that because roughness from vegetation would
also increase friction speed, surface winds would weaken, which would in turn limit DD
production over rough surfaces because DDs are not observed to form at low background
wind speeds. This is supported by [84], whose lab study also found that rough surfaces
resulted in weaker vortices. In addition, although surface roughness generally enhances
heat transfer, pockets of cool or warm air trapped in roughness elements (e.g., vegetation)
could suppress eddy heat fluxes [85]. Further, any ‘offshore” playa breeze formed during
the period of our study would be southwesterly, counteracting the northeasterly mean flow
(Figure 13B). If it is strong enough, the front of this breeze would interact with the mean
flow, potentially producing new vertical eddies that could be drawn into nearby thermals,
which could in turn lead to more DDs forming as these thermals traverse onto the bare
playa surface. All these factors, and perhaps others, worked to create the observed DD
behavior. Isolating the effects of any of these conditions may only be possible through
investigation of the larger dataset obtained at SCV.

5.3. DD Translation Speed

We measured mean DD translation speeds that were 1.8 times greater than the mea-
sured 10 m wind speeds for DD sequences within 1 km of the weather tower (1.9 times for
all DD instances south of the beach ridge). This mixed-layer to surface-layer speed ratio
(referred to here as ‘"MLSL ratio’) is substantially higher than that measured by [50], who
found a ratio of ~1.1-1.2 for study areas in Eloy, Arizona and Eldorado Valley, Nevada. It is
also higher than the MLSL ratio of ~1 found by [86] near Mopipi, Botswana. Because DDs
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travel at the height-averaged wind speed of the mixed layer in which their thermal plume
hosts are situated [87], their translation speed relative to the near-surface wind reflects the
degree of surface layer shear. As a result, DDs are expected to translate faster than the near-
surface wind [87]. Because DD motion can be measured in places where no instruments are
available to make meteorological measurements, such as on Mars [70,88,89], DD translation
speeds are potentially valuable for remotely determining wind speeds. Understanding the
range and variability of the MLSL ratio is necessary before this method can be used reliably.

It is unclear why our MLSL ratio is higher than previous measurements [50,86]. We
propose two possible explanations for our differing results. First, our study spans less than
two hours of DD activity, whereas the two other studies encompass several days of DD
production under varying weather conditions. It is possible that the MLSL ratio varies
with meteorological conditions, and that our data represents only a small portion of typical
convective conditions. Second, our study site is situated ~1300 m higher than that of [50]
and ~950 m higher than that of [86]. The lower air density at high elevations affects CBL
growth (e.g., [90]), dampens DD production (e.g., [91]), and as we suggest here, may also
increase the ratio of the mixed-layer to surface-layer wind speeds.

6. Conclusions

We have analyzed stereo timelapse images of DDs in Smith Creek Valley in central
Nevada, USA over a short period ranging from 10:20 to 12:00 local time, capturing the
morning growth of the CBL. The study period is a small portion of a multiple-week,
interannual field study monitoring weather conditions and DD activity [43]. In this limited
sample, 1786 DD instances were located through stereogrammetric triangulation. By
comparing one camera frame timestep to another, DD instances were manually organized
into 245 individual DDs, the majority of which were imaged several times as they developed
and migrated through camera FOVs. We automated a method to isolate each DD instance
and measure its width and brightness, the latter of which we used as a proxy for relative
dust opacity. DD shape, whether cylindrical or not, was also noted and tracked. From
these measurements, we have identified patterns of DD growth, dust concentration, and
shape coherence that correspond to variations in both local meteorology and the surface
over which they traverse.

Of the observed 220 DD sequences and 25 solo instances, the mean and maximum
durations (2.22 min and 18.33 min, respectively) were similar to those noted in previous
DD field studies. Modal DD widths ranged from 10 to 20 m, similar to previous measure-
ments [57]. DDs with widths > 14.4 m fit a differential power law with an exponent of
—1.55, smaller than that found in previous datasets [59] but comparable to that theorized
by [60]. We note that the statistical significance of our exponent is limited by a short
investigation period.

Most unusual was the measured DD translation speed, at ~1.9 times that of the mean
wind speed (‘MLSL ratio’), which is much higher than previously measured ratios ranging
from 1 to 1.2 [50,86]. Our higher measured MLSL ratio may be the result of our short
duration study period, but we also consider that other factors, such as elevation, may
influence CBL motions from one study site to another. A better understanding of factors
controlling this ratio would help constrain its value for remote determination of mixed
layer and surface layer wind speeds.

DDs varied considerably over the study period, and through each DD’s lifetime:

1. Wider and dustier DDs were most common just after an initial spike in CBL growth
from 10:45 to 11:15. From 11:15 to 11:45, DDs became more numerous (i.e., areally
dense), with longer durations. However, the measured DD parameters varied so
greatly that these apparent temporal patterns may not be statistically significant.
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Regardless, we can assert that the measured DD physical characteristics did not
correspond readily with any previously proposed meteorological controls (e.g., Monin—
Obukhov length, sensible heat flux, lapse rate, CBL height). The only consistent
controls in this study appear to have been variations in surface properties, which
dominated over atmospheric variations. Isolating any atmospheric forcing will require
investigating DD characteristics over a uniform surface.

Wide, dusty, and strongly cylindrical DDs tended to exhibit these characteristics for
only a short portion of a DD sequence’s duration, and not always at the same time.
For example, DDs with narrow, crisp-edged cylindrical shapes typically appeared
this way for <1 min, dissipating to less well-organized, diffuse dust columns for the
remainder of their durations. This finding indicates that an instantaneous observation
of a large, optically thick, or coherently shaped DD should not be used to extrapolate
values (e.g., vertical dust fluxes) over the DD’s duration.

DD activity was not spatially uniform in the study area:

Although the first DD sighting at SCV occurred at 10:20:14, the first DD observed
within 1 km of the weather tower appeared at 10:36:34, 16.33 min later. The delayed
onset of DD activity in the vicinity of the weather tower coincided neatly with a
measured rise in TKE at 10:30-10:45. The higher albedo and thermal conductivity of
the compact playa surface, where the weather tower was located, likely hindered DD
production relative to the darker, sandy surface of the vegetated terrain beyond the
playa margin.

Despite DD traverse lengths often exceeding 1 km, DDs were generally not observed
to cross a 4 m high beach ridge aligned perpendicular to their translation direction.
However, two of the longest and most intense DD sequences initiated just downwind
of this ridge. We propose that convective vortices impinging on the beach ridge are
vertically stretched as winds accelerate up the ridge slope, concentrating vorticity. This
could cause weaker vortices to detach from the surface, preventing DDs from forming
along the ridge. In contrast, stronger vortices would be further strengthened by
increased vertical winds, such that strong DDs could form under the same conditions
that suppress weaker vortices.

Although DDs were plentiful in the vegetated, hummocky area between the playas,
these DD sequences tended to be shorter, less dusty, and narrow. DDs that either
initiated on or traversed onto the playa surface tended to last longer, and the widest
and dustiest DD instances corresponded with DDs that had just entered the main
playa. The bare playa, as well as the transition to it, enhanced DD stability, size,
and dust lofting capability. This may occur for numerous reasons, as convective
structures experienced an abrupt transition in surface properties as they crossed from
the vegetated, hummocky area to the bare playa, including surface roughness, transpi-
ration, albedo, sediment availability, and thermal conductivity. Further investigation
of the broader field data could isolate some of these factors, e.g., investigating DD
characteristics when the wind blows from other directions.

Finally, we consider a caveat regarding DD width measurements. Dust is often flung

laterally from the DD'’s rotational core, potentially obscuring this core with an enveloping
dust plume. Field studies and orbital image studies have measured DD widths in different
ways, and most did not describe their methodology: did width measurements include
the envelope or the central core, and what criteria were established for determining the
rotational margin of a DD? In our images, we defined DD width as the extent of contiguous
horizontal image pixels with brightnesses above the differenced background median plus
median absolute deviation (Figure 4D), resulting in a semi-automated method that may or
may not include portions of an enveloping dust plume, which may or may not be present.
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The various methods in the literature are likely to have led to variations in DD size statistics,
which in turn prevent determination of any relationship between DD width—and thus
vertical dust flux—and local environmental conditions. We encourage detailed descriptions
of width determination methods, and use of consistent criteria for measuring DD widths.

This investigation found that DDs are fitful phenomena that are difficult to measure
consistently and are strongly controlled by the properties of the surface they traverse. As
the poet Propertius said, formosis levitas semper amica fuit, “fickleness has always befriended
the beautiful” (Elegies II, c. 25 BCE). Although this study was limited to less than two
hours of DD activity, our results demonstrate that it is possible to analyze DD physical
characteristics with partial automation. The measurements presented here would serve well
as training data for use with machine learning methods on the broader field campaign data.
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