We thank Reviewer 1 for their thoughtful and insightful comments.

Major Comments 1: About the procedure through which the results are obtained. As suggested
by the authors in the conclusion, shape should be considered for dust analysis and implications.
Therefore, a reader could better exploit the results of this work if the calibration procedure will
be more explicitly presented in the text.

We add the following steps for a reader to follow for more accurate calculation of particle shape
in Lines 545 — 550: “We recommend the following steps for use of DPI as a technique for more
accurate volume-corrected Abakus particle metric calibration: 1) select samples for DPI based on
changes in Abakus concentration, flux, and/or PSD, 2) adjust particle measurements to match
Abakus bin sizes, 3) vary measurements to account for 3D variability (i.e. height value) between
prolate, oblate, and spherical particle shapes, 4) compare new calculated particle size
distributions using the total offset parameter as a metric for comparison between Abakus and CC
data, 5) use the particle shape calculation that produces the lowest total offset between the
Abakus and the CC.”

| find the explanation about "calculations” and "calibrations” and the description in sect. 3.3
maybe too short for a reader who wants to exploit the method.

We add to our current definition the following description to our definitions of “calculations”
and “calibrations” in line 289 — 291: “For clarity, we categorize our analyses into calculations
(Eq 14, b, and ¢) and calibrations (Eq. 2 and 3a and 3b), where calculations refer to simple
geometric differences (i.e., spherical vs ellipsoidal volume difference related to changes in
shape), and calibrations refer to shifts or adjustments in Abakus data relative to CC data.”

Major Comment 2: | find the discussion about the 2D images and the impossibility to
differentiate between prolate and oblate to be correct but too short to be appreciated by a non-
expert in the field.

More precisely:
Line 187: please introduce here the limitation imposed by the 2D measurement

Line 187 (Line 192): We add the following sentence to introduce the limitation of 2D
measurements, “While 2D imaging does provide a length and width measurement, this technique
is limited because we cannot measure the third particle axis length (i.e., depth/height; c axis).”

Line 225: please discuss briefly this limitation in the text. As it is now | find the key point to be
much more clear in the figure caption.

Line 225 (now Line 241 - 245): We clarify our assumption of how we account for changes in
particle height (c axis) and variability in average particle shape by adding the following
sentences, “While we cannot measure the orientation of the particle in 3D space, the FlowCAM
automatically measures the longest axis as the particle length (a axis) and the shortest axis as the
particle width (b axis). Therefore, to account for particle height (c axis), we must assume that



the height and/or depth of the particle is equal to either the a or b axis (Figure 2). The assumption
that the c axis is equal to the a or b axis results in volumetric changes (Figure 2). By varying our
height dimension, we can account for the missing particle dimension.”

| think better to explicitly name "oblate™ and "prolate” the shapes in the text.
All Ellipsoid 1 and Ellipsoid 2 have been changed to “prolate” and “oblate”.

Figure 2: 1 suggest not to use the same image as an example of particles (a) and (b). It
generates confusion. | understand the author's idea, that | find very fair, but | think it could be
better explained insteada of showing the same image.

Figure 2: We added new image of particle to Figure 2b for clarity and changed Ellipsoid 1 and 2
to prolate and oblate. Aspect ratio measurements calculated in Figure 2a, b, and c are
hypothesized and do not reflect actual measurements of the particles, which is noted in the
Figure 2 caption and now in the figure.

A brief discussion of this issue could also be inserted in Sect 4.4 (line 467).

Line 467 (now Line 534 - 536): We add the following discussion regarding our assumption of
particle height, “While DPI does not provide 3D measurements, the assumption of varying
height to either particle length (oblate) or width (prolate) still resulted in decreased discrepancy
between the Abakus and CC (i.e., reduced total offset; Table 1).”

On top of that, I respectfully suggest the authors to check for numbers a and b in Fig.2. The
aspect ratio of the imaged particle is apparently much larger than 2. Could it be due to a bias in
the method to obtain the Feret size from the images?

The images showed in Figure 2 and their corresponding dimensions are hypothesized and used as
an example rather than absolute values. While the values in this figure are hypothesized which is
stated in the caption, we also add “Hypothesized Dimensions and VVolume Calculations” to the
top of the figure for clarity.

Major Comment 3: 3) | think something is wrong, or wrongly explained, about the measurement
of "width™ and the interpretation (lines 335-343).

Apparently, the authors are able to characterize particles better than the ellipsoidal description,
but this is not really clear. Also the difference between width and height is not clear, because
their definition should depend on orientation.

Moreover, the conclusion that "width measurements are not statistically different between each
of the three time periods" at variance with the shapes, appears very peculiar. Also peculiar is
that "changes in the aspect ratio are primarily driven by variations in particle length".

What | respectfully suspect is a kind of bias or oversimplification in this part of the analysis.



If "widths" would really be independent of time a specific careful interpretation should be given,
or at least attempted on the basis of independent information. It would be an outstanding
discovery indeed, motivating to re-consider all the distributions with the width as the key
parameter to characterize dust.

We add the following (Lines 241 — 248) for clarification of our particle height assumption,
“While we cannot measure the orientation of the particle in 3D space, the FlowCAM
automatically measures the longest axis as the particle length (a axis) and the shortest axis as the
particle width (b axis). Therefore, to account for particle height (c axis), we must assume that
the height and/or depth of the particle is equal to either the a or b axis (Figure 2). The assumption
that the c axis is equal to the a or b axis results in volumetric changes (Figure 2). By varying our
height dimension, we can account for the missing particle dimension. We assume the following
dimensions for each volumetric calculation; prolate assumes particle width (b axis) = height (c
axis; Figure 2a), oblate assumes particle length (a axis) = height (c axis; Figure 2b), and sphere
assumes all lengths equal to the particle length (a axis; Figure 2c).”

We add the following discussion to Section 4.2 (Lines 486 - 494) to clarify our interpretation of
our width measurements, “\While our data suggest that particle width is constant throughout our
record, we acknowledge that this may be due to our relatively low resolution of our analysis. For
example, Potenza et al. (2016) measured aspect ratios of particles recovered from EPICA Dome
C, which varied between prolate and oblate within 10 — 15 years. Simonsen et al. (2018) also
state in their interpretations, that more extreme aspect ratios are more likely related to long-
distance transport, where short-dust storms increase variability. Because we are measuring
selected millennial-scale aspect ratio variability, this suggests that our interpretations could
reflect constant average dust source weathering and transport conditions to the South Pole, since
particle shape can influence settling and transport (Li and Osada, 2007b; and references within;
Ginoux, 2003; Formenti et al., 2011). We suspect that analyses of short-term variability would
likely highlight more variability in particle width.”

We add that on millennial scales, particle median particle width measurements per size bin are
statistically similar, therefore, we use averaged measurements for the entire record. While
previous works (i.e., Potenza et al., 2016) identified that particles widths are variable during
short time periods (< 15 years), this may be different over millennial scales, at least at the South
Pole where aspect ratios change little between 50 — 16 ka. We also recognize that all of our dust
particle measurements occur during the glacial period (54 — 16 ka), occurring before any major
atmospheric reorganization that occurred during the Termination | (18 — 12 ka). Geochemical
provenance data suggests that Antarctica dust particle source areas began increasing in
variability between 16 — 15 ka (i.e., Wegner et al., 2012 and Aarons et al., 2018). We suggest
that the statistically similar similarities in median particle width might reflect similarities in dust
transport/source regions. Furthermore, this is the highest resolution record of particle length and
width measurements. Therefore, this interpretation may be specific to the South Pole. As a first
order/exploratory analysis, our results of reduced discrepancy between the Abakus and CC via
the assumption of common dust particle width seems to be supported by our results.

Minor Comments




line 68: Abakus does not measure backscattered light

Line 68 (Line 67 — 70): Changed “backscattered light” to “The Abakus measures particles via
disruption of transmitted light; as particles flow through the sensor, the interruption of the light
source produces scattering and shadowing resulting in a negative peak in transmitted light, which
is used to measure the diameter of the particle (Ruth et al., 2002).”

line 72: "it only provides particle size measurements in one dimension”. Please clarify this
sentence. | can guess the meaning, but I find it quite misleading: apparently the idea is that it
measures one parameter, that is true (but it is also true for Coulter counter and other
instruments) and this is not the concept the authors wants to discuss here. "extinction length” is a
property of a cloud of many particles impinged by light: please change.

Line 72 (Line 72 — 74): Elaborated on sentence for clarity. Sentence now states, “However, it
only provides a particle geometric size measurements in one dimension (i.e., particle length or
width), and does not provide depth/height information for individual particles (Ruth et al., 2002;
Simonsen et al., 2018).”

line 82: "absorption intensity” is meaningless, please change. "light scatetring and absorption is
proptional to the extinction cross section™. More precisely, the extinction is the sum of scattering
and absorption. please change.

Line 82 (Line 81 - 84): Changed “absorption intensity” to “Particles are directed through the
focal point of a light beam while sensors in the far field collect the total power removed from
light scattering and absorption of the particle” We also elaborate on following sentence,
“Because the sum of scattering and absorption by each particle is proportional to the extinction
cross section, particle shape information can be identified for particles relatively quickly and
efficiently (Potenza et al., 2015).”

line 138-146: Why not comparing to a pure statistical estimate, based on the probability to have
two particles in the Abakus scattering volume (if known)?

Line 138 — 146: This technique was previously published and allows for a more accurate
comparison of data cleaning to their dataset. Furthermore, we do not know the Abakus
scattering volume of the dataset and, rather than using a statistical estimate, we compare against
our own data.

line 170: Is Figure 1 actually S17?

Line 170: Figure 1 or Figure S1 is not mentioned in that current paragraph. We are unsure of
what reviewer is referring to.

line 182 and below: "Feret" with capital letter

Line 182 and below: Replaced “ferret” with “Feret” throughout the entire document.



line 203: "The flowCAM does not produce size estimates for size bins ....": please explain.

Line 203 (Line 212 - 213): Reworded sentence, “The FlowCAM does not have the same size bin
measurements as the Abakus and does not produce measurements for particle lengths between
2.1,2.2,2.4,and 2.7 um.”

line 205: Figure S8 and S9 are mentioned before S7 (S6 is not mentioned). Figures should be
presented in the order of appearance in the text. S8 and S9 appear before S7, while S6 is not
mentioned in the text.

Line 205: Reordered Supplementary Figure order so that the numbers are in order and added new
Figure S6.

line 210-211: If possible, this hypothesis should be better explained: it appears to be quite strong
and requiring better support, especially in connection with the discussion about coincidences
(line 138-146).

Line 210 — 211 (216 — 222): We thank the reviewer for their comments and agree that the
justification in this section was unclear as written. We have updated the text to provide further
support and clarity. We add citations to Lines 141 — 145, “To check if the coarse particle
concentration measured by the Abakus is composed of large particles rather than multiple small
coagulated particles, we tested for coincidence following methods of Saey (1998), and used in
Simonsen et al. (2018). Saey (1998) showed that during measurement of ice with high particle
concentration (>240,000 particles mL™) two particles passing through the detector at the same
time can be erroneously identified as one large particle (hereafter referred to as ‘particle
coincidence’).” In Lines 216 — 223 we further reiterate that these established tests for coincide
explain very little of the relationship between particles. Furthermore, because the Abakus was
calibrated to CC samples (i.e., Koffman et al., 2014), we feel that the evidence supports our
hypothesis in Lines 490 — 495.

line 228: "binned by particle length under the assumption that length measurements of particles
are equal between the Abakus and DPI". | would sugget the authors to slightly extend the
discussion about this point: this assumption could generate a further bias, since Abakus is
assumed here to give a well defined "length”. Actually, it provides a much less defined "size"
from the extinction cross section, that could be affected by shape and other particle features.

Line 228: We add the following sentence recognizing these instrumental biases (Lines 255 —
257), “While we recognize that the Abakus may be recording extinction cross section rather than
true particle length, we assume that both measurement techniques (Abakus and DPI) are
representing accurate particle length since the Abakus was calibrated to CC measurements
(Koffman et al., 2014).” However, we also add the following lines to Section 4.4 (Line 541 -
544), “We also note that the reduced discrepancy between the Abakus and CC data supports our
hypothesis that DPI particle geometries can be matched with Abakus particle length (extinction
cross section) measurements. If the Abakus geometric dimensions were extremely biased on
millennial timescales, then we would expect the use of DPI to not reduce discrepancy between
the two datasets.”



section 4.1, line 379: | expect that the drilling fluid form a kind of water emulsion. Do the
authors have images obtained with these samples that can support this interpretation? Anyway |
Agree to remove the corresponding data from the analysis.

Line 379: We do not have any images of the drilling fluid within the samples that we took. The
FlowCAM takes focused images of the particles rather than the background water.

Line 391: Figure 6 is missing: is it actually Figure S6. Note that Figure S6 is not mentioned in
the text.

Line 391 (410): Figure 6 has been replaced with Figure 5 and Figure S6 is now mentioned in the
text in Line 316.

Finally, no mention is there of the unavoidable differences in the particle statistical orientation
between DPI and Abakus. Works considering the bias in determining aspect ratios of non-
spherical (mineral) particles observed at microscope could be a reference for a brief discussion
of this point and it’s consequences.

Line 230 (240 — 247): Added sentence for clarity for description of assumptions regarding
particle orientation and particle height dimension (See Major Comment 3). We also add (Lines
435 — 443) “Future studies should use this assumption with caution after measuring site specific
particle metrics on the timescale in question. Mathaes et al. (2020) identified that measurement
techniques can lead to greater variability of 5 um spherical (aspect ratio = 1.0) or elongated
particles (aspect ratio = 0.2). However, our aspect ratio measurements consistently cluster
between values of 0.70 to 0.76 across a wide range of time periods and particle sizes (Figure S9).
Not only are these aspect ratios outside the range of spherical and elongated particles (as defined
by Mathaes et al. (2020)), but their consistency demonstrates the repeatability of our techniques.
Despite our millennial-scale consistency in aspect ratios at the South Pole, Potenza et al. (2016)
identified that during short decadal time periods (i.e., ~15 years), particle aspect ratio is variable,
indicating that high-frequency changes in particle shape may exist despite the low-frequency
stability”

Furthermore, in the Supplementary Material, we add to Figure S9 (Lines 73 — 75), “The error
bars for two different aspect ratio measurements of 5 um particles are shown for reference
(Mathaes et al., 2020). It is likely that these error estimates are overly conservative as applied to
our study because we used at 20x zoom factor (recommended by the FlowCam manual), whereas
Mathaes et al. (2020) used a 10x zoom.”

As reported around line 420, clays typically dominate with an expected prevalence of oblate
shapes. Is it possible to consider this piece of information to interpret data?

Line 420 (Lines 475 - 478): Added in section addressing the dominant shape of oblate clay
minerals and how our data compares to clay geometry. “While small clay particles (~2.5 um) are
predominantly oblate particle shapes, larger particles (~10 um) became more variable in shape
(Meland et al., 2012). The close correspondence between our PSDapakus and PSDcc fine particles



supports their interpretation. The disagreement between our PSDabakus and PSDcc coarse particle
further suggests that coarse particles are more variable in shape.

In general, | suggest the authors to shift the equations before the corresponding discussion in the
text.

All equations are now before the corresponding discussion in the text.

Figures should be presented in the order of appearance in the text. S8 and S9 appear before s7,
while S6 is not mentioned in the text.

All Supplementary Figures have been ordered correctly and appear in the text.
S6 is not mentioned in the text.
Figure S6 is now mentioned in Line 316.

About Figures S6 and S7, the meaning is not clear. What are the distributions and the "Kernal
density estimate"? A brief description could be beneficial for the readership.

We add to Figure S6, “Kernel density estimates are calculated from a probability density
function as an estimate for continuous random variables.” For Figure S7 and S8 (previously S6
and S7), Figure S6 is highlighting the incorrect assumption that particle width is equal to particle
length and Figure S8, shows the median width per size bin with 2¢ variability in grey. Black
bars represent interpolated bin values.



