Reviewer #1

In the response, referee comments are given in black, and our responses are given in blue. Changes
made to the manuscript are marked in underlined blue. The line number is for the Revised manuscript.

Cai et al. present a characterization of the ability of the FIGAERO-CIMS to sample aerosol collected
offline and sampled by the instrument. The authors did an excellent job of creating the
experiments and methods to investigate different aspects that would impact the overall
quantification of the aerosol sampled from the filters. The paper was an enjoyable read and is an
excellent paper for AMT. Below are comments for the authors to address to improve clarification
and the paper.

Reply: We are very grateful for the positive comments and helpful suggestions. We have carefully
revised our manuscript accordingly.

Major

(1) In the introduction, the authors have a paragraph stating, "Both online and offline techniques
have their advantages and disadvantages and are associated with artefacts...". However, the
authors then only discuss the advantages and disadvantages for online techniques. It would be
useful for the authors to also briefly discuss the advantages and disadvantages for offline
techniques, which also corresponds to some more comments below.

Reply: Thanks for the reviewer's comment. We add the following discussions for the offline techniques
in the revised manuscript in Line 64 — Line 70:

“Both online and offline techniques have their advantages and disadvantages and are associated with
artefacts (Turpin and Lim, 2001; Turpin et al., 2000). Offline techniques are an easy alternative to
demanding online in-situ approaches requiring large human and financial resources. Moreover, one
collected filter can be used for different analysis methods and purposes. However, the offline
approaches are susceptible to sample handling and storage artefacts. The condensation and re-
evaporation of vapors, and potential reactions on the filter during sampling and storage can result in
both positive and negative sampling biases (Turpin et al., 2000; Cheng et al., 2009).”

(2) In Section 2.1, the authors mention that they are using a four-channel sampler. It seems that
all four channels were being used for filters, but further clarification on how each channel was
being used, and if the channels were sequential or parallel would be beneficial. Also, a discussion
about any potential sizing effects from the different channels would be good.

Reply: To clarify the sampling process, the following description of the four-channel sampler has been
added in Line 108 — Line 121:

Main text:

“The four parallel channels of the sampler had a shared PMio cyclone inlet and were equipped with 4
independent PM2.s cyclones and auto flow controllers for each channel. All channels were measuring
the same size range of particles. A sizing effect from the interactions between different channels can
therefore be neglected. The setup of filter type for each channel was as follows: Channel 1, Teflon (12
h for or 0.5 h); Channel 2, Quartz (12 h or 0.5 h); Channel 3, Teflon (24 h or 2.5 h); Channel 4, Quartz
filters (24 h or 2.5 h). This is listed in Table 1. The flow rate was regularly calibrated individually for each
channel during the sampling process.

To investigate the influence of filter mass loadings and collection time on the signal response, the
following filter samples were taken: (1) 5 pairs of samples (Teflon/Quartz fiber filters, Channels 1 and
2) with 30 min deposition time on Dec 15, 2018 between 14:00 to 16:30 (Table 1). At the same time, an
additional pair of Teflon/Quartz samples was collected for 2.5 hours using the other two separate
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channels of the sampler (Channels 3 and 4). (2) 12-h samples of Quartz/Teflon filters (Channels 1 and
2) from Oct 26 to Oct 30 and Nov 3 to Nov 24 (here only the Quartz filters from Nov 3 to Nov 16 were
analyzed (in total 27 pairs of samples), shown in Table 1). (3) 24-h Quartz/Teflon samples (Channels 3
and 4) from Oct 26 to Oct 30 and Nov 3 to Nov 25 (here only one pair of Teflon/Quartz filters was
analyzed, shown in Table 1).”

(3) In Section 2.1 and others, itis unclear if any artefacts with using filters were investigated -- e.g.,
uptake of gases, evaporation of aerosol, chemistry on the filters, loss or changing of sampling
during storage, loss or changing of sampling in filter preparation. A brief discussion concerning
any of these artefacts would be beneficial in understanding this technique for quantification.

Reply: Artefacts during sampling and storage as mentioned by the reviewer cannot be fully excluded,
similar to any other sampling technique. Here we can use the ACSM as a reference method with the
qguantified OA concentration (r = 0.94). We add the following discussion on potential artefacts as
suggested (Line 509 — Line 514):

Main text:

“Like other offline sampling methods, the offline FIGAERO-CIMS method may be affected by artefacts
from sampling and storage of the filters. Both positive (absorption of gaseous OA), and negative
artefacts (volatilization of collected OA), may occur during the sampling and storage, even if filters were
stored frozen (Cheng et al., 2009). However, the signals from FIGAERO-CIMS correlate generally well
with major components measured by TOF-ACSM, suggesting that those artefacts can be considered
minor in our study, at least in terms of bulk PM constituents (Figure 7).”

(4) In Table 1 and throughout the text, the authors state the amount of OA loading per area
punched. It is unclear how the authors quantified this number.

Reply: The OA loading on the entire filter was assumed to be homogeneously distributed and
determined by the co-located TOF-ACSM. We used the flow volume of the offline sampler,
corresponding OA concentrations from the TOF-ACSM, and the area ratio of the punch and the entire
filter. For clarification, we add the following discussion in the Method section, Line 137 — Line 140:

“The OA loading on each filter (OA:iter) was determined relying on the OA concentrations from the co-
located TOF-ACSM (OAacsw), the offline filter sample flow rate (16.7 L min), the sampling time, the
surface of the entire offline filter sample (Ariter), and the analyzed offline filter sample (Apunch) (Equation

1):

A
OAgjiter = Apumh X 0Aycsy X Sampling flow rate X Sampling time (D)

filter

(5) Section 2.2.1.3: With the FIGAERO-CIMS, it has been acknowledged that the ramping process
used to sample the aerosol leads to some degradation of the aerosol. A discussion on how the
different ramping protocols may impact the evaporation/degradation would be beneficial.

Reply: As discussed in previous studies with FIGAERO-CIMS (Thornton et al., 2020) and correctly
stated by the reviewer, different ramping rates affect thermal fragmentation, signal-to-noise ratios of
compounds and primary ion depletion, and titration. In order to avoid the latter, we used a non-uniform
ramping protocol in this study, and discuss the resulting signal in the paper in detail. Overall, the applied
ramp rates, however, are within the ranges of ramp rates used in online FIGAERO (Yang et al., 2021,
Thornton et al., 2020), and a detailed discussion on artefacts related to the thermal desorption process
is outside the scope of this study.



(6) Fig. 3. With the scales being log-log, it's hard to understand/appreciate the differences and
which method is best for blank subtraction. Also, the eye is drawn to the low signal/high m/z data,
where most of it falls below the 1:1 line for many of the methods. How important is that for the

overall quantification?

Reply: In the manuscript, we used the log-log scales since the integrated signals for 2.5-h and 0.5-h
filters vary over 4 orders of magnitude. Following the reviewer's comment, we also added the
comparison on a linear scale in the revised Figure S7 in the Supplementary Information for reference.
In the revised Figure S7, we used a linear scale from 0 to 0.2 for the low-signal compounds (>90% of
the number of compounds) and a log scale >0.2. It clearly shows that the performance of Methods 2a),
2b), and 4) is much better than that of the other background subtraction methods as stated in the
manuscript.

In order to determine the best blank subtraction method, we first compare the integrated signals for the
2.5-h versus the sum of five 0.5-h samples. The OA loadings on the 2.5-h and 0.5-h filters are much
lower than those on typical offline filters with sampling periods of 12 h or 24 h. The compounds with
very low signal intensity are assumed to be more influenced by the background and have higher
uncertainty due to their low signal-to-noise ratios, which is validated by their higher relative error (Is
ratio of standard deviation/average) shown in Figure 4. Therefore, these low-signal compounds are not
as indicative for the method selection as the high-signal compounds.

Moreover, after appropriate background corrections, under typical offline sampling times (12 h or 24 h),
high linearity of signal response could be achieved for the majority of compounds (even with Is < 0.01,
shown in Figure 4 and Figure 6), suggesting a good overall performance.
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Figure R1 (Figure S7). Comparison of the integrated signals (Is) of all compounds for the 2.5-h versus
the sum of signals of five 0.5-h samples (a) without blank subtraction, with blank subtraction using (b)
Method 1, (c) Method 2a, (d) Method 2b, (e) Method 3a, (f) Method 3b, (g) Method 4. The size of dots
is proportional to the 4™ root of integrated signal intensities of compounds, and they are color-coded by
the ions’ m/z (mass-to-charge ratio). Compounds with 1s<0.2 are shown on a linear scale and
compounds with 1s>0.2 on a log scale

(7) Check the axis labels for Fig. 4 and Fig. 6. It appears either something is missing or the names
were mixed.

Reply: The reviewer is right. The axis labels for Fig. 4 and Fig. 6 have been corrected. The revised
Figures are as follows:
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Figure R2 (Figure 4). Comparison of the integrated signals from three individual duplicate tests of the
same 24-h sample to their average for (a) Teflon and (b) Quartz fiber filters. The relative error (Is ratio
of standard deviation/average) value of the 3 duplicate tests as a function of Is for (d) Teflon and (d)
Quartz filters. In (c) and (d), CHOX compounds are shown as dots, inorganics as well as contaminants
as squares colored by m/z. The black circles in (c) and (d) represent median values of signal intensity
bins (with log Is intervals of 0.3 for the Is range of 0 to 2) and error bars represent the 25" and 75"
percentile of binned values of Std(Is)/Avg(ls) for CHOX.
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Figure R3 (Figure 6). Comparison of the Is between signals from punches (a) with 3 mm, 4 mm, 7 mm,
and 2 mm in diameter for the same Teflon (T) filter, and (b) with 3mm and 2 mm in diameter for the
same Quartz (Q) filter. The lines in (a) and (b) represent the punching area ratios. The shaded areas in
(a) and (b) represent the area ratio plus/minus the relative errors (9% for Quartz, and 18% for Teflon)
from the reproducibility tests. (c) Distribution of Is ratios normalized by the punching area ratios (3 mm,
4 mm, and 7 mm to 2 mm diameter punches for Teflon, 3 mm to 2 mm diameter punches for Quartz).
Within each box, the median (middle horizontal line), 25 and 75™ percentiles (lower and upper ends of
the box), and 10" and 90" percentiles (lower and upper whiskers) are shown. The shaded area in (c)
represents the possible distribution of the Is ratios due to the relative error established from the 24-h
sample reproducibility tests (18% for Teflon and 9% for Quartz filters). The upper and lower limits for
the Teflon Is ratio distribution are calculated as (1+18%)/(1-18%) and (1-18%)/(1+18%), respectively.
The upper and lower limits for the Quartz Is ratio distribution are calculated as (1+9%)/(1-9%) and (1-
9%)/(1+9%), respectively.



(8) In Sect. 3.5, please state what is being compared explicitly (signal from CIMS vs mass
concentration from ACSM). Looking at the figure, it takes a bit to understand the axis are different
for the two measurements, leading the reader to try to understand how the CIMS appears to have
more mass than ACSM and/or the agreement changes.

Reply: We add the following information on how the molecular weight weighted signals were calculated
in the revised manuscript. (Line 494 — Line 500)

“We compute the sum of integrated signals (Is, signal integration over the entire thermogram, counts)
multiplied by their molecular weight (MW, g mol?!) of all compounds from FIGAERO-CIMS for
comparison to the corresponding PM2s component concentrations from the ToF-ACSM. Even though
I- is selective towards oxygenated organic compounds, the total MW-weighted CHOX signal measured
by offline FIGAERO-CIMS in this study highly correlates with OA from the ToF-ACSM (Rp = 0.94),
which is known to be dominated by secondary organic aerosols (SOA) (Cai et al., 2020; Kulmala et al.,
2021; Jia et al., 2008).”

We also add the following note in the figure caption of Figure 7

“Note that FIGAERO-CIMS and ToF-ACSM data are on different axes”

(9) Fig. 8, label (c) and (d) y-axes with what each frequency corresponds to. It is very unclear what
is being plotted by just looking at the figures. In general, all figure axes and/or figure panels should
be label more explicitly to better understand what is being plotted.

Reply: The frequency in Fig.8 (c) and (d) represents the number of compounds in each Is ratio bin of
Quartz and Teflon filters. To explain the frequency histograms more explicitly, we revised the axis labels
and figure captions in Fig.8. Similarly, the labels are also revised in Figure S8 and Figure S12 to make
them more explicit.
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Figure R4 (revised Figure 8). Comparison of the integrated signal intensities of all identified
compounds for the Quartz fiber and Teflon filter samples for (a) 2.5-h samples, and (b) 24-h samples.
The size of symbols in (a) and (b) is proportional to the 4™ root of the signal intensity of each compound
from the Quartz filter. Frequency distribution (number of compounds) per signal ratio of Quartz/Teflon
for all compounds (green bars), and high-signal compounds (highest 25% signal compounds) only
(purple lines) for 2.5-h samples (c), and 24-h samples (d). The bars in (c) and (d) are colored by the
average of the 4" root of the signal intensity of the Quartz filter. The blue shaded area in each panel
represents the possible distribution of Is ratios of Quartz/Teflon from the relative errors from the
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duplicate tests of 2.5-h (25% for Quartz and 31% for Teflon) and 24-h (9% for Quartz and 18% for
Teflon) samples. The upper and lower limits for the 2.5-h Quartz/Teflon Is ratios were calculated as
(1+25%)/(1-31%) and (1-25%)/(1+31%), respectively. The upper and lower limits for the 24-h
Quartz/Teflon Is ratios were calculated as (1+9%)/(1-18%) and (1-9%)/(1+18%), respectively.

(10) Something that is missing overall from this paper is what is the ultimate goal of this paper. It
is expected that researchers use this method for quantitative information about aerosol or
qualitative information about the aerosol? If quantitative, see point (3) above, but there are other
aspects that need to be discussed, including but not limited to: (a) percent recovery from filter, (b)
more explicit intercomparisons with online measurements (e.g., FIGARO co-located with sampling
for direct comparison of what's being observed, how much, and any potential changes of the
aerosol prior to offline sampling), and (c) calibrations. For point (c), though the main paper does
not show any data in mass concentration, one figure in the Sl (Fig. S10) has converted the FIGARO
data from signal to ug m-3.

Reply: In this study, we focused on introducing the method and best practices for using the FIGAERO-
CIMS in offline mode, which enables the probing of the air of locations where and on occasions when
in-situ deployments of the FIGAERO-CIMS are difficult. We note, however, that it is not the scope of
this paper to discuss aspects of offine FIGAERO-CIMS that also apply to its online deployment, such
as e.g. general percentage of recovery from the filter or calibrations, as mentioned by the reviewer.
Here in this manuscript, we propose a series of approaches to the FIGAERO-CIMS use in offline mode,
which includes a “sandwich” sample preparation, a non-uniform temperature ramping protocol due to
higher mass loadings compared to online use, thermogram correction methods, and background
determination methods. Following our established best practices, we analyzed an ambient dataset from
Beijing, China, where we identified ~1000 organic aerosol (OA) molecules and the time series of their
signals. The time series of the sum of signals of all organic compounds correlated well with the OA
concentrations measured by ToF-ACSM, validating the robustness of the offline FIGAERO-CIMS
analyses — at least in terms of bulk PM constituents. While the quantification of each single chemical
component is a pressing question given the rise of soft ionization mass spectrometry, this is not the
focus of the current manuscript.

Coauthors of this study were also involved in another study using FIGAERO-CIMS in offline mode,
where calibrations for a series of the chemical were performed (Zheng et al., 2021). We presented their
results in Figure S12 as an indicator to show that the offline FIGAERO-CIMS method has the potential
to be quantitative with proper calibrations (Zheng et al., 2021).

To avoid potential misunderstanding and make the discussions more explicit, we add the following
expression in the introduction:

Line 95 — Line 97

“The potential to broaden its application for OA component measurements in future research is also
discussed._We note, however, that it is not the scope of this paper to discuss aspects of offline
FIGAERO-CIMS that also apply to its online deployment, such as e.q. general percentage of recovery
from the filter or calibrations.”

And we rephrased the corresponding discussions and the caption of Figure S12.
Main text Line 505 — Line 508

From:



“A similarly good correlation is observed between the signal intensity from the same offline FIGAERO-
CIMS method and PM2.s component concentrations measured in-situ by ToF-ACSM in a previous study
conducted in Beijing at Peking University campus, which is shown in Fig. S10 (Zheng et al., 2021)”

To:

“Following the same method, after calibrations, the quantified CHOX mass concentrations of offline
FIGAERO-CIMS were found to be highly correlated with OA and SOA from ToF-ACSM in another
dataset at the Peking University campus (PKU) in Beijing, indicating offline FIGAERO-CIMS analysis
can be quantitative with proper calibrations (shown in Fig. S12 (Zheng et al., 2021)).”
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Figure R5 (Figure S12). Comparison between CHOX mass concentrations from FIGAERO-CIMS,
organic aerosols (OA), and secondary organic aerosols (SOA) derived from ToF-ACSM at the Peking
University Campus (PKU) site. The details of the site, the comparison setup, calibrations, and
calculations can be found in Zheng et al. (2021). In total, CHOX accounts for about 32-60% of SOA
measured by the TOF-ACSM in their study.

(11) Fig. S6. It is currently unclear how to interpret this figure. The authors stated that Method 2a,
2b, and 4 provide the most reliable/reproducible answer; however, if the value should be a normal
distribution around 1, it appears that Method 1, 2b, 3a, and 3b would be the methods to select.
Also, it is surprising that there are no negative values. A distribution of what is expected maybe
valuable in this figure to compare to which method is working as expected.

Reply: In the original Fig. S6, we used all fitted peaks in the histogram to show the distribution of ratios
of Is of the 2.5-h and the sum of the five 0.5-h filter samples. However, as discussed in Major Comment
6, the 0.5-h sampling time is much lower than the typical offline sampling time (12 h or 24 h). The
compounds with a very low signal-to-noise ratio of the 0.5-h sample can bias the method comparison
due to their higher uncertainties. We therefore only keep the compounds with the highest 25% of signal
in the revised Fig. S8, which clearly shows that Methods 2a, 2b, and 4 have better performance than
others and can be used the future offline FIGAERO-CIMS studies. The negative values of Is ratios are
also added in the revised Figure 6. In the figure caption, we state clearly the percentage of the dataset
included in the distribution plot.
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Figure R6 (revised Figure S8). The distribution of Is ratios between the 2.5-h and the sum of five 0.5-
h samples for the 25% of compounds with the highest signal intensity for different background
subtraction methods. The distribution range is from -1 to 6 with bins of 0.5, which covers 82%, 61%,
94%, 93%, 90%, 72%, and 96% of the top 25% of compounds with respect to signal for no blank

subtraction, Method 1, 2a, 2b, 3a, 3b, and 4, respectively.

Minor

(1) In Section 2.2.1.2, please check the sequential number in lines 147 - 153, as (3) is repated
twice.

Reply: Line 167 to 173 has been revised with the right sequence of numbers.

“The OA mass loadings of the filter punches were estimated with the co-located ToF-ACSM in this study
(details shown in Table 1). To test the performance of the method, we did the following tests (Fig. 1,
Table 1): (1) reheating a few filters to determine backgrounds (see section 2.2.4), (2) assessing different
background subtraction methods, (3) reproducibility of signals from the same filter (section 3.4), (4)
linearity of signal response from different punching areas from the same filter (section 3.4), (5)
comparing signals from different ramping protocols (section 2.2.1.3), (6) comparison between offline
FIGAERO-CIMS and online ToF-ACSM (section 3.5), (7) signals from different filter types (section 3.6),
and (8) thermograms from different types of filters (section 3.7).”

(2) As the other methods have examples in the SI, showing an example of Method 4 would be
beneficial.

Reply: We have added the following figure (Figure S5) in the revised Sl as an example of the baseline
calculation with Method 4.
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Figure R7 (revised Figure S5). Thermograms for CeH100sl- of sample and field blank, and the thermal
baselines for sample and blanks using background subtraction Method 4.

In the main text (Line 304):

“Field blanks were handled in the same way_(shown in Fig. S5):”

We also revised the schematic plot for blank subtraction using Method 4 (Fig.2 g) according to that:
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Figure R8 (revised Figure 2(g)) Method 4: thermal baseline using a spline algorithm

(3) Line 312, please change "background right" to "background correctly"

Reply: Line 350 has been revised as follows:

“This _shows the importance of correctly assessing the instrument background, especially for
compounds with low signal.”

(4) Fig. 3, the y=x, y=0.5%, and y=0.2x are hard to read and to understand that they refer to.

Reply: We removed the y=x, y=0.5x, and y=0.2x lines in the revised manuscript and added the
comparison on a linear scale in the revised Sl (shown in Fig. R1).

(5) Line 325, "Evidently" is not the correct word choice. Just start the sentence with "This"
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Reply: Line 372 has been revised as suggested.
“This varies for different filter loadings and punch areas.”
(6) Fig. 10, try to select different colorbars as the red/green leads to issues for color blind.

Reply: The color bars have been changed as suggested.
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Figure R9 (revised Figure 10). Normalized thermograms for Teflon (T, dashed lines) and Quartz (Q,
solid lines) filters of, (&) HNOsl-, (b) CeHsNOsl-, (c) C7H7NOsl-, (d) CH4SOsl-, (e) C2HaSOul, (f) C3H404l,
(g) CaHsOul, (h) CsHsOul, (i) CsHsOul, (j) CeH1004l", (k) CsH100sl-. The thermograms were first corrected
(section 2.2.4) and then normalized to signals in Tmax and colored by the OA mass loading. The sampling
information of the thermograms presented here is listed in Table S1.
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