
We appreciate the thorough reviews and helpful comments. In the following, we present our answers and explain 

how we integrated changes in the final manuscript. 

 

Reviewer 1: 

In their article "Sodium Thiosulfate-Coated Ceramic Denuders for Ozone Removal in Ultrafine Particle Sampling," 

manuscript number egusphere-2025-6287, the authors present a device for removing ozone upstream of particle 

sampling. The approach - sodium thiosulfate-based removal - has been previously demonstrated thoroughly, but 

the form factor employed here of a multichannel denuder is novel and enables application to particle sampling. 

Overall, the authors present a thorough and well-developed validation and testing scheme, including both its 

efficacy and evaluation of the possibility of artifacts. The approach is well-founded, well-tested, and found to be 

highly effective. I have generally very few comments and believe the article is suitable for publication after 

addressing a few minor presentation points described below. 

Specific comments: 

 

1) A diagram of the field sampling setup would be helpful in Section 2.4. Especially given that the label of Figure 

4A is "O3 mixing ratio Container" - it is not clear to me what the "container" is in this context. 

We thank the reviewer for this helpful comment. We agree that the previous labelling in Figure 4 was ambiguous. 

We have therefore revised Figure 4 accordingly and replaced the label “Container” with “Sampling site”. In 

addition, we moved the legend to the top of the 4B to improve the visibility. To better illustrate the field 

deployment, we also added a photograph of the sampling setup to the Supplement as Figure S2. 

 

2) In Figure 2, what is the "measurement point"? Based on the trend in O3_in, I assume these are just 

sequential points across time, so why not just label it with sample time? 

Figure 2 does not represent a continuous time series, but rather a sequence of discrete measurement intervals 

at different inlet O3 mixing ratios. The purpose of this experiment was not to assess denuder performance as a 

function of time, but to evaluate whether ozone breakthrough occurred under increasing inlet O3 levels. For this 

reason, we consider a sequential representation more appropriate than a time axis.  

To avoid ambiguity, we have revised the figure caption and corresponding text to clarify that the x-axis refers to 

consecutive measurement intervals rather than sample time. Long-term denuder performance under ambient 

conditions is addressed separately in the field experiments presented in Section 3.2. 

L 294-296 Thus, the inlet O3 mixing ratio was incrementally increased to up to 200 ppbV in a sequence of discrete 

measurement intervals. As depicted in Figure 2, the outlet O₃ mixing ratio (4.4–5.0 ppbV) were indistinguishable 

from this zero-air baseline, indicating that ozone downstream of the denuder was below the practical detection 

limit of the measurement setup 

Figure 2 Average O3 mixing ratios upstream (“O3, in”, red) and downstream (“O3, out”, orange) of the TSOD during 

consecutive laboratory measurement intervals with stepwise increasing inlet O3 mixing ratios (40–200 ppbV). RH 

was simultaneously monitored and remained constant. Lines are included to guide the eye. 

 

3) In the discussion of Figure 3, it is never discussed by the concentration is so much lower at 4 lpm, though it 

is shown that the difference between with and without the TSOD is not substantially. I assume this is due to 

diffusive losses to walls of the sampling inlet due to the longer residence time, but no such explanation is 

discussed or given. Would such losses be expected based on the diffusion timescale? It does not look there is 

a preferential loss of smaller particles though. Or is it just because of changes in particle concentrations over 

time? 



We thank the reviewer for this comment. The purpose of Figure 3 was not to compare absolute particle number 

concentrations across the three flow-rate experiments, but to assess the relative difference between 

measurements with and without TSOD at each individual flow rate. The experiments at 30, 11, and 4 L min-1 were 

conducted sequentially rather than simultaneously, and the chamber was only loaded initially with ambient air, 

seed particles, and α-pinene, as described in Section 2.3. Therefore, temporal changes in chamber aerosol 

concentration, as well as reconfiguration steps between the measurements, may explain the lower absolute 

concentrations observed at 4 L min−1. This does not affect the main conclusion from Figure 3, namely that the 

differences between measurements with and without TSOD remained small and within instrumental uncertainty 

at all tested flow rates. To avoid this possible misinterpretation, we have clarified in the revised manuscript that 

Figure 3 is intended for pairwise comparison of wTSOD and woTSOD at each individual flow rate rather than for 

direct comparison of absolute concentrations between the separate flow-rate experiments. 

L319-L321 Since the measurements at 30, 11, and 4 L min−1 were conducted sequentially, the absolute particle 

number concentrations between the different flow-rate experiments vary and are not directly comparable. 

 

4) In Figure 4, a legend on panel B would be helpful. Also, I note that the authors state on line 294 that worst 

performance is expected at lower RH (side note: I believe the R is usually also capitalized unlike in the 

manuscript), but it looks like the opposite is true in this panel (though indeed, performance remains excellent) 

We have revised Figure 4B by improving the visibility of the legend, and we have changed the notation from rH 

to RH consistently throughout the manuscript. Regarding the reviewer’s observation on panel B, we are of the 

opinion that it is not suited to assess a quantitative RH dependence of denuder performance. Our statement in 

Section 3.1 refers to the expected behaviour based on previous literature and was intended to explain why the 

laboratory tests were performed under comparatively dry conditions. In contrast, Figure 4B shows ambient field 

operation rather than a controlled humidity experiment. Since the O3 mixing ratio downstream of the TSOD 

remained consistently at or below the detection limit during the field deployment, the figure demonstrates 

robust performance over the encountered ambient RH range, but it does not allow interpretation of a detailed 

RH dependence. We have clarified this point in the revised manuscript. 

L287-291 We therefore intentionally conducted our laboratory experiments under distinctly drier conditions 

(reported as RH = 52.4–53.3 %), in order to test TSOD performance near the lower end of the humidity range 

expected during field operation. Previous studies indicate that thiosulfate-based ozone removal decreases under 

drier conditions, consistent with reduced water availability at the denuder surface (Ernle et al., 2023; Rynek et al., 

2025) 

 

5) Figure 4 might be clearer in a square form, since it is showing 1:1 comparisons. A few thoughts on the 

discussion: the 6PPD discussion is very interesting and I appreciated the quantitative yield discussion; why is 

there so much scatter in the PAH comparison? In particular, there are substantially differeces in the sum Chry 

BaA scatter - is this because one compound is more reactive than the other? Or can you correlate the deviation 

from the 1:1 line with ozone concentration, which would be an interesting plot to see? 

We thank the reviewer for this helpful comment. We assume that the reviewer refers to Figure 5 rather than 

Figure 4. We agree that this figure benefits from a square aspect ratio and have revised it accordingly. Due to 

space limitations in the revised layout, the regression slopes were removed from the figure legends. However, 

as these values are reported in Table 1, we consider this a reasonable compromise. 

Regarding the PAH comparison, we agree that the PAH data are less tightly constrained than the corresponding 

bOA data. We attribute this primarily to the substantially lower ambient PAH concentrations on the UFP filters 

(in the tens of pg m−3 range), for which variability from sampling, extraction, blank correction, and 

chromatographic quantification becomes proportionally larger than for the more abundant bOAs or 

6PPD/6PPDq. Additional variability may arise from day-to-day differences in aerosol matrix and particle-phase 

accessibility under ambient conditions. In addition, the analytical recovery varied among the PAHs. For Σ(Chry + 



BaA) the recovery from standard reference material was for example lower than for some of the other PAHs, 

which may further contribute to uncertainty in this parameter. 

We appreciate the reviewer’s suggestion to correlate the deviation from the 1:1 line with ambient ozone 

concentration. We have tried this approach during our investigations and data analysis as well. However, because 

each data point represents a 24 h integrated sample collected under changing ozone, RH, temperature, and 

aerosol-composition conditions, we found that the present dataset does not allow a robust interpretation of 

ozone concentration as a single controlling variable. From our view, such an analysis would require a dedicated 

controlled-exposure experiment and would go beyond what can be robustly derived from the present dataset, 

which is beyond the scope of the manuscript. 

 

6) This Data Availability statement is outdated. Though there is likely not much demand for validation data 

such as this, it is generally more accepted to include the data, at least those used to create the figures, as 

supplemental data, tables, or a published dataset. 

The study was conducted within a project funded by the Bavarian State Ministry of the Environment and 

Consumer Protection (StMUV). Therefore, the release of the underlying project data requires prior approval by 

the funding authority.  

We are happy to provide the data used to generate the figures upon reasonable request. Should public 

deposition of the figure data or a dedicated dataset be required by the editor or the journal, we will submit a 

corresponding request to the StMUV. We kindly note that obtaining this approval may require additional time. 

 

 

  



We appreciate the thorough reviews and helpful comments. In the following, we present our answers and 

explain how we integrated changes in the final manuscript. 

Reviewer 2: 

General Comments: 

This article reports on the design and application of a thiosulfate-impregnated honeycomb denuder to mitigate 

chemical losses from reaction with ozone in ultrafine particle sampling.  This is important work, drawing attention 

to the unfortunately often overlooked interference from ozone in the sampling of atmospheric organic matter.  I 

very much appreciate this study and its reporting and recommend the publication after consideration of a 

number my specific comments given below. 

 

It would be valuable to also have these experimental details provided: What fraction of ozone makes it through 

the sampling system without the sodium thiosulfate coating?  Given that ozone is a rather reactive gas, a fair 

amount gets probably removed just by contact with the impactor and plumbing system? 

We thank the reviewer for this important point. In the absence of a sodium thiosulfate coating, ozone was 

measured at the sampling setup with an uncoated denuder installed and compared to the nearby governmental 

monitoring station (LfU) (Figure 4). The resulting regression slope of 1.04 (R² = 0.90) indicates near-unity 

transmission within measurement uncertainty and does not suggest substantial systematic ozone loss in the 

inlet, impactor, or hose system. 

We acknowledge that ozone losses on stainless-steel surfaces can occur and are known to be strongly 

conditioning-dependent. Initial ozone uptake may be substantial, but transmission efficiency increases with 

continued ozone exposure as surfaces become passivated (Altshuller and Wartburg, 1961). In our case, the 2.1 

m stainless-steel inlet line and the MOUDI impactor were part of a routinely operated measurement setup and 

had been exposed to ambient ozone under continuous flow prior to the present campaign. Only the short Y-

piece downstream of the impactor was newly installed (Figure S2).  

Additionally, the ceramic denuder body is 50 mm in length, which is short compared with the 2.1 m stainless-

steel inlet line. Given this limited additional flow-path length, the relatively short residence time in the inlet line 

(≈2–3 s at 30 L min⁻¹), and the prior conditioning of the major stainless-steel components, ozone losses are 

expected to be limited.  

 

Given the multiple sampling and analysis steps, the chemical quantifications need a thorough experimental 

determination of the analytical reproducibility of the different chemical classes for the UFP 

determination.  This should be done by deploying complete parallel samplers and not just by parallel sub-

sampling of the fractionated aerosol or multiple chemical analyses of the extracts. 

We fully agree that reproducibility must reflect the complete sampling–extraction–analysis workflow. 

For this exact reason, we implemented a dual-channel sampling design in which two independent sampling lines 

operated in parallel to collect identical air masses simultaneously. Each channel utilized a separate filter, 

extraction procedure, and chemical analysis.  

 

During reference operation, when both channels were equipped with uncoated ceramic bodies, this setup 

enabled an assessment of reproducibility under field conditions. 

The parallel two-channel design was selected to minimize variability resulting from UFP sampling methodologies, 

especially in regard of the dynamic nature of UFP. Consequently, differences observed during TSOD deployment 

can be attributed to ozone removal rather than to analytical variability. 

 

 

 



 

 

Specific Comments: 

Line 21, 22:  Instead of writing “ 0 ppb”, it would be more accurate to give the threshold of the ozone 

determination sensitivity, e.g. < 0.3 ppb, or whatever the detection limit of the utilized ozone sensor is. 

We thank the reviewer for this important comment. We agree that values close to the zero signal of the analyzer 

should not be reported as numerical ozone mixing ratios. We therefore determined the limit of detection of the 

instrument by separate zero-air measurements, which yielded 4.6 ± 0.5 ppbV. In the revised manuscript, 

downstream ozone values in this range are no longer reported numerically but are described as indistinguishable 

from the zero-air baseline and therefore below the practical detection limit of the setup.  

All instances of “0 ppb” have been replaced accordingly: L21, 23, 292, 337 

 

Line 28:  Please give the uncertainty margins of the 15-46% determination. 

We agree that the magnitude of the reported ozone-induced changes should be accompanied by quantitative 

uncertainty estimates. We revised that accordingly for the PAH concentrations, as well as for the following 

comment regarding the 6PPD and 6PPDq concentration  

L28 Without upstream O₃ removal, the individual concentration of the PAHs were 15±2.9 – 46±5.5 % lower. 

 

Line 30: Same here. 

L29-31 (2) Secondly, for the tire and road wear marker, the antioxidant N-(1,3-dimethylbutyl)-N′-phenyl-p-

phenylenediamine (6PPD) and its oxidation product 6PPD-quinone (6PPDq), we observed in-situ ozonation of 

6PPD to 6PPDq with transformation yields of about 13±4.0 to 20±8.3 %. 

 

Line 49:  Possibly also cite the WMO GAW Measurement Guidelines, GAW Report No. 281, Guidelines for 

Measurements of Non-Methane Hydrocarbons in the Troposphere, that emphasize the need to remove ozone 

in the sampling of volatile organic compounds. 

Thank you for the suggestion. We added the reference. L50 

 

Line 74.  One could also consider [Helmig and Greenberg, 1995]. 

Thank you for the suggestion. We added the reference. L72 

 

Line 144: Please mention that these are honeycomb structure channels and that CPSI stands for cells per square 

inch.  How are these connected to your system plumbing?  It might be nice to show a photograph of the 

denuder. 

Thank you for pointing this out. We named the CPSI accordingly and added pictures in the SI (Figure S1 and S2). 

 

Line 148:  I have a hard time believing that shaking of ta 400 CPSI honeycomb denuder will remove all the 

water?  What is the actual diameter of the individual capillaries?  This could possibly be checked by weighing 

a dry denuder and one that has been “shaken”.  If residual water remains in the denuder, then that may 

actually affect the coating efficiency when the denuder is subjected to the sodium thiosulfate solution? 



We thank the reviewer for this careful comment. We agree that shaking alone does not remove all residual 

moisture from the honeycomb structure. The purpose of the shaking step is solely to remove bulk water from 

the honeycomb channels and to prevent individual capillaries from remaining completely water-filled.  

The relevant section in the Methods has been revised for clarification: 

L139-148 Subsequently, the bodies were manually dried with vigorous shaking to remove bulk water from the 

honeycomb channels. Next, the bodies were placed in a 5.6 mol L-1 solution of Na₂S₂O₃ and H2O, and 

ultrasonicated for an additional 10 minutes. After ultrasonic impregnation, excess solution was removed by 

vigorous shaking while holding the monolith vertically to allow drainage of bulk liquid from the honeycomb 

channels. Afterwards, bulk solution within the channels, which was not removed by shaking, was blow-died with 

nitrogen (N2, 99.99%). This was a critical step to prevent the growth of crystals within the ceramic matrix and the 

subsequent occlusion of the channels. The drying process was finished by baking the TSODs at a temperature of 

120°C for a duration of 60 minutes. For equilibration, the TSODs were placed in a sealed container with a separate 

water reservoir at the base to maintain a high humidity environment. 

The reviewer is right, that residual surface moisture after the shaking step cannot be fully excluded. However, 

any remaining thin water film would represent only a minor fraction compared to the volume of the subsequently 

applied 5.6 mol L⁻¹ sodium thiosulfate solution. During impregnation, the monoliths are fully immersed in excess 

thiosulfate solution and subjected to ultrasonic treatment for 10 minutes. This step promotes thorough exchange 

between the solution inside the capillaries and the bulk solution. Under these conditions, any residual moisture 

would at most slightly dilute the thiosulfate solution. 

 

Line 148.  “5,6 mol L-1”?  Please be consistent with using a decimal point for decimals. 

We changed it accordingly. 

 

Line 155:  Please give complete details about the drying method. 

We thank the reviewer for this helpful comment. We have revised the Methods section to provide a clearer 

description of the drying procedure. 

Specifically, we now clarify that the shaking step serves to remove bulk liquid from the honeycomb channels and 

to prevent individual capillaries from remaining fully flooded. Dehydration is not achieved mechanically but 

through subsequent nitrogen blow-drying followed by controlled thermal treatment at 120 °C for 60 minutes. 

We explicitly describe the sequence of shaking, nitrogen drying, and oven treatment, as well as their respective 

purposes. 

Please see the revised version according to the previous comment regarding line 148. 

 

Line 187:  Round site coordinates to a reasonable number. 

The site coordinates have been rounded to an appropriate level of precision (48.358° N, 10.907° E) in the revised 

manuscript. 

L180-183 To evaluate the performance of the TSOD under real environmental conditions, a novel setup was 

installed in a measurement container at an urban field site of the University of Applied Sciences in Augsburg, 

Germany (48.358° N, 10.907° E) in September 2023. 

 

 

 



Line 254: Are the error margins 1-sigma standard deviations? 

Yes, the reported uncertainties represent 1σ standard deviations (SD) derived from triplicate recovery 

experiments (n = 3). We have clarified this in the revised manuscript. 

L250 Uncertainties represent 1σ standard deviations (SD) obtained from triplicate spiking experiments. 

 

Line 264: Give numeric results and stated uncertainty comparison. 

We thank the reviewer for this suggestion. We have revised the manuscript to include explicit numerical 

validation results for SRM 2786. The measured concentrations are now reported relative to the certified values. 

L258-259 Specifically, 107 ± 4 % of the certified BaP concentration was recovered. BbF, BkF, Σ(Chry + BaA), and 

IcdP showed recoveries of 96 ± 5 %, 94 ± 7 %, 89 ± 5 %, and 99 ± 7 %, respectively. 

 

Line 287:  How do you conclude that the sodium thiosulfate efficiency is dependent on relative humidity rather 

than specific humidity? 

We thank the reviewer for this important clarification. We agree that the fundamental controlling parameter for 

thiosulfate reactivity is water availability at the surface. In our laboratory experiments, temperature was kept 

approximately constant, such that RH served as a practical proxy for water availability. In the intended 

atmospheric field application, RH is the routinely monitored and reported parameter and thus represents the 

operationally relevant descriptor of ambient moisture conditions. 

We have revised the manuscript to avoid implying that the process depends uniquely on RH as a thermodynamic 

variable and instead refer more generally to “water availability,” while retaining RH as the reported parameter 

under atmospheric conditions. 

L287-291 We therefore intentionally conducted our laboratory experiments under distinctly drier conditions 

(reported as RH = 52.4–53.3 %), in order to test TSOD performance near the lower end of the humidity range 

expected during field operation. Previous studies indicate that thiosulfate-based ozone removal decreases under 

drier conditions, consistent with reduced water availability at the denuder surface (Ernle et al., 2023; Rynek et al., 

2025) 

 

Line 298:  The ozone monitor that was used really isn’t suited for measuring levels below 1 ppb, and the lowest 

detectable ozone will be quite sensitive to the zero offset that is applied in the monitor.  Therefore, the reliably 

measurable lowest ozone level needs to be carefully determined in a set of zero ozone measurements and 

only numerical values above the determined ozone detection limit should be reported as numerical data.  All 

other recordings need to be reported as below the detection limit (< x.x ppb) of the measurement. 

We thank the reviewer for this important comment and agree that ozone values close to the zero signal of the 

analyzer should not be reported as numerical concentrations. We initinally performed zero-air measurements to 

determine the practical baseline of the instrument under ozone-free conditions. These measurements yielded 

an analyzer response of 4.6 ± 0.5 ppbV.  

During the denuder experiments, the downstream ozone signals ranged from 4.4 to 5.0 ppbV and were therefore 

indistinguishable from the zero-air baseline. We have revised the manuscript accordingly and no longer report 

these values as numerical ozone concentrations. Instead, we now state that ozone downstream of the TSOD was 

below the practical detection limit of the measurement setup / indistinguishable from the zero-air baseline. 

L156-159 To assess the practical zero-level response of the instrument, separate zero-air measurements were 

performed, yielding an analyzer signal of 4.6 ± 0.5 ppbV under O₃-free conditions. 



L295-297 As depicted in Figure 2, the outlet O₃ mixing ratio (4.4–5.0 ppbV) were indistinguishable from this zero-

air baseline, indicating that ozone downstream of the denuder was below the practical detection limit of the 

measurement setup. 

 

Figure 4 caption:  Replace ‘concentration’ with ‘mixing ratio’ here and elsewhere. 

Thank you for pointing this out. We changed the caption accordingly. 

Figure 4  (A) Correlation between hourly averaged O3 mixing ratios from the sampling site and the LfU monitoring 

station. A linear regression through the origin (red line) yields a slope of 1.04 and R² = 0.90. (B) Time line of 

ambient O₃ mixing rations before and during the field campaign in Augsburg. Measurements before the campaign 

were taken from a setup without a TSOD, allowing comparison with reference data from the LfU monitoring 

station. After the start of UFP sampling, measurements were taken downstream of the TSOD (blue, “Sampling 

site”) and compared to the LfU reference data (orange, “LfU”). 

 

Table 1: Explain in table caption what the reference data are. 

Thank you for pointing the unclarity. We changed the table caption accordingly. 

Table 1 Linear regression slopes of marker compound concentrations between the two sampling channels during 

operation with ozone removal (TSOD installed in Channel A). For comparison, slopes obtained during reference 

operation, when both channels were equipped with uncoated ceramic bodies, are also shown (Reference). Slopes 

were derived from linear regressions constrained through the origin. Values greater or smaller than unity indicate 

enhancement or loss of the respective compound in the presence of O3 removal. 

 

Line 458:  Most journals these days do not accept this data availability statement.  Data should be shared with 

readers readily within the Supplemental Materials or through a public archive. 

The study was conducted within a project funded by the Bavarian State Ministry of the Environment and 

Consumer Protection (StMUV). Therefore, the release of the underlying project data requires prior approval by 

the funding authority.  

We are happy to provide the data used to generate the figures upon reasonable request. Should public 

deposition of the figure data or a dedicated dataset be required by the editor or the journal, we will submit a 

corresponding request to the StMUV. We kindly note that obtaining this approval may require additional time. 
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