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Response to Reviewer #1 

Review of Suchánková et al., An innovative approach to measuring hygroscopic light scattering 

enhancement using a humidified single-nephelometer system  

This work presented a novel, cost-effective approach to investigate aerosol hygroscopicity using a 

single nephelometer set-up with an automatically controlled switching valve alternating between 

humidified and dried sample branches. The authors provide a succinct introduction to the single 

nephelometer system used to measure particle light scattering and backscattering enhancement 

factors f(RH), although I document some perceived issues with this design (see Suggestions 1&2 

below). Results of f(RH) from Nov 2022-July 2023 were presented in the context of seasonal 

variability, aerosol optical properties (single scattering albedo, scattering Angstrom exponent, 

absorption Angstrom exponent), estimated aerosol chemistry (based on aerosol optical properties 

using a scheme introduced by Cappa et al., 2016), air mass source region, and OC/EC. The paper 

adds useful climatology of f(RH) in the Prague, Czech Republic area but I recommend some 

changes to improve the paper before publication, as outlined below.  

 

The authors highly appreciate the critical insight of Reviewer #1. Changes based on the comments 

and suggestions of Reviewer #1 are colored green in the manuscript and in the ´Response to the 

Reviewer´ document. Changes driven by Reviewer #2 are colored blue in the manuscript. 

Suggestions:  

The authors claim in multiple places that the single-nephelometer aerosol scattering hygroscopicity 

measurement reduces uncertainties associated with dual-instrument configurations. However, no 

supporting evidence (error estimates) are provided to support this claim and I would argue that the 

single nephelometer system could potentially have larger f(RH) uncertainties than the dual 

nephelometer systems most commonly used. I base my statement on two potential error sources:  

1. Non-simultaneous sampling of dried and humidified particle light scattering: The single 

nephelometer system used to measure f(RH) can potentially possess smaller uncertainty 

relative to the traditional dual nephelometer system but switching between dried and 

humidified particle light scattering at 1-hour intervals can lead to potentially larger (and 

unknown) uncertainty in f(RH) because one is taking a ratio of measurements taken one 

hour apart. I should note that the authors acknowledge the limitations of non-simultaneous 

dry and humidified light scattering and backscattering measurements made using the single 

nephelometer system (lines 124-125).  

The authors understand the skepticism of Reviewer #1 regarding uncertainty statements in this 

manuscript. We are aware of the lower time resolution of our experimental setup, which is a direct 

result of the setup's nature. Due to these possible limitations, the enhancement factors were 

calculated using the “overlapping hours” method to prevent episodic extreme events from biasing 

the overall measurement (see Section Materials and Methods). Lines 124-125 were updated to 

better reflect the reality of the experiment: 

Lines 133-140: “While this approach reduces uncertainties in the f(RH) estimation arising from the 

comparison of two instruments, it should be noted that such a measurement approach relies on the 

reduced time resolution compared to the dual nephelometer setups (1-hour intervals), which may 

introduce additional uncertainty on short timescales, e.g., the influence of episodic extreme 
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pollution events. This limitation was partly addressed in the Chapter Data treatment.  Moreover, 

another limitation of this setup originates from a lack of parallel measurement of dry and wet 

aerosol properties, which rules out the hygroscopic scanning, humidogram analyses, and the 

precise recalculation of f(RH) at the given RH. The statistical overview of RH and temperature 

during the measurement campaign for both humidified and dry mode are shown in Table S.2 in 

Supplementary Materials.” 

 

2. A well-calibrated dual nephelometer system includes built-in checks of nephelometer 

performance lacking in the single nephelometer design. This is achieved by periodically 

comparing light scattering and backscattering measured by both nephelometers under low 

RH conditions. A slope close to 1 and intercept close to zero provides high confidence in 

relative calibration of the nephelometers and small differences from this can be applied to 

correct the wet nephelometer scattering. Values of f(RH) sometimes in the 0.8-0.9 range 

(Fig. 8) could potentially signal small calibration drifts or other unknown uncertainties. 

The authors agree with Reviewer 1 on the importance of comparing two nephelometers in a dual 

nephelometer setup. In the case of our study, if any uncertainty is presented, the use of a single 

nephelometer ensures a similar uncertainty for both dry and humidified modes, thereby cancelling 

out a large portion of this type of uncertainty. Moreover, not all studies that included a dual 

nephelometer system provided the same level of uncertainty prevention and automatic checkups. 

In that case, a single nephelometer system could be beneficial in reducing this type of error. 

Furthermore, the nephelometer was operated under strictly dry conditions for multiple hours, 

regularly accompanied by full calibration of the instrument.  

The authors also acknowledge an issue regarding ratio values lower than 1 for f(RH) and f(RH)bsp 

in this study. Importantly, this issue has been observed in several recent studies on hygroscopic 

enhancement of aerosol light scattering: for instance, Burgos et al., 2019 (Fig. 5); Fierz-

Schmidhauser et al., 2010 (Fig. 4); and Titos et al., 2014 (Fig. 4 and Fig. 7) and 2021 (Fig. 1). 

Therefore, the community should focus on addressing this well-known issue in more depth. 

3. The calculated f(RH) should be at a stated RH and the humidified (and to less degree dried) 

RH values used to compute the ratio should be the same for all hours to compute meaningful 

statistics over the time period. For example, many studies (Burgos, et al. 2019 and some of 

the references there within) use f(RH) = σsp(RH = 85%)/σsp(RH = 40%). The authors only 

state that humidified scattering is used are when RH ≥ 80%. Particle scattering increases 

rapidly at RH near and larger than 80% so comparing multiple hours with different RH 

values or using the hours to calculate statistics can lead to additional, unknown 

uncertainties. 

The authors agree that certain chemical species can cause almost exponential growth of aerosol 

particles above 80% RH (e.g., certain salts, organic compounds) and are aware of such limitations 

for data reporting at the exact RH value from the literature. Nevertheless, due to the limitations of 

our setup—mainly the inability to perform humidogram studies—it was not possible to recalculate 

f(RH) to a precise RH. Even so, the statistical evaluation of RH during the campaign is presented 

in Table S.2 of the Supplementary Materials. 
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Table S.2: The RH (%) and T (K) statistics in the cell during humidified and dry modes. P10, P25, 

P50, P75, and P90 denote respective percentiles. 

 
Humidified mode Dry mode 

RHcell (%) Tcell (K) RHcell (%) Tcell (K) 

Mean ± sd 87.34 ± 2.67 297.91 ± 4.15  28.36 ± 5.85 297.94 ± 4.16  

P10 83.62 293.57  20.30 293.46  

P25 85.81 295.01  25.05 294.92  

P50 87.64 296.83  28.84 296.77  

P75 89.31 299.13  32.43 299.29  

P90 90.50 304.94  35.34 304.93  

To improve clarity, this limitation was subsequently incorporated into the uncertainty description 

in lines 136-140: “Moreover, another limitation of this setup originates from a lack of parallel 

measurement of dry and wet aerosol properties, which rules out the hygroscopic scanning, 

humidogram analyses, and the precise recalculation of f(RH) at the given RH. The statistical 

overview of RH and temperature during the measurement campaign for both humidified and dry 

modes is shown in Table S.2 in Supplementary Materials.” 

Minor Suggestions  

1. The color-coded plots of particle type versus cluster, SSA, etc. are nicely done and convey 

a lot of information on single plot (Figs. 8-9). 

The authors highly appreciate this positive recognition.  

2. The statement in lines 58-59 is confusing: “The comparison of the integrating nephelometer 

TSI 3563 with AURORA 3000 possessed an overall uncertainty of 2-5 % for σsp and 3-

11 % for σbsp in laboratory conditions, respectively (Müller et al., 2011).” For which 

instrument is the uncertainty quoted for and (if so) is the other instrument assumed to be 

the “standard” reference instrument? Please clarify what you mean by these “uncertainties”.  

The lines 58-59 were updated and clarified as follows (now 58-61): “Müller et al. (2011) showed 

that after correction for angular truncation errors, the total scattering coefficients σsp and 

backscattering coefficients σbsp at 450, 525, and 635 nm measured by the Ecotech Aurora 3000 

against the referenced integrating nephelometer TSI 3563 in laboratory conditions differ by 2-5 % 

and 1-11 %, respectively. The discrepancies observed in total scattering were consistent with the 

calibration uncertainties.” 

3. Corrections to the raw data were mentioned in lines 159-161, but no mention was made of 

the most important correction, namely the nephelometer angular truncation correction 

(Anderson and Ogren, 1998). The authors also stated that “Values below the limit of 

detection (LOD) were replaced by LOD/2 values,” but no mention was made as to the value 

of the LOD.  

The authors apologize for the confusion. Lines 159-161 were updated (now 181-184): “The TSI 

3563 integrating nephelometer data set was processed according to the EMEP Standard Operating 

Procedure. The raw σsp and σbsp data at all wavelengths were validated (removal of invalid, missing, 

and calibration data). Values below the limit of detection LOD (0.3 Mm-1 for TSI 3563) were 
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replaced by LOD/2 values. Validated data were corrected for a truncation error according to 

Anderson and Ogren (1998), and standardized to STP conditions (273.15K, 1013.25 hPa).”  

4. The two wavelength pairs used to calculate ΔSAE should be explicitly stated.  

This information is provided in Equation 5: 

ΔSAE = SAE450−550 − SAE550−700, 

where SAE450-550 is the Scattering Ångström Exponent calculated from 450 and 550 nm wavelength 

pair and SAE550-700 from 550 and 700 nm wavelength pair, respectively. 

The concept of SAE calculation from two wavelengths of light is described already in Equation 4: 

SAEλ1−λ2 = −

log⁡(
σsp(λ1)

σsp(λ2)
)

log (
λ1
λ2
)

 

For better understanding, line 226 was added to the text: 

“…where SAE450-550 is calculated from 450 and 550 nm and SAE550-700 from 550 and 700 nm 

wavelength pair, respectively.” 

5. The authors state (lines 343-444) that “While we found a larger influence of the chemical 

composition on light scattering enhancement than the particle size, the seasonal variations 

in the ratio b were linked to changes in aerosol size distributions and sources.” However, 

no data is presented to support this assertion.  

Authors admit that some parts may appear unclear or misleading. The conclusion of “a larger 

influence of the chemical composition on light scattering enhancement than the particle size” 

partially comes from Fig. S.5a and S.5b in Supplementary Materials, showing a temporal variation 

of f(RH) and the ratio of f(RH)bsp and f(RH) at 550 nm, color-coded with a dry SAE450-700.  

In these plots, SAE450-700 values exhibit high seasonal variability – it is “horizontally variable”. 

Very little correlation was found in “vertical direction” – variability of SAE450-700 with increased 

f(RH) or f(RH)bsp. The highest values indicating particle size in a rather fine mode spectrum were 

found in spring and summer, suggesting an increased frequency of NPF. The rest of the year 

suggests a mixture of fine and coarser particles in the population, as expected from urban 

atmospheric aerosol mixing.  

Additional analysis was further extended by the particle number size distribution in Fig. S.6 of the 

Supplementary Materials, where we observed temporal variations in certain particle size modes 

correlated with f(RH) or f(RH)bsp. The correlations of particle number concentrations with f(RH) 

or f(RH)bsp were performed; however, the authors decided to add graphical representations in Fig. 

S.5 and S.6 instead. 

The authors are aware of the limitations of this conclusion, primarily due to the absence of direct 

chemical analysis of hygroscopic species and the restricted particle number size distribution (PM1 

measured by SMPS vs. PM10 measured by the hygroscopic single-nephelometer system). Thus, the 

statement from lines 343-344 was corrected (new lines 365-376): 
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“Our results suggest that variations in aerosol chemical composition may play a more important 

role in modulating light scattering enhancement than particle size alone. The temporal evolution of 

f(RH) and the ratio f(RH)bsp/f(RH), color-coded by dry SAE450-700 (Fig. S.5a,b), shows pronounced 

seasonal variability in particle size, while only weak co-variability of SAE450-700 with increasing 

hygroscopic enhancement. Higher SAE450-700 values, predominantly observed in spring and 

summer, indicate a dominance of fine particles, consistent with an enhanced influence of NPF, 

whereas the remaining seasons reflect a mixture of fine and coarser particles typical of urban 

aerosol. Although smaller particles generally exhibit higher dry backscattering fractions, 

hygroscopic growth can modify particle size and the scattering phase function, leading to a 

comparatively weaker enhancement of backscattering than total scattering (Fig. S.5b). This 

interpretation is further supported by seasonal changes in particle number size distributions (Fig. 

S.6), which indicate shifts in dominant size modes, reflecting changes in aerosol sources over the 

year. It should be noted that this interpretation is based on indirect proxies for aerosol composition 

and size, as no direct chemical analysis is available, and particle size distributions are limited to 

PM1, while hygroscopic scattering measurements represent PM10.” 
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Figure S.5: Temporal variation of f(RH) (a) and the ratio of f(RH)bsp and f(RH) (b) at 550 nm, 

color-coded with a dry SAE450-700. Scatterplot of the f(RH) at 550 nm vs SSA550 during the 

campaign, color-coded with median SAE450-700 (c). The red circle with red error bars estimated the 

median point with interquartile ranges. 
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Figure S.6: Temporal variation of f(RH) at 550 nm, color-coded with the fraction of the size 

selected dN/dlog Dp to the overall dN/dlog Dp: 8.8 nm < Dp < 98.1 nm (a), 104.5 nm < Dp < 192.5 

nm (b), 207.0nm < Dp < 503.2 nm (c), and 550.2 nm < Dp < 835.7 nm (d). It should be noted that 

the fractions of the respective size modes have different scales for better readability. The gray 

points represent missing PNSD measurements. 

6. Figure 6: There is a non-negligible fraction of f(RH) < 1 (often for SSA < 0.60) with values 

~0.80-0.90 for ~5% of whole dataset. In a dual nephelometer system this could perhaps be 

attributed to relative differences/drifts in nephelometer calibration, and this difference 

could be corrected by inter-comparison of the nephelometers under low RH conditions but 

it is not obvious to me what the reason could be for a single nephelometer system. Please 

elaborate on likely sources for this. 

Based on this comment, an error was identified in the calculation of SSA. The SSA was 

recalculated, and the revised results were implemented throughout the manuscript and 

Supplementary Materials, including Table 1, Figures 6, 7, 8, S.5, S.7, S.8, and S.9. All 

modifications are highlighted in red. 

As a consequence of the revised SSA values and to better reflect urban background conditions, the 

SSA threshold used in Fig. 6 and Fig. S.7 was updated from 0.6 to 0.8. This resulted in a revised 

arrangement of the curves representing the percentage of observations for SSA < 0.8 and SSA > 

0.8 for both f(RH) and f(RH)bsp. 

A small fraction (~5%) of f(RH), with values typically ranging from 0.8 to 0.9, remains in the 

dataset. All data were strictly filtered to ensure RH < 40% during dry measurements and RH > 80% 

during humidified measurements, excluding the transition period of humidification conditions. 

Therefore, these values are interpreted as measurement artefacts inherent to humidified 

nephelometer systems rather than a physical aerosol property. 
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Even at sufficiently high RH, aerosol particles may not instantaneously reach equilibrium with 

water vapor, particularly during transitions between dry and wet sampling and under rapidly 

changing ambient conditions. Furthermore, hygroscopic growth shifts particles toward larger sizes, 

enhancing forward scattering and thereby increasing angular truncation effects in the nephelometer, 

which can partially offset the true scattering enhancement. Given that the overall f(RH) and 

f(RH)bsp at the Suchdol site were relatively low compared to other locations (e.g., Titos et al., 2021), 

the RH-induced change in scattering may be small relative to instrumental uncertainty. 

Most occurrences of f(RH) < 1 were restrained to a limited number of days at the beginning of the 

campaign in autumn (15–30 November 2022), a period characterized by rapidly varying aerosol 

composition and ongoing system adjustments (Fig. S.7). Given their low frequency and limited 

magnitude, these values do not affect the overall conclusions of the study. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Frequency distribution of f(RH) (left) and f(RH)bsp (right) calculated at 550 nm during 

the whole measurement campaign. The distributions are color and symbol-coded based on SAE450-

700 and SSA550 values. 
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Response to Reviewer #2 

Summary: 

The manuscript presents measurements of particle hygroscopicity in the form of scattering 

enhancement factor derived from a single RH-switched nephelometer. A new instrument was 

developed and operated for approximately nine months at a suburban site outside of Prague, 

Czech Republic. Data are presented both for a traditional hemispheric scattering measurement 

and also for backscatter-specific hygroscopicity. Results suggest a dominance of low-

hygroscopicity, highly-absorbing aerosol at the site, and correlations with other aerosol 

properties are discussed. Inclusion of backscatter f(RH) measurements is a nice unique addition 

to the literature and could be emphasized more throughout the manuscript. Still, major revisions 

are necessary before publication to address concerns regarding the validity of the approach 

when conditions are changing on sub-hour timescales, and the validity of highly absorbing 

aerosol observations. 

We highly appreciate the critical insight of Reviewer #2. Changes based on the comments and 

suggestions of Reviewer #2 are colored blue in the manuscript and in the ´Response to the 

Reviewer´ document. Changes driven by Reviewer #1 are colored green in the manuscript, 

while other changes made are colored red. 

Major critiques: 

1. The manuscript focuses on a self-described “innovative approach” or “novel” system to 

measure ambient aerosol hygroscopicity (i.e., f(RH)). But in my opinion, the method that is 

presented is at best functionally the same as previous work, or depending on your 

application it is less robust. The novel aspect of the new approach is utilizing a single 

nephelometer and automatically switching the sample pre-treatment systematically back 

and forth from dry to humid relative humidity.  This switching is done at 1-hour frequency, 

resulting in an f(RH) calculation once every 3 hours (i.e., every dry-humid-dry or humid-

dry-humid cycle). For comparison, aircraft-based hygroscopicity measurements are done 

utilizing multiple instruments in parallel, thus producing dry and wet datasets 

simultaneously (i.e., Brock et al. [2015] or Ziemba et al. [2013]). Clearly, ground-based 

measurements do not require the same fast time-response, but the manuscript does not 

adequately describe the merits of using a single instrument. For example, the abstract claims 

(Line-17, also Line-63) that the new system “reduces measurement uncertainty” but does 

not justify this improvement. Can this improvement in measurement uncertainty be 

quantified? The authors should add text to provide more clarity. Additionally, at least one 

study already employs a single-nephelometer-based f(RH) measurement (Orozco et al., 

2016) and should be cited. 

 

The presented single-nephelometer system serves as an alternative to the two-nephelometer 

system for studies of aerosol hygroscopicity. It was designed to be cost-effective, suitable for 

long-term observations, and to reduce instrumental noise in the derived backscattering 

enhancement. By relying on a single instrument, uncertainties associated with two independent 

nephelometers do not propagate into the ratio, resulting in an improved signal-to-noise ratio 

compared to a two-nephelometer configuration. When it comes to the question of uncertainty, 

we primarily referred to the reduction of uncertainty in the f(RH) estimation that arises from 

comparing two instruments, each with its own set of uncertainties, as the presented approach 

utilizes only one instrument. As a result, this type of uncertainty practically diminishes. 

However, authors agree that the presented approach is less robust than some previously reported 
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studies due to hourly alternation between dry and humidified mode. We were not aware of the 

paper of Orozco et al. (2016), thank you for bringing this to our attention. As a result, we added 

the citation of Orozco et al. (2016) and reconsidered the description of the presented system: 

 

Lines 17-19: “This study presents a single-nephelometer system that reduces measurement 

uncertainty associated with inter-instrument comparison and enables the study of aerosol 

hygroscopic behavior in the inadequately represented European urban environment.”  

 

Lines 64-70: “Thus, this study presents a single-nephelometer system to partially reduce 

uncertainties in the f(RH) estimation arising from the comparison of two instruments and to 

investigate ambient aerosol particles' light scattering hygroscopic behavior at the suburban site.  

Orozco et al. (2016) examined aerosol hygroscopicity using a dryer-humidifier system coupled 

to a TSI 3563 nephelometer in urban/suburban environments in North America. However, to 

the best of our knowledge, only one study has specifically investigated aerosol light-scattering 

enhancement in a European urban/suburban environment (Titos et al., 2014). Therefore, this 

study provides a unique insight into f(RH) and light-scattering enhancement of aerosols in a 

European suburban context using a single-nephelometer approach.” 

 

Lines 133-136: “While this approach reduces uncertainties in the f(RH) estimation arising from 

the comparison of two instruments, it should be noted that such a measurement approach relies 

on the reduced time resolution compared to the dual nephelometer setups (1-hour intervals), 

which may introduce additional uncertainty on short timescales, e.g., the influence of episodic 

extreme pollution events.”  

 

Lines 521-524: “This work presented a cost-effective approach to investigate aerosol 

hygroscopicity using a single-nephelometer set-up with an automatically controlled switching 

valve alternating between humidified and dried sample branches. This design reduced 

uncertainties associated with dual-instrument configurations while allowing for investigation 

of light backscattering changes with elevated RH.” 

 

While the single-nephelometer system has been already successfully applied in Orozco et al. 

(2016), such an approach generally relies on the assumption that ambient aerosol properties do 

not vary substantially over the dry–humid switching period. At the present suburban site, rapid 

temporal variability in aerosol loading and meteorological conditions was frequently observed. 

To mitigate potential biases associated with this variability, an overlapping-ratio approach was 

applied in the data analysis. 

 

2. Another result of this work is the dominance of low-hygroscopicity and highly-absorbing 

aerosol in the region. Table 1 reports seasonal SSA values of 0.65-0.76.  These are 

extremely low for ambient aerosols and require more explanation. For example, SSA values 

globally are typically greater than 0.9 (Devi and Satheesh, 2022), even in regions 

dominated  by biomass burning. Part of this concern is the lack of discussion regarding 

aethalometer-based absorption corrections (of which SSA values are based).  Aethalometer 

observations are filter-based, and typically require correction for scattering from the filter 

media directly or from the aerosols collected on the filter (e.g., Virkkula et al. 

[2010]).  Backman et al. [2017] report a correction factor of 3.45 for Arctic sampling.  Coen 

et al. [2010] also describe numerous correction schemes developed for 

aethalometers.  Given such low SSA values, a more in-depth discussion and scrutiny of the 

reported absorption data is critically important. 
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Based on this comment, a mistake was found in the calculation of aerosol absorption properties, 

leading to a significant error in SSA estimation – thank you for noticing this! Now, the SSA 

was recalculated, and the revised results were implemented throughout the manuscript and 

Supplementary Materials, including Table 1, Figures 6, 7, 8, S.5, S.7, S.8, and S.9. All 

modifications are highlighted in red. 

 

The details regarding absorption corrections used in data analysis were added to the Chapter 

Materials and Methods. More details are provided in the section “Specific Comments” below.  

 

Although the revised SSA values (median of 0.81) are still lower than the global mean values 

reported by Devi and Satheesh (2022), it should be noted that their estimates are based on 

satellite-derived, column-integrated SSA, whereas the present study relies on in situ, near-

surface measurements. Such in situ observations are more sensitive to locally emitted, freshly 

produced absorbing aerosols, particularly in urban and suburban environments. Titos et al. 

(2021) reported SSA values below 0.9 at several continental stations, especially those 

influenced by traffic and fossil-fuel combustion. The SSA values observed in this study are 

consistent with the range reported for such environments, indicating that they are physically 

plausible and representative of the local aerosol source mixture. 

Specific Comments: 

TITLE     I’m not sure that “innovative approach” should be highlighted in the title, since the I 

don’t think the method is really the focus of the paper.  I suggest revising to something 

emphasizing seasonal variability for hemispheric and backscatter hygroscopicity. 

 

We reconsidered the manuscript title as suggested by Reviewer #2 and changed it to: 

“Hygroscopic enhancement of suburban aerosol light scattering measured using a single-

nephelometer system in Central Europe” 

74           How is instrument exhaust treated and are you able to verify that exhaust never 

contaminates the sample line? 

Due to the insufficient efficiency of the internal pump of the TSI 3563, experienced during the 

permanent installation as the ACTRIS instrument at the National Atmospheric Observatory 

Košetice, it was replaced by an external pump with an efficient HEPA filter to capture the 

exhaust particles and water molecules. The filter's efficiency was regularly checked, and it was 

replaced when needed.  

Moreover, the four-way switching valve alternating between dried and humidified air (Fig. 2, 

No.5) ensured that always one type of the sample was directed to the nephelometer while the 

second type of sample was carried by the additional tubing out of the sampling container, away 

from the sampling head.   

85           Please add additional instrumental details for the instrument, including: 

• Nafion dryer model number for the common dried line 

• Nafion dryer model for the humidifier stage, 

The model numbers for dried line and humidifying line (MD-700-24), plus the bundle Nafion 

membrane responsible for the particle-free air humidification (FC100) were added to the MS 

(Lines 91-97 and 101-102, respectively). 
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• theoretical (or preferably experimental) size-dependent particle losses in each of 

the Nafion dryers, 

• theoretical (or preferably experimental) size-dependent particle losses in the 4-way 

valve, and 

Considering the vertical orientation of the Nafion membranes, particle losses are 

expected to be dominated by Brownian diffusion. Such diffusion losses primarily affect 

ultrafine particles (< 100 nm) and are therefore considered negligible for aerosol light-

scattering measurements. The TSI 3563 nephelometer operates down to a wavelength 

of 450 nm, for which optically relevant scattering is dominated by particles larger than 

approximately 100–200 nm, whereas particles below ~100 nm contribute negligibly to 

the measured scattering signal. 

In the case of the 4-way valve, particle losses may occur due to inertial impaction in the 

bends of the valve, particularly for humidified particles that grow in size compared to 

their dried counterparts. We calculated theoretical losses for PM₁₀ in the 4-way valve as 

an upper bound (~ 5.2 %). While urban air rarely contains significant numbers of 

particles larger than 2–3 µm away from direct dust or road sources, these particles 

contribute disproportionately to the scattering signal due to their volume (Held et al., 

2008; Klejnowski et al., 2013; Wu and Boor, 2021). According to the classical aerosol 

size distribution model of Junge (1995), particle number decreases roughly as a power 

law with increasing diameter, providing a theoretical explanation for the scarcity of 

coarse particles. For particles < 2.5 µm and even < 1 µm , which dominate urban aerosol 

volume and scattering (Salam et al., 2012; Wu and Boor, 2021), losses in the valve are 

minimal (~ 0.3 % and ~ 0.03 %, respectively), indicating that the instrument effectively 

captures the relevant fraction of the aerosol. 

Consequently, neither Nafion- nor valve-related particle losses are expected to 

significantly influence the reported scattering results. 

The information regarding expected losses was added into the manuscript (lines 129-

132): “Particle losses in the Nafion membranes and the 4-way valve are not expected to 

significantly influence the reported scattering measurements, as diffusional losses affect 

optically negligible ultrafine particles and inertial losses primarily affect coarse particles 

that are scarce in urban air. Urban aerosol scattering is dominated by accumulation-

mode particles (<1 µm), for which calculated valve losses are minimal.” 

• typical water temperature used for humidification, and whether there is any heating 

of sample air in the system 

The water in the thermostat was heated up between 31 and 33 °C. No additional heating 

was applied in the experimental design. Additionally, the sampling lines carrying the 

humidified aerosol sample were insulated with insulation foam. The protective shield 

from the TSI 3563 was removed during the campaign, and the halogen lamp 

illuminating the measurement cell was constantly cooled by the cooling fan to ensure 

minimal temperature increase in the measuring cell. The information was added to 

lines 100-103: “Demineralized water, heated in a controlled manner by the thermostat 

(up to 33 °C), was directed to the bundle Nafion membrane (FC100, Permapure) (Fig. 

2, No. 7), where mass transfer between water (in channels) and the dry particle-free 

air (outside the channels) occurred.” 
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145        Please provide a description and references for any corrections applied to the 

aethalometer data. 

The information was added to the manuscript (lines 160-173): 

“A dual-spot multiwavelength aethalometer (Model AE33, Magee Scientific, USA, 2018) 

continuously measured light attenuation by particles at seven wavelengths (370, 470, 520, 590, 

660, 880, and 950 nm).  The dual-spot technology enables real-time compensation for filter 

loading. Particles were sampled through the PM10 sampling head (Leckel GmbH) at a flow rate 

of 5 lpm, dried in a custom-made Nafion dryer (TROPOS, Leipzig, Germany), and deposited 

onto tetrafluoroethylene (TFE) coated glass filter tape. Light transmission through the deposited 

sample is measured and compared to the blank filter tape spot as a reference, converting the 

optical absorbance into an equivalent black carbon concentration (eBC, µg m-3) data. The data 

was automatically corrected by the multi-scattering correction factor C (1.39 for the 

recommended filter tape M8060). Furthermore, the wavelength-dependent mass absorption 

cross-section (MAC) values were used for the eBC conversion to the absorption coefficients 

σap (Drinovec et al., 2015; Müller and Fiebig, 2021; Savadkoohi et al., 2025). The wavelength-

dependent MAC factors were adopted from the AE33 manual (e.g., MAC = 7.77 m2/g for 880 

nm) (Magee Scientific, 2018). The σap values were additionally standardized to STP conditions 

(273.15 K, 1013.25 hPa) and divided by the harmonization factor H* (1.76 for the 

recommended filter tape M8060), which compensates for the differences between the 

predefined multi-scattering correction factor C and corrections in the Aethalometer firmware 

set by the manufacturer (Müller and Fiebig, 2021; Savadkoohi et al., 2024, 2025).” 

150       Please provide the mass absorption efficiency used to convert absorption to BC 

mass.  Was this conversion factor wavelength dependent? 

Yes, the mass-absorption cross-section (MAC) factor used for the eBC-to-σap recalculation was 

wavelength-dependent, adopted from the AE33 manual. Specifically, the following MAC 

values were used (Magee Scientific, 2018): 

 
Wavelength (nm) MAC (m2 g-1) 

370 18.47  

470 14.54 

520 13.14 

590 11.58 

660 10.35 

880 7.77  

950 7.19 

 

The information regarding MAC was added to the manuscript (lines 167-169):  

“Furthermore, the wavelength-dependent mass absorption cross-section (MAC) values were 

used for the eBC conversion to the absorption coefficients σap (Drinovec et al., 2015; Müller 

and Fiebig, 2021; Savadkoohi et al., 2025). The wavelength-dependent MAC factors were 

adopted from the AE33 manual (e.g., MAC = 7.77 m2/g for 880 nm) (Magee Scientific, 2018).”  

167        Why do you have to assume the dew-point is preserved when you are directly 

measuring both the inlet and outlet temperature and RH?  From that data, did you have to filter 

any of the dataset for instances when the RH dramatically changed inside the nephelometer?  

 

We appreciate this on-point question. Temperature and RH data from all sensors were corrected 

using calibration curves derived from comparisons with a reference thermometer and a dew-
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point mirror hygrometer. Although RH and temperature varied along the nephelometer flow 

path, the water vapor mixing ratio is conserved under steady-state conditions in the absence of 

the water phase changes (condensation or evaporation). Therefore, the real RH of the sample 

was derived by assuming identical dew point temperatures in front of and behind the 

measurement cell, following the methodology of Ren et al. (2021). Dew point temperatures 

were independently calculated from the inlet and outlet RH/T measurements using the Magnus–

Tetens approximation (Alduchov and Eskridge, 1997) (See Chapter 2.4.1. Humidified 

nephelometer system in the manuscript). 

Regarding data filtering, switching between humidified and dried modes leads to transient non-

equilibrium conditions.  

Comparing inlet- and outlet-derived dew point temperatures enabled us to identify periods when 

RH equilibrium was not achieved inside the nephelometer. Based on this analysis, 

approximately 15 % of the data were excluded due to significant RH differences before and 

after the measurement cell. The lines 203-204 were slightly updated: “Data corresponding to 

the range of 40 % < RH < 80 %, including the conditioning periods, was discarded (approx. 15 

% of the raw data).”  

180        When enhancement factors are calculated, are they referenced specifically to RH = 

40% and RH = 80%?  If the RH control varied or drifted, was the data corrected back to 40 and 

80% for calculation of the enhancement factor?  For example, if the dry RH was actually 

controlled at 32%, was this scattering data corrected to 40% or simply assumed to be 

“dry”?  Similarly for the humidified sample, how did you treat data when the control RH 

deviated from 80%? 

This comment matches the concern of Reviewer #1. The enhancement factors were calculated 

at RH ≥ 80 % vs RH ≤ 40 %. Despite the efforts, the RH of the sample in both modes fluctuated 

throughout the measurement campaign, as shown in Table S.2 of the Supplementary Materials. 

 
Table S.2: The RH (%) and T (K) statistics in the cell during humidified and dry modes. P10, P25, P50, P75, and 

P90 denote respective percentiles. 

 

Humidified mode Dry mode 

RHcell (%) Tcell (K) RHcell (%) Tcell (K) 

Mean ± sd 87.34 ± 2.67 297.91 ± 4.15  28.36 ± 5.85 297.94 ± 4.16  

P10 83.62 293.57  20.30 293.46  

P25 85.81 295.01  25.05 294.92  

P50 87.64 296.83  28.84 296.77  

P75 89.31 299.13  32.43 299.29  

P90 90.50 304.94  35.34 304.93  

 

We are aware of this limitation; unfortunately, the single-nephelometer setup is unable to 

perform humidogram studies, which are essential for possible recalculation of f(RH) to a precise 

RH. 

To improve the clarity of the text, the description of this limitation was subsequently 

incorporated into the uncertainty description in lines 136-140: “Moreover, another limitation of 

this setup originates from a lack of parallel measurement of dry and wet aerosol properties, 

which rules out the hygroscopic scanning, humidogram analyses, and the precise recalculation 

of f(RH) at the given RH. The statistical overview of RH and temperature during the 

measurement campaign for both humidified and dry modes is shown in Table S.2 in 

Supplementary Materials.” 



7 
 

188        Are the conditioning periods shown in Figure 3?  Can those periods be marked in the 

figure to assess stability in the system? 

An example of the conditioning and measurement periods has been integrated into Figure 3 in 

the MS (below). Lines 200-205 were updated accordingly: “The RHcell dataset was later 

combined with the nephelometer and switching valve data. The RHcell data, along with the valve 

position dataset, were used to separate the data into dry (RH ≤ 40 %) and humidified (RH ≥ 

80 %) datasets. They were also used to separate the conditioning periods, which occurred when 

switching between dry and humidified modes to reach RH equilibrium in the measurement cell 

from the actual measurement periods (Fig. 3). Data corresponding to the range of 40 % < RH 

< 80 %, including the conditioning periods, was discarded (approx. 15 % of the raw data). The 

dry and humidified datasets of aerosol light scattering properties were averaged hourly.”  

 

 
Figure 3: The example of f(RH) calculation from a single-nephelometer measurement on December 12, 2022. The 

D and H symbols indicate "dry" and "humid" measuring intervals of σsp. The orange intervals on the left represent 

the conditioning period, while the purple intervals represent the actual measurements. 

188        This looks like a rather ideal period for calculating the 50-minute averages, but how 

does your method handle periods when dry scattering changes significantly during the 3-hour 

period? Gradual changes, but more likely fast changes associated with frontal passages or 

airmass changes, will could result in incorrect f(RH) calculations. How is this flagged or filtered 

in your method? 

 

We acknowledge the critical insight of Reviewer #2 into the method and are aware of the 

limitation regarding the hourly averaging of measurement intervals. The most suitable solution 

to this issue was the use of the overlapping dry-centered and humid-centered interval 

calculation to capture potential fast changes in the aerosol origin or meteorological conditions. 

Moreover, the dry and humid light scattering properties were inspected manually alongside the 

particle number concentration beforehand the actual f(RH) and f(RH)bsp calculation. In case of 

a sudden significant change in the aerosol dry scattering, such interval was inspected and 

discarded if needed.  

235        How are new particle formation events relevant to this work?  This section seems 

outside the scope of the paper and should be removed. 

 

After the consideration, we decided to follow Reviewer #2´s advice and removed Chapter 3.6 

Light scattering enhancement and NPF from the manuscript. The Abstract, together with the 

Summary and conclusions, was edited accordingly.  
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288        It’s not clear that f(RH) truly “varies with seasons”, since only Fall is 

inconsistent.  Likewise, it is very difficult to assess whether the different Fall slope is real or 

just a statistical anomaly (the yellow points are very hard to see).  You may want to consider 4 

separate panels, one for each season. 

Based on this recommendation, new Figure 4 was prepared, and lines 304-305 were added to 

soften the statement about seasonal variations of bivariate f(RH) vs f(RH)bsp fit:  

“Despite the strong linear relationship, f(RH)bsp does not precisely mirror f(RH) and slightly 

varies mainly between colder (fall and winter) and warmer (spring and summer) seasons.”  

 

 

  

 

 

 

 

 

Figure 4: The weighted bivariate fit of f(RH)bsp vs the f(RH) at λ = 550 nm for individual seasons (left). The right 

plot demonstrates the weighted bivariate fit for the whole dataset. The grey points represent the overall f(RH) and 

f(RH)bsp mean value with error bars.  

284        It appears that some fraction of datapoints show f(RH) and f(RH)bsp values below 1. 

Interestingly, the data do not converge at f(RH) AND f(RH)bsp = 1, with potentially more 

backscatter data below 1. Can you comment on the interpretation of these sub-1 data, and why 

backscatter might behave differently?  Do you think a soot restructuring process is occurring 

similar to Shingler et al. [2016]? 

We interpret values of f(RH) and f(RH)bsp < 1 mainly as measurement artefacts inherent to 

humidified nephelometer systems rather than a physical aerosol property. Even at sufficiently 

high RH, aerosol particles may not instantaneously reach equilibrium with water vapor, 

particularly during transitions between dry and wet sampling and under rapidly changing 

ambient conditions. In addition, hygroscopic growth shifts particles toward larger sizes, 

enhancing forward scattering and thereby increasing angular truncation effects in the 

nephelometer, which can partially offset the true scattering enhancement. Given that the overall 

f(RH) and f(RH)bsp at the Suchdol site were relatively low compared to other locations (e.g., 

Titos et al., 2021), the RH-induced change in scattering may be small relative to instrumental 

uncertainty. Under these conditions, exact convergence of f(RH) and f(RH)bsp to unity is not 

expected. 

The authors assume that a higher occurrence of f(RH)bsp < 1 compared to f(RH) is consistent 

with the overall larger uncertainty of backscattering coefficient measurement by integrating 

nephelometers, for which the signal-to-noise ratio is inherently lower. Müller et al. (2011) 

showed that, after correction for angular truncation errors, total scattering coefficients (σsp) 
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measured by the Ecotech Aurora 3000 differ from those measured by a reference TSI 3563 by 

2–5%, whereas backscattering coefficients (σbsp) differ by 1–11% under laboratory conditions. 

Moreover, because hygroscopic growth preferentially enhances forward scattering, small RH-

induced changes may increase σsp while leaving σbsp unchanged or even reduced within 

uncertainty, leading to a higher frequency of f(RH)bsp < 1. 

Considering findings in Shingler et al. (2016), we performed an analysis analogous to the one 

in Figure 8, for data corresponding to f(RH) < 1 and f(RH)bsp < 1 (Figure R.1 and R.2, see 

below). Sub-1 enhancement factors were observed throughout the year. In winter, the highest 

frequency of f(RH) < 1 coincided with aerosol optical properties indicative of mixed BC/BrC 

influence, suggesting a non-negligible contribution from biomass burning sources. We 

hypothesized that soot restructuring occurred in summer due to the dry and humidified SAE450-

700 behavior and the overall BC-dominated aerosol mixture (Figure 7 and Figure R.1). Shingler 

et al. (2016) reported the observations of f(RH) and g(RH) < 1 in association with particles 

enriched in carbonaceous material, particularly during biomass burning or smoke-influenced 

periods. They also noted that soot restructuring may occur even when f(RH) and g(RH) are both 

> 1, highlighting that the underlying mechanisms remain poorly understood. In this context, 

while measurement uncertainty likely explains most occurrences of f(RH) and f(RH)bsp < 1 at 

the Suchdol site, the seasonal dependence and association with BC-dominated aerosol in 

summer suggest that soot restructuring cannot be ruled out under specific conditions. 

 

Figure R.1 AAE520-660 vs. SAE450-550 hourly means color-coded with SSA550 with the aerosol characterization matrix 

for fall, winter, spring, and summer, adopted from Cappa et al. (2016) and Cazorla et al. (2013). The red circle 

with red error bars estimated the median AAE520-660-SAE450-550 point with interquartile ranges. The circle color is 

coded by the median of SSA550. The data corresponds to a timeline where f(RH) < 1. n identifies the number of 

data points in the respective season. 
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Figure R.2: AAE520-660 vs. SAE450-550 hourly means color-coded with SSA550 with the aerosol characterization 

matrix for fall, winter, spring, and summer, adopted from Cappa et al. (2016) and Cazorla et al. (2013). The red 

circle with red error bars estimated the median AAE520-660-SAE450-550 point with interquartile ranges. The circle 

color is coded by the median of SSA550. The data corresponds to a timeline where f(RH)bsp < 1. A symbol “n” 

identifies the number of data points in the respective season. 

303        The slopes from Figure 4 seem very different from the values stated here.  Can you 

comment on the cause of the difference? 

The discrepancy between reported values arises because the regression slopes shown in 

Figure 4 and the percentage differences reported in the text quantify different aspects of the 

relationship between f(RH)bsp and f(RH). 

The slopes represent the covariation between f(RH)bsp and f(RH) and are influenced by the non-

zero intercept and the full distribution of paired values. In contrast, the percentage differences 

were derived from ratios of median values and therefore reflect typical magnitude differences 

under representative high-RH conditions. As a result, the regression slopes should not be 

interpreted as direct percentage differences between f(RH)bsp and f(RH). We clarified this point 

in the revised manuscript (lines 310-312): “These regression parameters describe the co-

variation between f(RH)bsp and f(RH), whereas magnitude differences between the two 

enhancement factors are quantified below using median values.” 

411        This discussion of hygroscopicity variability as a function of OC/POC/SOC is 

challenging without knowledge of the aerosol sulfate content.  Could most of the f(RH) 

variability be driven by the organic mass fraction, and be less sensitive to relative contributions 
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of different organic species?  Please comment on the importance of sulfate (or nitrate) for 

interpreting hygroscopicity. 

We fully acknowledge the limitations of this study, in particular the absence of direct 

measurements of inorganic aerosol components such as sulfate and nitrate at the Suchdol site. 

The site is not equipped with online chemical composition instrumentation (e.g., ACSM or 

AMS), which prevents a full assessment of local aerosol hygroscopicity. We recognize the 

dominant role of inorganic salts, especially sulfate and nitrate, in driving aerosol hygroscopic 

growth and optical enhancement, as widely documented in previous studies (Andrews et al., 

2021; Kang et al., 2025; Pöhlker et al., 2023; Titos et al., 2014).  

Consistent with previous humidified nephelometer studies, f(RH) is often negatively correlated 

with the total organic mass fraction, reflecting low hygroscopicity of ambient organic aerosol 

compared to inorganic salts (Li et al., 2025; Massoli et al., 2009; Ren et al., 2021). However, 

this relationship is not universal and can depend on aerosol mixing state and organic chemical 

characteristics. While the influence of individual organic species on particle hygroscopicity has 

been more extensively investigated using HTDMA and CCN techniques (Han et al., 2022; 

Rickards et al., 2013; Suda et al., 2014), humidified nephelometer studies typically 

parameterize organic aerosol as a bulk mass component, with limited consideration of organic 

fractionation (Ren et al., 2021; Wu et al., 2017; Zieger et al., 2014). 

In this context, our analysis does not aim to isolate the absolute contribution of organic fractions 

to f(RH), but rather to examine whether separating OC into POC and SOC provides additional 

explanatory power for variability in optical hygroscopicity beyond total organic mass, mainly 

in carbon-rich environment. The results suggest that different organic fractions are associated 

with systematically different f(RH) responses, consistent with previous findings indicating a 

stronger hygroscopic influence of secondary organic aerosol compared to primary organic 

material (Kuang et al., 2021). This supports the interpretation that organic aerosol cannot 

always be treated as a chemically uniform component when interpreting optical hygroscopic 

growth. 

To fully acknowledge the significant role of inorganic salts in the aerosol hygroscopicity, 

further explanation was added to lines 463-472: “Consistent with previous hygroscopic studies, 

aerosol hygroscopic changes are often negatively correlated with the organic mass fraction, 

reflecting the low hygroscopicity of ambient organic aerosol compared to strongly hygroscopic 

inorganic salts (mainly sulphates and nitrates) (Andrews et al., 2021; Kang et al., 2025; Massoli 

et al., 2009; Pöhlker et al., 2023). We note that direct measurements of inorganic aerosol 

components were not available at the Suchdol site, and therefore their contributions to f(RH) 

variability cannot be quantified in this study. Nevertheless, a substantial fraction of the 

variability in f(RH) is likely controlled by variations in the inorganic fraction, and correlations 

between f(RH) and organic metrics can partly reflect this co-variability. Separating OC into 

primary (POC) and secondary (SOC) fractions allows investigation of differences in effective 

hygroscopicity within the organic aerosol itself. To further explore variability in optical 

hygroscopicity beyond total organic mass, semi-online OC/EC measurements were used to 

calculate the concentrations of secondary (SOC) and primary (POC) organic carbon, following 

the method of  Mbengue et al. (2021). ” 
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424        Similar comment.  Most literature shows that hygroscopicity increases as organic mass 

fraction decreases (contrary to your statement), e.g., Massoli et al. [2009].  Please comment.  

The authors are aware that most studies report an increase in aerosol hygroscopicity as the 

inorganic fraction increases and the organic fraction decreases, consistent with the generally 

lower hygroscopicity of organic aerosol compared to inorganic salts, as previously mentioned 

(Li et al., 2025; Massoli et al., 2009; Ren et al., 2021; Zieger et al., 2014). Direct measurements 

of inorganic aerosol components were not available at the Suchdol site, preventing a 

quantitative assessment of their influence on f(RH). In carbon-rich environments like Suchdol, 

differences in organic chemical composition, particularly between primary (POC) and 

secondary (SOC) organic carbon, can significantly influence hygroscopicity. Aged, oxidized 

SOC is more water-soluble and typically more hygroscopic than POC (Kuang et al., 2021; Wei 

et al., 2024), which may contribute to observed variations in f(RH) even in the absence of 

inorganic composition data. Moreover, the results of this study still showed a negative 

correlation of OC with f(RH), which is consistent with the previous studies, and referred to the 

ratios of OC/EC or SOC/OC as potential factors influencing hygroscopicity at the site.  

Lines 458-461 were updated in the manuscript to decrease potential confusion of the reader: 

“Consistent with previous hygroscopic studies, aerosol hygroscopic changes are often 

negatively correlated with the organic mass fraction, reflecting the low hygroscopicity of 

ambient organic aerosol compared to strongly hygroscopic inorganic salts (mainly sulphates 

and nitrates) (Andrews et al., 2021; Kang et al., 2025; Massoli et al., 2009; Pöhlker et al., 2023).  

 

420        The y-axis of this plot is difficult to understand.  Can you update the axis label to be 

more explicit with how you calculated “normalized log levels”? 

Figure 10 and its caption were updated: 

 

 

 

 

 

 

 

Figure 10: Temporal variation of logarithmic median values of f(RH) and f(RH)bsp, OC, SOC, POC, and 

OC/EC. Each series was divided by its mean value to compensate for different numeric scales. 

451        Again, NPF correlation does not seem causal or robust, and should be removed, 

including Figures 12 and 13. 

After the consideration, the authors decided to follow Reviewer #2´s advice and removed 

Chapter 3.6 Light scattering enhancement and NPF from the manuscript as in the case of the 

previous comment. The Abstract, together with the Summary and conclusions were edited 

accordingly.  
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