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We thank the reviewer for the comprehensive feedback on our work. With the help of the
reviewers’ comments we greatly improved the understandability of our work and made it
more accessible to a broader audience. Detailed answers to the individual comments are
given below. For clarity, the reviewers’ comments are written in black, and our response in
red. Texts from the old version of the manuscript are typed in and texts from the
revised manuscript in blue

Referee for Friebel and Mensah 2018

Journal: Atmos. Meas. Tech.

Summary:

The authors provide a theoretical framework that introduces the concept of activation time,
which is the reaction time necessary to produce an observable chance in an aerosol
population’s property (CCN ability in this case). This is done in an effort to interpret data
from a reactor operated in continuous mode rather than batch mode, the case being made
because of the increased use of OFRs and OFR-like reactors compared to environmental or
smog chambers. They describe the entire reactor operation from fill-up to shut-down. They
provide a mathematical description which, to my understanding, is a piecewise solution in
time for activation fraction of aerosols in question (soot aerosols subject to heterogeneous
ozonolysis). This manuscript is front-heavy with concepts of chemical reactor engineering
(ideal reactors and their residence time distributions), and how these are used to develop
analytical expressions for the time profiles. Then their expressions are overlaid to data from
two experiments to observe model agreement. Finally, they depict a theoretical example
based on preexisting data in the literature to show how their parameter tact can be used to
compare data from independent experiments, or even better, how future users chose to
operate their reactors. This is very important work that fits the scope of AMT; particularly
the illustrative example in Fig.7.

However, | think the manuscript be improved. An in-depth revision of Sections 1-4 is
necessary, mostly for emphasis on technical details and wording to reach a broader audience
(that is, one unfamiliar with reactor design or operation). For example, the authors need to
clarify what they mean by ‘non-gradual’ as soon as it is mentioned. Are they referring to fast
reactions, e.g., heterogeneous nucleation? Or are they simply referring to non-steady state?

We understand that many readers are not familiar with the wording we used. We thank the
reviewer for pointing this out. Our approach to improve the understandability is to add
synonyms commonly used in the atmospheric science community. Additionally we added
examples to illustrate this concepts. For this we chose processes commonly investigated in
the atmospheric science community. Nevertheless, these concepts are not limited to
atmospheric science and can be applied in different fields as well.

|II

In case of the term “non-gradual” we neither refer to fast reactions nor non-steady state.
“Non-gradual” describes changes like phase-transitions where a property changes step-wise.
This is the opposite of a gradual or continuous change of a property. An example would be



the freezing of water. Below or above 0°C the density of liquid water/ice changes gradually
with the temperature. At 0°C the density does not change gradually but changes step-wise.
To clarify what is meant by “non-gradual” we extended the introduction of this phrase and
added “step-wise change” and “transition between binary states” as alternative
explanations. “Transition between binary states” hereby means that a system/particle can
be described by two distinct states. Either a droplet is liquid or frozen. A transition from one
state to another one can be described as “non-gradual” as well.

We added a list of possible transition that can be described as “non-gradual”, “step-wise
change” and “transition between binary states”

(P2 L26-39)

Such transitions in binary systems are step-wise, also referred to as non-gradual changes
in a particle property, such as:

1) Freezing of a water droplet: Step-wise and therefore non-gradual change in the
particle density; the water is either in liquid or solid state.

2) Deliquescence of soluble aerosol particles: The particles show a step-wise i.e. non-
gradual increase in diameter.

Binary particle properties are not necessarily intrinsic particle properties, but can also be
defined by the measurement protocol.

3) CCN-activity: The chemical and physical properties of an aerosol particle can vary, but
the particle is either CCN-inactive or CCN-active at a defined super saturation (SS).

4) Growth beyond a threshold: Condensational growth of an aerosol particle leads to a
continuous and gradual increase of the particle diameter. A binary system can be
defined by introducing a threshold diameter that can be arbitrarily chosen. The
aerosol particle is either smaller or larger than this defined threshold diameter. The
same holds true when particles are separated e.g. in aerosol impactors.

Therefore, the concept of non-gradual transitions/transitions within binary systems can
be used to describe a multitude of changes in particle properties.

There is a bit of a disconnect between the theory and application. Probably because the
nature of the subject is challenging. The authors are encouraged to make it clear in the
Introduction that they are looking at CCN. Also, because tact is yet to be explained, words
like ‘parameters’ have no meaning thus far; they do eventually by the end, but | think not to
confuse the reader a revision is necessary (I offer suggestions in the Major and Minor
comments sections for the authors’ considerations).

This manuscript introduces two new concepts that were developed side by side and support
each other. However these concepts are not limited to one particular application. The first
concept is the use of aerosol chambers in CSTR-mode. The second concept is the idea of
analyzing data with the activation time concept, which relies on “non-gradual” transitions.
We try to make a clear distinction between the experimental approach rather new in



atmospheric sciences and the ta-concept. We hope that the revision of the sections where
non-gradual” transitions (section 1 “Motivation”) and the tat-concept (section 3
“Introduction of the activation time (tact) for transitions in binary systems”) are introduced
has significantly increased the understandability. Nevertheless, we admit to be challenged in
the attempt to introduce these new concepts in a way that their general applicability is not
undermined.

From what | can tell, their data is centered on reactors operated in continuous mode, yet the
word ‘OFR’ is mentioned only in Section 5, when the introduction is focused on the large
batch reactors.

The experimental part of the manuscript paper focusses on the application of the CSTR
approach in atmospheric sciences. A CSTR is a continuous mode reactor just as an OFR but in
many aspects the opposite of OFRs. To support the reader in recognizing the differences
between the individual concepts of CSTRs, PFRs/ORFs and batch reactors, we expanded the
introduction of alternative reactor concepts in section 2 “Introduction of the CSTR”. We
further added references to the chamber operated in the respective modes.

(P3 L15-L39)

From a technical perspective, generally three types of reactors are distinguished: the
batch-reactor, the plug flow (PFR) or flow tube reactor, and the Continuous flow
Stirred Tank Reactor (CSTR).

In an aerosol chamber operated in batch mode, the reaction volume is first filled with
the sample aerosol as fast as possible to achieve high homogeneity of the sample.
After the desired start concentration is reached further addition of the sample
aerosol is stopped and the aging is initiated e.g. by addition of the oxidant. This point
in time is generally defined as the start of the experiment and referred toas t = 0.
Data acquisition of the ageing sample takes place while the reaction volume is
flushed with sample-free gas. The composition throughout the chamber is
homogeneous but evolving in time, therefore no steady state conditions are ever
achieved. This concept is used to operate many large scale environmental chambers
(Cocker et al., 2001; Leskinen et al., 2015; Nordin et al., 2013; Paulsen et al., 2005;
Platt et al., 2013; Presto et al., 2005; Rohrer et al., 2005).

A PFR is a steady state reactor in which no mixing along the flow path (axial mixing)
but perfect mixing perpendicular to the flow (radial mixing) takes place. Further, a
continuous feed-in of reactants and withdrawal of sample take place at equal flow
rates simultaneously. This results in a constant composition of the output solely
depending on the residence time within the reactor. This ideal system is
approximated by many Oxidation Flow Reactors (OFR) e.g. PAM chamber (George et
al., 2007), TPOT Chamber (Kang et al., 2007), Micro Smog Chamber (MSC; Keller and
Burtscher, 2012), or the TUT Secondary Aerosol Reactor (TSAR ; Simonen et al.,
2017). The main difference between an ideal PFR and real OFRs is that in OFRs
significant but unintentional mixing of the aerosol along the flow path takes place
(Mitroo et al., 2018). Therefore, OFRs show a significant residence distribution.



The CSTR is a steady state reactor with a constant reactant feed in and sample
withdrawal as well but opposite to OFRs, the volume is actively stirred to achieve a
homogeneous composition throughout the reactor volume. Due to the active mixing,
sample stream composition and conditions are the same as within the entire
chamber volume. The concept of the CSTR requires perfect internal mixing, which
cannot be achieved in real systems. However, due to the good miscibility and low
viscosity of gases and the aerosol particles being homogenously dispersed, it is
possible to achieve a degree of mixing which is very close to a perfectly mixed
system. Especially in the case of mimicking atmospheric processes, residence times of
several hours are achieved. Compared to that, the time needed for dissipating all
gradients, which is in the order of seconds to minutes, can be considered small.

For that matter, comparison of the mathematical framework to that of a PFR is not present.
If so, | think some mention as to why should be made. It seems to me that PFR-like reactors
(e.g., flow tubes) work well. Why are CSTRs preferred by the authors? Mathematically, it
would appear to me you need an RTD, and the PFR has one (Delta function), so why not
compare?

The mission of this publication is to present a reaction chamber operation mode that is not
that prominent within the atmospheric community yet but comprises important benefits for
the investigation of atmospheric processes. These benefits include extended reaction times
and low reactant concentrations. The limited popularity of the CSTR concept within the
atmospheric community might be partly due to limited availability of analysis procedures of
data resulting from such experiments. We developed the activation time concept to allow
for the analysis of reactions and processes relevant to the atmospheric community.
Therefore, this publication intentionally focusses on the activation time concept and the
CSTR-mode operation of aerosol chambers. We refer to OFRs and large batch aerosol
chambers to discuss the differences, benefits, and disadvantages of the CSTR concept in
comparison to these reaction chamber concepts established in the atmospheric community.
The mathematical framework for the analysis of data from ORFs is not comparable to the tact
concept for CSTR data presented here. Instead the parameters of interest of OFR data are
average residence time, average exposure to oxidants and critical super saturation/super
saturation onset. We discuss the different metrics and their comparability in section 3.5
“Equivalent parameters tact — onset and tact Vs tact0.5” and section 5 “Application of tact to
other continuous flow aerosol chambers” now in greater detail.

Major Comments:

Abstract: Details can be improved; | offer suggestions for the authors to consider in the
Minor Comments.

1. Introduction: | strongly encourage the authors to be more precise in their sentences. It
appears that what the authors communicate is not what they mean, and to reach a broader
audience, | think details should be made clear. While Sections 5 and 6 are very clear and
logical, at least in my view, Sections 1-4 are not. | encourage OFRs like the PAM (e.g., TPOT,



CPOT, etc.) to

be addressed early on. The authors can read more in Lambe et al. and Mitroo

et al., already cited by them.

We expanded

the introduction section and made a clearer distinction between the

application of the CSTR approach for atmospheric experiments, the development of a CSTR-
specific mathematical framework, the newly developed tact-concept, as well as the
application of the tac-concept to other continuous flow steady state chamber, namely OFRs.
(P2 L40- P3 L7)

In the following, we discuss a theoretical basis for the analysis of time-
dependent changes in binary systems within well-mixed continuous flow
aerosol aging chambers (CSTR-approach). We developed a mathematical
framework which allows the retrieval of characteristic parameters from the
system of interest (e.g. CCN activity) and which allows for the calculation of
the parameter of interest throughout the entire duration. Key element in this
framework is the activation time (tact) which marks the time after which the
individual aerosol particle undergoes a transition within a binary system. We
start by introducing an idealized system in which t,c: can be described by a
single number and proceed to a more realistic setting in which we incorporate
a distribution of particles with different individual tact’s (activation time
distribution, P(tact)). Further, we test the taci-concept on real experimental
data and finally apply it to other types of continuous flow aging chambers
such as OFRs. We show that application of the tit-concept is capable of giving
new insights to ORF data and further significantly improves the understanding
of discrepancies in experimental results obtained in intercomparison studies
Lambe et al., (2011) with different reactors such as the Potential Aerosol Mass
Chamber (PAM) chamber and the Toronto Photo-Oxidation Tube (TPOT).

Also what is not clear is whether the authors have a new CSTR design (different from that of
conventional OFRs or Teflon chambers) or if they just develop a mathematical approach for
data coming from a CSTR. Or both.

We do not present a new CSTR design but the application of the concept, which is well
established in chemical engineering but not that prominent in atmospheric sciences, yet. The
authors would like to highlight the fact, that CSTRs are neither OFRs nor Teflon chambers
operated in batch mode. Teflon chambers could be operated in CSTR mode but this
demands the installation of a fan as the concept of the CSTR requires perfect internal mixing

of the sample.

Mention of the SAPHIR, in my view, belongs here.

The SAPHIR-chamber is mentioned as an example of a large reaction chamber:

(P1128-29)



Here aging durations of up to 16 hours and beyond at atmospherically relevant reactant
concentrations can be achieved, which has been shown e.g. for the SAPHIR chamber of FZ
Julich with a volume of 270 m3 (Rohrer et al., 2005; Rollins et al., 2009).

2. Introduction to CSTR: This section is of course important for readers who are not familiar
with environmental reactor engineering, however, is not only available in any chemical
engineering textbook, but also summarized by Mitroo et al. (Appendix A).

We agree to the fact that Mitroo et al. discusses concepts relevant to for describing
residence time distributions in OFRs within their paper. The equations presented in section
“3.2 Tank-in-series model for indirect deconvolution” within their publication allow to
calculate RTD and RTDsum— curves. This is a general description of multiples CSTRs that are
connected in series. For the special case where N=1 the mentioned equations become the
equations we used in our study.

Instead of using RTD and RTDsum Mitroo et al. labeled the curves as E and F curves, which is
common in the engineering community. We prefer the first option since it is a more intuitive
notation.

In “Appendix A: The use of E and F curves” of their publication Mitroo et al. describe how
their RTDs were determined and how to calculate moments of the RTD.

However, none of this contains a description of the CSTR and its RTD, therefore we do not
refer to Mitroo et al. in this section.

In section “5 Application of taic: to other continuous flow aerosol chambers” of our
manuscript we discuss how different RTDs in different OFR-designs lead to differing results
of a parameter of interest. A quantitative application of tac, requires precise knowledge of
the chambers RTD. The concepts of Mitroo et al. can be used to obtain that. However, within
this work we only focus on a qualitative application of tac: to continuous flow aerosol
chambers that are characterized by none perfect mixing

If the authors see fit, | would suggest renaming this section as ‘SAPHIR operation’ or
something similar, and then have Filling, SS, and Flushing sections.

We recognize the suggestion of renaming this section but remain at the initial naming. This is
due to the fact, that this section is intended to introduce the CSTR concept in general as well
as its specific aspects and characteristics. The SAPHIR chamber is a batch reactor and not a
CSTR. While within the operation of a CSTR the three different regimes of filling, steady
state, and flushing can be achieved, no steady state can be achieved throughout the
operation of a batch reactor. This is one of the fundamental differences between these two
reactor types.

It seems that from Sections 5-6, their math can be applied to non-CSTRs like the PAM and
TPOT, so | wonder if when the authors say ‘CSTR’ they mean ‘non-batch’. Reactors operated
in continuous mode range from CSTRs to PFRs, from a mixing perspective.

We agree to the reviewer that both CSTR and PFR are continuous mode reactors and include
a phase of steady state operation. Nevertheless, we want to highlight the critical difference
between these two reactor types. While perfect/well-mixing is an additional prerequisite



exclusive to the concept of the CSTR, OFR are characterized by a partial mixing of the
sample. As this section is titled 2 “Introduction of the CSTR” we focus on the mathematical
framework relevant for CSTRs exclusively. For a comprehensive introduction of the new
concept and to allow the reader to first get acquainted to it, we postpone the introduction
of the transferability of this new mathematical framework to other reactor types to a later
section of this manuscript (section “Application of ta: to other continuous flow aerosol
chambers”). Further, we attempt to clarify the distinction between well-mixed (CSTR) and
partially-mixed (OFR) systems and mention this now in the abstract:

(P1L15-18)

Furthermore, we show how tact can be applied for the analysis of data originating
from other reactor types such as Oxidation Flow Reactors (OFR), which are widely
used in atmospheric sciences. The new tact concept significantly supports the
understanding of data acquired in OFRs especially these of deviating experimental
results in intercomparison campaigns.

The new mathematical framework presented in this publication is developed for the
extraction of quantitative data from CSTR measurements. Nevertheless, equation 13 (P13
L11) represents a general expression that can be applied to any continuous flow but non-
CSTR chambers as well. For the retrieval of quantitative date, additional information about
the specific chamber is required. We show that despite the lack of access to such
information the application of the tac-concept allows not only for a qualitative comparison
of the TPOT and PAM chambers but allows even for an explanation of the differences in the
measurement results.

tact =t

AF(t)= / AF(tactIt)'P(tact) d tact (1)

tact =0

The following section was added to discuss a quantitative application of ti. for data from
OFR-experiments.

(P20 L23-36)

Up to now, the discussion did not include many important processes that are relevant
in aging chambers e.g. particle wall-interaction, gas-phase-partitioning, fluctuating
input concentrations while field measurements, or inhomogeneities inside the OFR.
These aspects are important for many processes such as the formation of SOA and
can be incorporated to the ta-concept by modifying eq. (13). As the actual
calculation requires a multidimensional data array and detailed knowledge about the
chamber of interest, this subject matter is beyond the scope of this publication and
will not be discussed further. Nevertheless, the overall conclusion is that application
of the original/non-adjusted tac-concept can explain why measurements within
different OFR chambers agree in parameters, which dependent on the bulk
properties of the aerosol particle population (e.g. average O:C ratio) and at the same
time disagree in parameters, which are dependent on the condition/status of the



individual particle (e.g. CCN-activity). Therefore, we suggest to apply the concept of
the activation time tact or the activation time distribution P(tact) as metric in addition
to calculating average values, such as the global AF and OH-exposure if following
conditions are met. One, the system or parameter of interest can be described as a
binary system and undergoes step-wise / non-gradual transitions such as CCN-
activity. Two, the OFR used has a RTD broad enough to influence the outcome. Three,
the conditions inside the reactor are either homogeneous or a correction for
inhomogeneities (e.g. different oxidants concentrations inside the reactor) is
implemented.

3. Introduction of the activation time (tact) for non-gradual transitions: A major comment |
have here that | alluded to prior to this section is to be explicit when talking about
parameters. E.g., P6 L20 “If all other parameters stay constant...” what does this mean? Flow
parameters? Temp and RH? If so, what is the parameter that is changing? | don’t think the
reader thinks of AF by now.

“If all other parameters stay constant...” refers to the previously mentioned external
parameters. These external parameters can trigger changes in single particles. For example a
change in ambient temperature can lead to freezing or melting of a particle. In this section
we discuss that such changes can also be the result of e.g. a chemical reaction. If the
temperature stays constant but the particle becomes liquid due to a chemical modification
we can use the time as parameter to describe this phase transitions.

Examples for the external parameters were added:

Changed from:

To (P6 L29-32):

We may assume a system in which all external parameters stay constant but the particle
itself undergoes a continuous transformation, e.g. due to oxidation. After a certain period of
time, this continuous transformation, in this specific case oxidation, can lead to a change in a
binary property, e.g. CCN-activity. Ultimately, the step-wise or non-gradual transition is a
function of time.

Also, P6 L24-26 seem to me like the crux of the study (unless I’'m mistaken).

This is not the crux of the study. The ta-concept and the idea of describing changes in
parameter on the particle level as transition within a binary system/a stepwise-change/a
non-gradual transitions is the crux itself. The mentioned lines are an application of this
general idea to the specific process of CCN-activation of soot particles due to aging. This
application affects the experimental design but not the overall theoretical framework.



To (P6 L32-35):

We define the required time span (e.g. necessary aging time) that leads to a change in a
specific particle property, resulting in a transition in a binary system in another particle
property as the activation time (tact). This concept is generally valid and can be applied to any
kind of transition in a system defined as binary either by intrinsic or operational parameters.

Are the authors looking at a specific scenario where they keep RH constant but slowly react
aerosol with (e.g, ozone for sake of argument) and there is a very small time window where
enough reaction occurred to make the aerosols in the reactor cloud nuclei at that
supersaturation? Is that time window what current reactors cannot accurately allow
determination of, but this method does? Why can’t a PFR be used to detect that? If so, this
concept needs to go in the introduction, with specific application to CCN if helpful. Finally,
for the authors’ consideration, it appears they want to keep the x-axis uniform in their
equations by introducing tswitch and toffset. Seems to me like these are just substitutes
for a Heaviside function. Would the authors consider using a Heaviside function instead to
make the math simpler?

The section 3 “Introduction of the activation time (tact) for transitions in binary systems” is a
general introduction of t.: and does not include any specific chamber design. This concept is
also not limited to any specific scenario. We focus our introduction of the rather theoretical
and abstract concept with the help of 2 processes (deliquescence and CCN-activation) that
are well known in the atmospheric science community.

(P9 L19-28)

Binary systems can be considered as systems that show a step-wise change in a particle
property as a function of an external parameter. Since this is opposite to a
continuous/gradual change in a particle property, it can be also described as a non-gradual
transition. As mentioned in the introduction, soluble aerosol particles such as ammonium
nitrate exhibit a significant change in diameter with increasing relative humidity (RH) due to
deliquescence. Similarly, the change from cloud condensation nuclei (CCN) to activated
droplets due to exposure to a super-critical super saturation (SS) results in a fast increase of
the particle diameter from the nanometer to the micrometer scale that is hard to be
continuously tracked by standard measurement instrumentation. A defined diameter
threshold is hereby used to distinguish between an aerosol particle and a solute droplet in
the case of deliquescence. This is the same between non-activated CCN and cloud droplets.
In both examples the relative humidity (RH) in the surrounding gas phase can be considered
the external parameter that controls if an aerosol particle is in either of the two states of the
binary system (effloresced vs. deliquesced/CCN vs. cloud droplet).

Up to this point, the ti-concept and the equations are independent of the overall time-
scale. It doesn’t matter if the processes need seconds, minutes, or hours to proceed.
Therefore we do not discuss applicability of PFRs or CSTRs in this section.



Nevertheless we developed the ti-concept to retrieve data from aerosol aging experiments
in a 3 m3 CSTR. The aim of this approach was to achieve aging times of several hours. As can
be seen in Fig.6 (P17 L1) this long time spans are indeed needed to investigate the CCN-
activation of soot particle due to ozone oxidation. So far, to the best of our knowledge, no
OFR-design exists that can reach residence time of several hours which is applied in
atmospheric science experiments on a general basis. Increasing the ozone concentration to
mimic several hours of atmospheric aging in 2 min (which a typical residence time in OFRs) is
a very different approach.

As assumed by the reviewer we want to keep the x-axis uniform. The x-axis is hereby the
experimental duration t starting with the beginning of the experiment. Avoiding the
parameters tswitch and tostset Would lead to equally complex equations while potentially
increasing the confusion of the reader, since multiple time-axises/x-axises would be needed.
Therefore we remain with the math presented so far.

The parameter tswitch Was introduced since this time is defined be the experiment itself,
namely the time after which the chamber is switched to flushing mode.

The explanation of parameter tswitch Was extended from:

However, eq. (9) only describes the fraction of particles that are older than tswitch
and therefore the global AF only if tact = tswitch. To determine the AF for conditions
when tact < tswitch (AF(t=tswitch) > 0) or for a delayed activation, tact > tswitch, a
new parameter

toffset, is introduced. This parameter is an offset of the AF-curve along the time-axis.
Taking toffset into account, eq. (10) can be

obtained after integrating eq. (9)

To (P10 L5-9):

As mentioned before, eq. (9) only describes the fraction of particles that are older than
tswitch. Since we defined AF as the fraction of particles with an age above the threshold time
tact, €. (9) describes AF only if tact = tswitch holds true. To determine AF for conditions when
tact < tswitch (AF(t=tswitch) > 0) or for a delayed activation, tact > tswitch (AF(t=tswitch) = 0), an
additional parameter has to be introduced. This parameter is an offset of the AF-curve along
the time-axis and is therefore called tofsset. Taking tofrset into account, eq. (10) can be obtained
after integrating eq. (9).

4. Application in first experiments: | don’t think this section header reflects the content.
Maybe change to something else?

The caption “Application in first experiments” was indeed misleading and has been
rephrased to:

4 “Application of the new tact to experimental data from CSTR-aging experiments”



Section 4.2 was described well. My only major comment here is why Figure 3 has a lag
(noticed after seeing Table 2 and Figure 5) Why does the ‘step’ or ‘non-gaussian’ have a lag?
Even in the filling regime a CSTR gives no lag. E.g., in P14 L10-13 | remain unconvinced that
the blue line in Fig. 5 should have a lag. | think that assumption (P7 L7; see comments for Fig.
5) is highly questionable. | think that leads to an artifact in the calculation, and that is
reflected by the stark difference in tact-onset (Table 2). If the authors provide a counter, I'd
be happy to know why.

First we want to highlight the distinction between the activation time tact and the
experimental duration t. tit is the time needed to modify a particle to such a degree that a
particle’s property changes step-wise. The experimental duration t is the time that passed
since the start of the experiment. We extended the respective section 3.1.2 “Particle
activation during steady state” substantially in the attempt to clarify this distinction

Further, In Figure 3 only AF has a lag but not the particle number concentration. As
mentioned by the reviewer there is no lag during filling of a CSTR. If we recall, that a
chemical transformation of a certain degree is necessary before an individual particle can be
CCN active, no CCN activity can be detected prior to this minimum time threshold which we
refer to as tact. The lag in AF up to tace = 180 min is therefore an intrinsic behavior as the
experimental duration t is shorter than this this minimum time tact. This underlying concept
defines the shape of the curves in Fig. 5 as well. We attempt to clarify this issue in section
3.1.1 “Particle activation during the filling regime”:

(P7 L12-19)

Assuming that only aerosol particles are CCN-active which have an individual residence time
in the aerosol chamber that is above ta, the theoretical AF can be calculated according to
eq. (6). Two different time ranges within the experimental durations need to be considered.
If the experimental duration t is below tact, AF is 0 as even the particles that entered the
aerosol chamber at the very beginning have an individual residence time shorter than tac
and therefore cannot be CCN active yet (eq. 6a). If the experimental duration t is above tac,
AF is greater than 0 as a subset of the particles will have an individual residence time longer
than tact and therefore can be CCN active (eq. 6b). Application of eq. (3), which describes RTD
and rearrangement of eq. 6 allows for the calculation of the activation time tact based on an
experimentally determined AF as shown in eq. (7). This equation is valid throughout the
entire filling regime including steady state.

The AF-curve in a CSTR appears to be much smoother for the case of a Gaussian shape tact-
distribution. This is due to the fact that this scenario comprises particles with different
individual tact’s as introduced in section 3.3 “Impact of the activation time distribution on the
individual AF”. A small subset of the particle population activates much earlier than 180min,
therefore a global AF = 0.01 is reached much earlier as well. At the same time an AF=1is
reached much later than in the case of the step-wise tact-distribution because of particles
with a significantly higher individual tact. The difference in the tact-onsets from Table 2 is
therefore no artifact from the calculations but a direct (and expected) result of applying the
tact — concept to the CSTR-approach. The text discussing Table 2 now reads:

(P15 L1-18)



As can be seen in Table 2, the individual values deviate with the biggest deviation in the
case of tact -onset. However, the presented deviations are solely caused by the underlying
distributions of the activation time. In addition, tact-onset, tact, and tact0.5 are determined at
different experimental times. While tact-onset is directly determined by measuring the entire
particle population within the CSTR (global AF), tac is calculated from the global AF in steady
state and t..0.5 is obtained from the activation time distribution itself. In the case of tac-
onset, there is a significant share of particles activating significantly earlier than the nominal
activation time (u = 180) in the case of a Gaussian distribution. Therefore, a fraction of 0.01
of CCN active particles within the entire particle population is already present after 87 min.
Opposite to this, the threshold value of 0.01 is crossed later than the nominal activation time
in the case of the step distribution. This is because even though every single particle
activates after exactly 180 min of individual aging time, it takes some additional time before
a fraction of 0.01 of the entire particle population within the CSTR is older than 180 min
leading to a tacc-onset of 185 min. The difference of 10 min in tac: between the two P(tact)-
approaches is due to the application of eq. (8) which allows for the calculation of tact from
the global AF in steady state. Strictly speaking, this equation is defined for the ideal step
function (Pstep(tact)) only. Therefore the higher global AF value for Pgaussian(tact) in steady state
has to lead to a lower tact value compared to Pstep(tact). Note, taci0.5 is referring to the particle
activation distribution P(tact) only leading to a concordant value of 180 min in both cases.
This can be seen in Graph C of Fig. 4, where 0.5 of the particles with a residence time equal
to the nominal activation time are activated in the case of a Gaussian distribution
corresponding to t.:0.5. In the case of a step function, all particles are activated once the
respective particle population is older than tac. In the following we will show how the actual
activation time distribution P(tact) can be retrieved from real CSTR experimental data.

5. Application to experimental data: No major comments here other than those that stem
from the previous section.

6. Application of tact to other continuous flow chambers: | think this section would be very
useful for OFR users on how to use OFRs for CCN meaurements! Still, neither the PAM nor
the TPOT are CSTRs, so how have the authors applied tact to their RTDs? Also, what if
aerosol content is not well known (e.g., field sampling)? How is their mathematical
framework applied? | am still unclear as to what parameters are needed experimentally.

The PAM and TPOT chambers are indeed no CSTRs and cannot be described with the CSTR-
specific mathematical framework introduced here. However, they show a significant
residence time distribution due the mixing along the flow path as already discussed by e.g.
Lambe et all. 2011 and Mitroo et al. 2018, therefore it is possible to apply the tact concept.
An RTD means that the aerosol particles that leave the OFR stayed inside the chamber for
different individual residence times. If the measured AF behind the OFR is 0.3, we raise the
guestion which particles of the whole aerosol particle distribution are the CCN-active
particles. The tact concept implies that only the oldest 30 % of the particles are CCN-active
and the youngest 70 % are CCN-inactive. The time that separates the youngest and CCN-
inactive 70 % from oldest and CCN-active 30 % is the necessary aging time tac.



In principle it is also possible that young and old particle activate equally well, however this
seems to be unlikely for the BES-particles discussed here. Furthermore even this behavior
could be captured be the ta-distribution. In this unlikely case the activation time
distribution would be a horizontal line (P(tact) = 0.3 ) and neither a peak nor a Gaussian shape
distribution.

In this manuscript we present 2 scenarios that illustrate the application of the ta-concept to
the RTDs reported by Lambe et al. 2011 (Figure 7 P19). In the first scenario (High-OH) we
calculated the fraction of particle older than 40 s in the PAM and TPOT chamber,
respectively. In the second scenario we did the same with a ta: of 180 s. As can be seen, the
fraction of particle older than these threshold times tact varies between both chambers.
Since in our definition only the oldest particle can be CCN-active this leads to different values
of AF-values depending on the chamber. In the high-OH scenario the AF in the TPOT is higher
than in the PAM chamber. In the low-OH scenario the AF in the TPOT is lower than in the
PAM chamber. The results obtained based on the application of our t..: concept agree well
with the trend reported by Lambe et al 2011. The respective text in section 5 “Application of
tact to other continuous flow aerosol chambers” now reads:

(P19 L7 — P20 L13)

In the following we show that the application of tact can contribute significantly to the
explanation of the aforementioned discrepancies in terms of CCN-activity of the BES
particles.

In Fig. 7 we show the RTDs for 145 nm BES particles using the parameters for the bimodal
Taylor-dispersion model given by Lambe et al., (2011) in Appendix A4 (Fig A3). We normalize
the area under the curve to be one causing the area under each curve to be directly
proportional to the AFs for a better visual comparison. Here, PAM chamber data is indicated
by the dotted line/green area and TPOT chamber data is indicated by the dashed line/blue
area. As can be seen, the two curves are not perfectly superimposed with the peak of the
PAM chamber RTD being earlier than in the TPOT chamber RTD followed by a steep decline
causing the two curves to cross at approximately 40 s. Overall the PAM chamber RTD (dotted
line) shows a stronger dispersion causing the two lines to cross again at approximately 180 s.

Assuming a high OH-concentration leads to a higher reaction speed and therefore shorter tac
we present two scenarios. Scenario A representing a high OH-concentration is based on a tact
of 40 s (Fig. 7 A). Scenario B representing a low OH-concentration is based on a tact of 180 s
(Fig. 7 B). In both cases the BES-particles show CCN-activity, but the global AF differs
significantly between both chamber types. In the high-OH scenario A, the TPOT chamber is
more efficient in producing CCN-active BES-particle (AFrpor = 0.892; blue area) than the PAM
chamber (AFpam = 0.655; green area) as can be perceived by the blue area being larger than
the green area in the left panel. Opposite to this, the PAM chamber is more efficient

(AFpam = 0.082) than the TPOT chamber (AFtpor = 0.047) in case of the low-OH scenario B, as
can be seen in the right panel. These calculations indicate how the new tact concept can
contribute to the understanding and interpretation of experimental data that has been
acquired in non-CSTR reaction chambers. At the same average OH-exposure, aging in
different OFRs causes the same global AF only if the RTDs are the same. Since the RTDs of



the PAM chamber and the TPOT chamber are not the same, the same global AF can only be
obtained if the ti’s differ. Three examples of how tac: has to deviate between the PAM
chamber and TPOT chamber to lead to the same global AF are given in the supplement.

However this a qualitative application of the ta-concept. We added following section that
mentions what would be needed for quantitative application of tac:t — concept.

(P20 L23-36)

Up to now, the discussion did not include many important processes that are relevant in
aging chambers e.g. particle wall-interaction, gas-phase-partitioning, fluctuating input
concentrations while field measurements, or inhomogeneities inside the OFR. These aspects
are important for many processes such as the formation of SOA and can be incorporated to
the tac-concept by modifying eq. (13). As the actual calculation requires a multidimensional
data array and detailed knowledge about the chamber of interest, this subject matter is
beyond the scope of this publication and will not be discussed further. Nevertheless, the
overall conclusion is that application of the original/non-adjusted tat-concept can explain
why measurements within different OFR chambers agree in parameters, which dependent
on the bulk properties of the aerosol particle population (e.g. average O:C ratio) and at the
same time disagree in parameters, which are dependent on the condition/status of the
individual particle (e.g. CCN-activity). Therefore, we suggest to apply the concept of the
activation time tact or the activation time distribution P(tact) as metric in addition to
calculating average values, such as the global AF and OH-exposure if following conditions are
met. One, the system or parameter of interest can be described as a binary system and
undergoes step-wise / non-gradual transitions such as CCN-activity. Two, the OFR used has a
RTD broad enough to influence the outcome. Three, the conditions inside the reactor are
either homogeneous or a correction for inhomogeneities (e.g. different oxidants
concentrations inside the reactor) is implemented.

We want to point out that every additional variable increases the complexity of the math
exponentially. Fluctuation input concentration during field sampling can be rather easily
implemented. Fluctuation input concentrations distort the RTD in the OFR. This could be
approach by normalizing the RTD not to 1 but to the particle input concentration and then to
continuously integrate over all RTD for all time steps.

Having inhomogeneous conditions inside the OFR e.g. different concentration of OH-radical
is rather difficult to implement, which was one motivation to use an internally mixed
chamber.

7. Conclusion: No major comments here.

Minor Comments:



P1 L7: Arguably a small point, but I'd encourage a revision of “achieve extended observation
times” to “obtain measurable reaction rates, due to long residence times” or words to that
effect. | think owing to the small reactor design community there’s often scant attention
paid to the details of a reactor and how it operates by the average reader; and this work has
potential for a broad audience, so ensuring the readers become educated about reactor
design and meaningful parameters to evaluate its performance is important in my opinion.

P1 L8-9: Change “...in a CSTR mode.” to “...as a CSTR.” Also, if the authors wish to introduce
the concept of a CSTR this early on, perhaps the opening sentence could mention the use of
environmental chambers as batch or semi-batch reactors.

We understand and appreciate the suggestion of the reviewer to implement batch and semi-
batch reactor early on in manuscript. However we present a different experimental
approach and refrain from mentioning batch-mode operation of aerosol chambers in the
abstract. In section “1 Motivation” we discuss environmental chambers as well as PFR/OFR
and compare them with CSTRs (P1 L27 — P2 L11). The respective text now reads:

(P1L8-10)

We present an experimental approach that enables long observation times at
atmospherically relevant reactant concentrations in small chamber volumes by operating the
aerosol chamber as a Continuous flow Stirred Tank Reactor (CSTR).

P1 L9-10: Mean values of what? Perhaps ‘its mean value’, referring to the data.

In OFR and environmental chamber experiments an average exposure to certain oxidants
(e.g. photochemical age) is typically reported. Since this does not always represent the aging
conditions well we introduced the taict as an alternative metric.

P1L10-13

We developed a mathematical framework that allows the retrieval of data beyond
calculating mean values such as Os-exposure or equivalent atmospheric aging time, using the
new metric: activation time (tact).

P1 L14: Are the authors referring to the PAM? Perhaps give an example.

P1 L14-15: Rephrase sentence. tact explains or tact helps explain? What are the different
chambers?

Are they smog chambers vs. OFRs? Are they aerosol flow tubes vs. OFRs?

As the reviewer encouraged as to give OFRs more space, we now mention the
intercomparion of the PAM and TPOT in the abstract and mention that the tac-concept can
be applied to different OFRs in general and that it can explain discrepancies found between
the TPOT and PAM chamber.

P1L15-18:

Furthermore, we show how tac: can be applied for the analysis of data originating
from other reactor types such as Oxidation Flow Reactors (OFR), which are widely



used in atmospheric sciences. The new tact concept significantly supports the
understanding of data acquired in OFRs especially these of deviating experimental
results in intercomparison campaigns.

P1 L17: This may apply throughout but “Aerosol particles” should be “Aerosols”.

In atmospheric sciences the term “aerosols” is often used when exclusively the condensed
phase suspended in a gaseous phase is meant. However general definition of the term
“aerosol” actually includes the condensed phase as well as gaseous phase. In the attempt to
reach a broad audience even beyond the atmospheric science community, we remain with
the wording “aerosol particle”.

P1 L17-18: Small detail, but stating aerosols are ‘emitted’ into the atmosphere implies they
may not be generated by nucleation. The authors can consider the following rephrase:
“Atmospheric aerosols undergo various reactions; the timescale for which depends on their
lifetime.”

Please note, in accordance with the discussion above “Atmospheric aerosols” refers to the
gaseous components as well. The sentence now reads:

P1L21-22

Atmospheric aerosols undergo various chemical reactions and physical modification
processes once they are emitted into the atmosphere.

P1 L19: Citation for sea salt aerosol lifespan (textbooks are appropriate as well) please.
Both numbers can be found in Textor et al.

o

Also, replace comma with ““whereas”.

done

P1 L21: Please check ‘aerosol particles’, as per my previous comment.

We refer to aerosol particle only when excluding the surrounding gas phase, therefore we
keep the original wording

P1 L23: “task” should be plural; also, I'd change ‘the investigation of aerosol’ with
‘understanding atmospheric aging’.

changed to tasks

We present a general experimental approach to study aerosols. This is not limited to
“atmospheric aging” even though this is the main focus.

P1 L23-27:I'd encourage the authors to reword this section and not to gloss over how large



reactor are ‘technically’ unfeasible, but instead be more explicit (e.g., wall losses, time
dependencies, etc.). Also, | don’t think the SAPHIR has a set 16 h operation time, so perhaps
the authors can say '12-24h’ to indicate a range.

We appreciate the comment of the reviewer and rephrase the appropriate sentence. As
Rollins et al., 2009 explicitly mentioned an aging time of 16h we continue to include this
number:

P1L28-30

Here aging durations of up to 16 hours and beyond at atmospherically relevant reactant
concentrations can be achieved, which has been shown e.g. for the SAPHIR chamber of FZ
Julich with a volume of 270 m3 (Rohrer et al., 2005; Rollins et al., 2009).

P1 L28-29: This is a technical detail | would like not to be overlooked. “...in order to reduce
the reaction time...” is not the objective; it is a consequence (advantageous, admittedly, for
investigating physiochemical properties of SOA or LVOCs). The objective is to artificially
augment the reaction rate. | believe the authors know this, but a reader may not, and |
encourage the idea of having these details be clear. This is important work and should be
presented as such!

We appreciate the comment of the reviewer and the revised sentence now reads:
P1L31-34

The second option is to increase the concentration of the reactive compounds such as
oxidants and aerosol particles, in order to trigger higher reaction rates and thereby reduce
the reaction time (George et al., 2007; Huang et al., 2017; Kang et al., 2007; Keller and
Burtscher, 2012; Simonen et al., 2017). This allows to significantly reduce the volume of the
aerosol chamber.

P2 L4: Please consider adding a citation of Renbaum and Smith, doi: 10.5194/acp-11-6881-
2011

done

P2 L6: In the engineering literature, CSTRs are well described, but the acronym is use as a
general term for any well-mixed vessel. The authors choose to apply (or design?) a CSTR for
their work in addition to the mathematical expression for tact. Have | understood this
correctly? Might | suggest them to give their reactor a more personalized name?

We agree to the reviewer. We operate an aerosol chamber in CSTR mode. In the previous of
the manuscript the distinction between the different concepts was not clear. We changed
the wording throughout the manuscript to “aerosol chamber operated in CSTR mode”. This
does not include a new chamber design, but is a different experimental approach.

Since CSTRs are known for quite a while we also cannot give it a personalized name. There is
also no new reactor design involved like in the most OFRs. Furthermore the tank used here



was so well mixed that no deviation from a perfect mixing could be detected. The respective
sentence now reads.

P2 L3-5

Here we present an experimental approach that can be used to achieve long aerosol aging
times with neither need for large chamber volumes nor high reactant concentrations by
operating an aerosol chamber in the Continuous flow Stirred Tank Reactor (CSTR) mode.

P2 L8: An ideal CSTR is perfectly mixed. A real CSTR is well-mixed.

We agree with the reviewer’s statement. We adjusted the wording throughout the
manuscript to avoid any confusion. We only use “perfectly mixed” in context of an ideal
CSTR. The respective sentence now reads:

P2 L14

The volume of the CSTR is actively stirred in order to achieve a homogenous aerosol mixture.

P2 L9: Perhaps the authors can rephrase “...close to real processes in the atmosphere...” to
“...mimics mixing in the free troposphere more accurately than [other reactors]”. But more
importantly, is the mixing state in this reactor important because it mimics atmospheric
dynamics or because it allows more accurate data retrieval from laboratory experiments?

This reference to atmospheric processes shall give the reader a better understanding what
it means to operate an aerosol chamber in CSTR-mode. We clarified that we compare the
CSTR-approach and the atmosphere in terms of mixing aerosols and measuring a non-
uniformly aged aerosol. The respective text now reads:

P2 L14-19

Due to the mixing, the aerosol that is continuously extracted for analysis consists of a well-
defined mixture of aerosols at different aging stages. From this perspective, the CSTR
approach is closer to atmospheric processes than other reactor types as in the real
atmosphere except for individual plume emissions aerosols are rather continuously emitted,
mixed, and removed. This results in a mixture of aerosols at different aging stages, but of
course, the atmospheric mixture is less well defined compared to an aerosol in a CSTR.

P2 L11-12: That’s absolutely the case for a CSTR! At steady state, the distribution of ages is
fixed, and is dependent only on reactor volume and flowrate. | think this needs to be clearer.

We focus on this specific aspect in section 2 “Introduction of the CSTR” and the respective
text now reads:

P3 L3-5

The key parameter for the description of reactions within a CSTR is the hydrodynamic
residence time (tcstg) Which is also the mean residence time. It can be obtained from

the reactor volume (Vs7r) and the volumetric flow through the CSTR (V) as shown in
eq. (1) (Levenspiel, 1999).



P2 L14: In addition to refining the sentence to make it sound less informal, | would
encourage the authors to cite also Levenspiel’s Omnibook (I think they cite it later, but it’s
missing in the Reference Section).

done

P2 L19: I'm confused, what do the authors mean when they say ‘non-gradual’ (see Major
Comments)? Do they mean time-dependent? Do they mean non-steady state? This is a key
concept in their work, so | would ask them to define it explicitly for the reader.

“Non-gradual” describes changes like phase-transitions where a property shows a step-wise
change. The opposite is a gradual or continuous change of a property. An example would be
the freezing of water. Below or above 0°C the density of liquid water/ice changes gradually
with the temperature. When excluding super-critical conditions, at 0°C the density does not
change gradually but changes step-wise. To clarify what is meant by “non-gradual”, we
extended the introduction of this phrase and added “step-wise change” and “transition
between binary states” as alternative explanations. “Transition between binary states”
hereby means that a system/particle can be described by two distinct states. Either a droplet
is liquid or frozen. A transition from one state to another one can therefore be described as
“non-gradual”. Further, we added a list of possible transition that can be described as “non-
gradual”, “step-wise change” and “transition between binary states”

P2 L24-39

Such transitions in binary systems are step-wise, also referred to as non-gradual
changes in a particle property, such as:

1) Freezing of a water droplet: Step-wise and therefore non-gradual change in the
particle density; the water is either in liquid or solid state.

2) Deliquescence of soluble aerosol particles: The particles show a step-wise i.e. non-
gradual increase in diameter.

Binary particle properties are not necessarily intrinsic particle properties, but can also
be defined by the measurement protocol.

3) CCN-activity: The chemical and physical properties of an aerosol particle can vary, but
the particle is either CCN-inactive or CCN-active at a defined super saturation (SS).

4) Growth beyond a threshold: Condensational growth of an aerosol particle leads to a
continuous and gradual increase of the particle diameter. A binary system can be
defined by introducing a threshold diameter that can be arbitrarily chosen. The
aerosol particle is either smaller or larger than this defined threshold diameter. The
same holds true when particles are separated e.g. in aerosol impactors.

Therefore, the concept of non-gradual transitions/transitions within binary systems can be
used to describe a multitude of changes in particle properties.



P3 L3-4: More than a physico-chemical (physio-chemical?) perspective, I'd say from a flow or
mixing state perspective. Also, PFR can be placed in acronym in brackets (although PFRs can

be mentioned in the introduction), and CSTR has already been spelled out earlier, so just the
acronym should suffice here.

Changed from

to

From a technical perspective.

PFR acronym added

P3 L9: Can the authors make the case that environmental / smog chambers are batch-type
reactors?

Changed from:

To (P3 L17-23):

In an aerosol chamber operated in batch mode, the reaction volume is first filled with
the sample aerosol as fast as possible to achieve high homogeneity of the sample.
After the desired start concentration is reached further addition of the sample
aerosol is stopped and the aging is initiated e.g. by addition of the oxidant. This point
in time is generally defined as the start of the experiment and referred to as t = 0.
Data acquisition of the ageing sample takes place while the reaction volume is
flushed with sample-free gas. The composition throughout the chamber is
homogeneous but evolving in time, therefore no steady state conditions are ever
achieved. This concept is used to operate many large scale environmental chambers
(Cocker et al., 2001; Leskinen et al., 2015; Nordin et al., 2013; Paulsen et al., 2005;
Platt et al., 2013; Presto et al., 2005; Rohrer et al., 2005).

P3 L9: Again, | would urge the authors to be detailed. A PFR (which is the idealized reactor
design on which flow tubes are built) allows no axial mixing (as the authors point out), but is
perfectly mixed radially! The ADM (mentioned by Lambe et al.) allows for deviation from the



PFR and is closer to describing flow tubes, but that discussion can be briefly mentioned, if
needed at all.

The ADM describes how the RTD in a real OFR deviates from the RTD in an ideal PFR. For the
application of the tac-concept it is sufficient that the RTD is known. Therefore we do include
different methods to characterize the RTD. We mention the PFR as reactor concept and
point out that it is approximated by OFRs

Changed from

To (P3 L24-31)

A PFR is a steady state reactor in which no mixing along the flow path (axial mixing) but
perfect mixing perpendicular to the flow (radial mixing) takes place. Further, a continuous
feed-in of reactants and withdrawal of sample take place at equal flow rates simultaneously.
This results in a constant composition of the output solely depending on the residence time
within the reactor. This ideal system is approximated by many Oxidation Flow Reactors (OFR)
e.g. PAM chamber (George et al., 2007), TPOT Chamber (Kang et al., 2007), Micro Smog
Chamber (MSC; Keller and Burtscher, 2012), or the TUT Secondary Aerosol Reactor (TSAR ;
Simonen et al., 2017). The main difference between an ideal PFR and real OFRs is that in
OFRs significant but unintentional mixing of the aerosol along the flow path takes place
(Mitroo et al., 2018). Therefore, OFRs show a significant residence distribution.

P3 L17: Residence time of what? The large chambers?

“in large chambers” added
P3 L19: Consider replacing “During a subsequent...” with “Following steady state, upon shut
down, is the...”

We thank the reviewer for the suggestion but we want to highlight the fact that the purpose
of the flushing regime is to shut down the chamber exclusively but it allows to investigate
the parameter of interest in an addition regime.

P3 L20: To better illustrate their point, | think the authors can put an arbitrary schematic in
the Supplement rather than alluding to a figure that has not yet been explained.

We remove the reference to Fig. 3 for clarity.

P3 L21: | don’t think ‘hydrodynamic’ is necessary, but | could be wrong.

We clarified that it is the hydrodynamic residence time as well as the mean residence time.
In case the reactor would have dead zones this would not the case.

Changed from:



To (P4 L3-4):

The key parameter for the description of reactions within a CSTR is the hydrodynamic
residence time (tcstr) Which is also the mean residence time

Equation (2): A suggestion to simplify notation, perhaps the subscript ‘CSTR’ can be
removed, seen as it is implied. Also, (t) can be placed outside of the square brackets, as can
the subscript ‘feed-in’, which | would also suggest be replaced with a subscript zero.

Using Ap is indeed a more common notification to describe a single-step process. Here we
focus on a two-step process (filling and flushing) therefore it would be necessary to define
two different Ao (Acstr = 0 and A(t=tswitch)) Which can confuse the reader. Since the square
brackets are intended to indicate “concentration”, we remain in the terminology used so far.

P4 L1: This is a good point by the authors! | would encourage a citation of Lambe et al., seen
as what the authors are describing here is essentially the result of a tracer study (A is a
chemically inert tracer essentially).

Unfortunately, the authors are not aware of the appropriate publication by Lambe et al. that
the reviewer refers to. We want to highlight the fact that the beginning of steady state has
to be chosen depending on the experimental conditions (e.g. resolution of detection) and
can be different in different experiments.

P4 L11: | would encourage a citation of Mitroo et al.
Equations (3-4): These are E and F-curves as described by Mitroo et al.; it may be worthwhile
to mention.

We added a sentence to explain our reasoning for the differing wording.
P4 L28-30:

Note, while we choose RTD(t) and RTDsum(t) for a more intuitive denotation, generally E(t)
and F(t), respectively, are the official formula symbols especially in the engineering
community (Levenspiel, 1999).

P6 L16-19: This needs to go either at the end of the introduction, or at P2 L19 in my view.

We believe we have addressed this comment in the new version of the manuscript by
significantly extending the introduction of the term “non-gradual”.

P6 L20-21: This sentence needs to be rewritten as it is too handwavy and comes across as
pseudoscience. “...a particle that undergoes changes that result in a non-gradual



transition...” made no sense in my mind until | finished reading the manuscript. Could the
authors come up with a physical example to help convey what change has been ‘undergone’
that resulted in a ‘transition’? Or is the ‘change’ itself rapid (e.g., heterogeneous
nucleation)? Are the authors implying they can model a process this fast as a function of
time, and decouple it from other timescales within the reactor? Is a CSTR the best approach?

We thank the reviewer for his comment and aim to improve the understanding by specifying
what kind of transitions we refer to.

Changed from:

To P6 L29-35:

We may assume a system in which all external parameters stay constant but the particle
itself undergoes a continuous transformation, e.g. due to oxidation. After a certain period of
time, this continuous transformation, in this specific case oxidation, can lead to a change in a
binary property, e.g. CCN-activity. Ultimately, the step-wise or non-gradual transition is a
function of time. We define the required time span (e.g. necessary aging time) that leads to
a change in a specific particle property, resulting in a transition in a binary system in another
particle property as the activation time (tact). This concept is generally valid and can be
applied to any kind of transition in a system defined as binary either by intrinsic or
operational parameters.

P10 L4: “aerosol particles”

See discussion above

P10 L6: “aerosol particles”, but more importantly, what properties are distributed around a
mean value? If they are physical (e.g., dpg, sigmag, etc.) maybe. If they are chemical (e.g.,
nitrate content) then not really.

From a very fundamental point of view, even the chemical compositions of aerosol particles
from rather pure source (maybe sea salt ) varies slightly between the particles. Often this
distribution is so narrow that it does not matter. That is why it is often ignored.

To avoid any confusion of the reader we change the wording from:

To (P11 L11-23):

However, this is not the case for many parameters. In case of the particle diameter, for
example, every aerosol particle has its individual diameter and the total population can be



described by a distribution of particle diameters around a mean diameter. An eventual size-
selection does impact the mean diameter and the width of the distribution. Still, the size
selected particles will not have the identical diameter.

P10 L7-9: 1 don’t follow the logic here. If | understand correctly, the authors are saying that,
due to multiplicity of charges on some aerosols, an aerosol population that follows a
lognormal distribution if plotted by mobility diameter doesn’t follow a lognormal
distribution by aerodynamic diameter? | don’t see how an aerosol population that is
unimodal in mobility diameter can be multimodal in aerodynamic (or geometric) diameter.

The mobility diameter is a function of size and shape of the particles. The aerodynamic
diameter is a function of the density as well. If the effective density of aerosol particle
changes with the diameter, both size distribution can be quite different. For soot particles
this often the case. Additionally a DMA selects particles that are monodisperse with respect
to their mobility in an electric field. Nevertheless the same particles have a multimodal
distribution of their mobility diameters due to different charges.

We clarified this in the manuscript.

Changed from:

To:

Furthermore the aerosol population might be mono-modal and narrowly-distributed
with respect to one parameter such as the aerosol particles electrical mobility
diameter, but it can be multi-modal or broader distributed with respect to another
parameter e.g. the aerodynamic diameter. Therefore, it has to be expected that the
activation time (tact) is also characterized by a distribution.

P10 L15: Maybe “...has the potential to activate.” instead of “...activates.”, because after
t=180 min, they don’t all activate.

Based on our definition all particles older than t,:=180 min are CCN active, but not all
particles are older than ti.. We thank the reviewer for the comment and the sentence now
ready:

P11 L24-25:

This curve was calculated based on the assumption of uniformity, i.e. every aerosol particle
that is older than tact = 180 min is CCN active.

P10 L17: Why was 30 min chosen as standard deviation?



The numbers presented here are chosen to represent an exemplary Gaussian distribution. In
addition, these values are close to our experimental value and we hope to improve the
readability of the text by avoiding to discuss the same aspect with significantly different
values depending on the section of the manuscript (3.3 vs. 4). The respective sentence now
reads:

P11 L26-29:

To discuss the impact of an activation time distribution P(tact) on the evolution of AF
in a CSTR we consider a model system with P(tact) representing a Gaussian
distribution with an exemplary mean (u) of 180 min and an exemplary standard
deviation (o) of 30 min (eq. (12)).

P14 L1: Unless I'm mistaken, tacts don’t really differ; only tact-onset for PGaussian differs.

This is a theoretical comparison of different ways to obtain ta. The system is idealized and
therefor no instrumental uncertainties affect the outcome. Therefore any deviation between
the numbers is significant. We now have extended the discussions of the numbers presented
in Table 2 in order to present the comparability of our parameters to the literature. The
respective text now reads:

P14 L1-18

As can be seen in Table 2, the individual values deviate with the biggest deviation in the case
of tact -onset. However, the presented deviations are solely caused by the underlying
distributions of the activation time. In addition, tact-onset, tact, and tat0.5 are determined at
different experimental times. While tact-onset is directly determined by measuring the entire
particle population within the CSTR (global AF), ta is calculated from the global AF in steady
state and t,¢t0.5 is obtained from the activation time distribution itself. In the case of tac-
onset, there is a significant share of particles activating significantly earlier than the nominal
activation time (u = 180) in the case of a Gaussian distribution. Therefore, a fraction of 0.01
of CCN active particles within the entire particle population is already present after 87 min.
Opposite to this, the threshold value of 0.01 is crossed later than the nominal activation time
in the case of the step distribution. This is because even though every single particle
activates after exactly 180 min of individual aging time, it takes some additional time before
a fraction of 0.01 of the entire particle population within the CSTR is older than 180 min
leading to a tac-onset of 185 min. The difference of 10 min in ta: between the two P(tact)-
approaches is due to the application of eq. (8) which allows for the calculation of tac: from
the global AF in steady state. Strictly speaking, this equation is defined for the ideal step
function (Pstep(tact)) only. Therefore the higher global AF value for Pgaussian(tact) in steady state
has to lead to a lower tac: value compared to Pstep(tact). Note, tact0.5 is referring to the particle
activation distribution P(tact) only leading to a concordant value of 180 min in both cases.
This can be seen in Graph C of Fig. 4, where 0.5 of the particles with a residence time equal
to the nominal activation time are activated in the case of a Gaussian distribution
corresponding to t.t0.5. In the case of a step function, all particles are activated once the
respective particle population is older than t,.. In the following we will show how the actual
activation time distribution P(tact) can be retrieved from real CSTR experimental data.



P14 L12: Fix “tact”, but more importantly, please address the Major Comment surrounding
this sentence (the lag in Fig. 3 before tact).

done

P14 L13: Fix “P(tact)”

done

P14 L15: Fix “Pstep(tact)”.

done

P13 L5-6: Please provide appropriate citations.

Changed from:

To (P14 L11-14):

Results from batch chamber experiments as well as from oxidation flow reactor
experiments are often presented in terms of SS-onset or critical SS. While the SS-
onset is defined by a minimum threshold (e.g. 0.01 AF) the critical SS is reached when
0.5 of the particles activate (Friedman et al., 2011; Koehler et al., 2009; Rose et al.,
2007).

P14 L21: | would appreciate either a description of the chamber or literature that describes
it. I'd really like to know, as | think is important for the reader, if this chamber is indeed well
mixed (does it have impellers, fans, baffles?) to where the equations can be applied to the
data, or is this chamber not really well mixed? What about residence time in the tubing? The
tracer data may require some convincing (see four comments down P15 L6).

We picked up this comments and implemented it in the manuscript.

Changed from:

To (P15 L20-24):

In the laboratories at ETH Zurich we performed aging experiments in a 2.78 m? stainless steel
aerosol chamber operated in CSTR mode. A detailed description of the chamber can be
found in Kanji et al., (2013). The chamber was actively mixed with a fan, but had no further
features to enhance mixing e.g. baffles. All instruments were connected to the chamber with
stainless steel tubing with 4 mm inner diameter. Since the maximal tubing length from the



CSTR chamber to the analysis instruments was 3 m the impact on the overall residence time
is negligible.

P14 L22: For those not familiar with soot generation, what is a miniCAST, set point 6?

Changed from:

To (P15 L25-29):

We investigated the change in CCN-activity of soot particles rich in organic carbon due to
heterogeneous ozone oxidation. The soot particles were generated with the miniature
Combustion Aerosol STandard (miniCAST, Model 4200, Jing Ltd., Zollikofen, Switzerland)
which is propelled with propane and operates with a laminar diffusion flame. The miniCAST
was operated under fuel-rich conditions (set point 6 according to the manual) in order to
generate a soot which was rich in organic compounds (fuel-to-air ration: 1.03).

P14 L30-35: Would the authors see fit to put these two points at the end of the Introduction
Section?

We thank the reviewer for this suggestion, but in view of the complex nature of the concept
discussed within this manuscript the authors are worried that moving this information to the
beginning of the manuscript might confuse readers not that familiar with chemical reaction
chamber designs as the reviewer.

P14 L31: Again, I’d encourage the authors to refrain from using the word ‘perfectly mixed’
when talking about a real reactor. Might | suggest ‘well-mixed’. More to my point: no RTD is
available until Fig. 6; can a description of the chamber, or literature on it be presented?

Changed from:

To (P15 L40-41):

1) Can the aerosol chamber be operated in CSTR-mode throughout an entire day, which
requires a constant aerosol feed-in flow and a good internal mixing?

P15 L6: Following the comment above: How the particles depict a CSTR would be more
believable if the authors provide some way of showing it. Maybe plot an E-curve for the data
and overlay that of an ideal CSTR over it? If | calculated it right, 2.78 m3 / 25 LPM is ~111
min. Why is tact more than twice that? In P7 L7 the authors claim tact is one mean residence
time for a CSTR. If their chamber is not as well mixed as believed that’s OK, but it should be
stated (and at least be better mixed than OFRs!).



The authors apologize for not being clear enough in the definition and introduction of the
activation time tact, the mean residence time 7, and the individual residence time (i.e.
particle age) in the original manuscript. The respective text now reads:

P16 L4-32

The graphs Al and B1 in Fig. 6 show the particle concentration (black crosses; left axis), the
measured global AF (red crosses) and the fitted global AF (blue dashed line, both right axis).
The particle number concentration curves (black crosses) follow the theoretical filling and
flushing curves as expected in a CSTR (Fig. 3). The slight decline in the concentration in
steady state in graph Al is due to a slight reduction in the particle input concentration that
was experienced during the experiment. Visa versa the slight increase in the number
concentration in graph B1 is due to a slight increase in the particle input concentration over
time.

In the flushing regime the particle number concentration declines exponentially in both
experiments. Eq. (5) describes the ideal/theoretical evolution of the particle number
concentration in the flushing regime when taking the hydrodynamic residence time
Tcstraccording to eq. 1 into account. In the ideal case the decay is solely caused by the
flushing process. In reality, the decay is a combination of flushing as well as additional
particle losses e.g. wall losses or coagulation. Therefore, the real residence time can be
obtained by fitting equation 5 to the experimental data after rearrangement for t, to which
we refer to as Ty, from now on (Kulkarni et al., 2011). In both experiments 7y, coincides
at 104 min, which is lower than the hydrodynamic residence time tcstg of 111 min. In other
words, the particle concentration declines faster than expected. This difference is caused by
particle losses to the chamber wall, which acts as an additional particle sink parallel to
flushing and reduces the particle lifetime. Nevertheless, statistical analysis of the
experimental data results in purely statistical noise centered on the fitting curve used to
determine tq,q,- This indicates that in terms of mixing no difference between an ideal CSTR
and the aerosol chamber used here can be detected with the applied instrumentation.

When dividing the real particle life time (tz,g,) into its individual components, a particle life
time upon wall losses (Ty411-10ss) ©f 1600 min can be determined in accordance with first order
wall loss kinetic (Crump et al., 1982; Wang et al., 2018). The influence of particle coagulation
can be considered negligible due to the low coagulation rate of 100 nm particle at
concentrations of maximum 1500 cm™3 (Kulkarni et al., 2011).

Based on the discussion above, the measured AFs (red crosses) show the expected change
throughout the entire experiment in Fig 6 A1 and B1. In the beginning of both experiments
AF is 0. After a minimum aging time each AF starts to increase until it reaches a constant
level (A1l: AF=0.091, 1.0 % SS; B1: AF =0.233, 1.4 % SS). The gaps in the curves during
steady state are due to changes in the operation of the CCNC form running on a constant SS
(1.0% and 1.4%, respectively) to scanning over a range of SS. In the flushing regime, each
measured AF increases exponentially. CCN data could be acquired successfully throughout
the entire experiment until the global AF reached ~1.0 (> 1000 min) in the first experiment
presented in graph Al. In the second experiment presented in graph B1, instrumental issues



caused the acquisition of the global AF to end prematurely after approx. 800 min of
experimental duration.

Tables and Figures:

Figure 1: Please indicate a unit for the x-axis (I think it’s seconds). Also, this figure is
confusing because it should just be one curve representative of SS, but the authors mention
in the caption “...while flushing the CSTR.” | understand what the authors mean, but maybe
the reader won’t so this figure or its citation in the text should be made clearer.

We thank the reviewer for pointing out this issue. We have redesigned the entire figure to
increase its readability. Please note, the values of the x-Axis are multitudes of the
hydrodynamic residence time. The caption has been revised appropriately.

Caption change from:

Figure 1: RTD inside the CSTR for steady state and for different time steps (multiples
of T) while flushing the CSTR. The area below the curve is proportional to the fraction
of aerosol particles at a specific residence time. The individual residence time of a
specific particle fraction is indicated by the color coding.

To:

Figure 1: RTD inside the CSTR within steady state (black line) and for different time
steps after the CSTR operation was switched to the flushing regime. The area below
the curve is proportional to the fraction of aerosol particles at a specific residence
time. The individual residence time of a specific particle fraction is indicated by the
color-coding. The time on the x-axis is plotted as dimensionless time in multiples of
the hydrodynamic residence time tcgtR-

In addition, we now highlight in the text only the solid black line labeled with “steady state”
represents SS while the other curves represent the RTD at increasing time increments after
switching to the flushing regime. The respective text now reads:

P3 L7-15

Figure 1 illustrates how the RTD changes in the flushing regime. Note, the time on the x-axis
is plotted as dimensionless time in multiples of t. Each color in the area represents an
individual aerosol fraction with a corresponding residence time. Blue stands for the lowest
and red for the highest residence times. The dashed black curve labeled “steady-state”
represents the RTD in steady state while the other curves show the RTDs for additional time
increments after the flushing regime has been initiated (tswitch). For example, the area und
the grey curve labeled “+1 t” represents the RTD 1 t after initiation of the flushing regime.
The grey dashed line stands for the activation time tac, a threshold time that will be
introduced later. Here it marks a threshold time. With increasing flushing time, the fraction
of aerosol particles that have an individual residence time higher than this threshold time
increases. From some point in time on all particles have crossed this threshold time as is the
case for the particles under the light grey curve at “+2 t” after tswitch.



Figure 2: No major comments.
Figure 3: No major comments here, other than the curiosity of how a graph like this would
look like for a PFR.

The particle concentration / F-curve from Mitroo et.al. would be a Step function. The AF-
curve for ideal PFRs with no activation time distribution is either 0 or as step function as
well.

Figure 4: No major comments.

Figure 5: Upon seeing Fig. 5, | struggle to now understand Fig. 3 (or, the blue line in Fig. 5). |
was under the impression tact is when reactants are introduced. If that is the case, why does
the red line show AF >0 at t < tact? Or am | missing something? A CSTR has no lag by design;
only PFRs have lags. Even in the ‘filling regime’. | think the root of my misunderstanding can
be traced back to P7 L7. Why is AF = 0 when t < tact? Even for a system with no Gaussian
spread, purely based on CSTR design, at t = 0+ AF (however small) is non-zero. If the authors
can explain their assumption in P7 L7, | think it would clear this up (at least for me).

The authors hope to have improved the introduction of ta.c chapter 3 in this revised version
of the manuscript as tact is the time needed to modify a single particle to such a degree that
it is CCN active. tact is not the time span since when reactants are introduced into the
reaction chamber as this is defined as the experimental duration t.

Table 1: No major comments.

Table 2: No major comments on the table itself (maybe capitalize the subscript ‘gaussian’?);
but | have comments on how the authors choose to explain the difference in values of tact-
onset for Step and Gaussian (see comment section).

Done in the comment section

Table 3: No major comments.

Figure 6: No major comments, but | do have a question: it’s unclear how the authors’ fit
matches data well. Was it a fit? E.g., if instead of soot they used salt, what is needed
experimentally to determine the blue dotted line in this Figure? Did | miss something in the
text?

Changed from:

To:



The graphs A2 and B2 in Fig. 6 show the activation time distribution P(tact) (blue solid line)
retrieved from the measured global AFs. The P(tat)’s presented were obtained from curve
fitting the measured AF-curves using eq. (13), which describes the evolution of AF taking the
activation time distribution into account. For this, assumptions concerning the type of
distribution had to be made. Here, we assumed that P(tact) can be described by a mono-
modal Gaussian distribution as presented in eq. (12). A brute-force algorithm was used that
optimized the characteristic parameters u (=mean) and o (=standard deviation) in order to
achieve the best fit to the measured global AF using the least-square method. The results of
this fitting procedure are presented in Table 3 as well as in A2 and B2 of Fig. 6. In the first
experiment with the experimental settings at 1.0 % SS and 100 ppb Os u as well as o of P(tact)
are larger (253.7 min and 35.5 min) compared to the results obtained for the second
experiment at 1.4 % SS and 50 ppb O3 (153.6 min and 24.6 min). From a theoretical
perspective, there are two competing aspects. On the one hand, due to the higher ozone
concentration the threshold of chemical transformation leading to CCN activity of the
particles should be reached earlier. On the other hand, the threshold of chemical
transformation should be lower at higher SS. Our results presented here could indicate that
the difference in SS in this specific range might be more important than the difference in
ozone background concentration within the considered range. At the current stage we
cannot draw any final conclusions on how these two competing aspects actually interplay
but additional experiments are planned to resolve this issue.

In addition, we list t,: obtained from AF during steady state following eq. (8) as described in
section 3.1.2 in Table 3. Based on error propagation calculation, the instrumental
uncertainty for obtaining tac from steady state is £ 11.6 min. In our experimental setup the
differences between ta: and u are 3.9 min and 2.1 min, respectively, and therefore below
the instrumental uncertainties. This is a very beneficial aspect when considering a broad
application of the CSTR-concept in atmospheric science experiments. In general, an accurate
determination of P(tact) requires a sufficiently high time resolution throughout the whole
experiment. This can be difficult to achieve depending on the general experimental
conditions such as the type of instrument, since running SS-scans with a CCNC can be time
consuming. However, if a characterization of the aged aerosol during steady state is
sufficiently precise, a potentially time consuming acquisition of a large number of data
points for the determination of P(tat) does not provide additional benefits.

Figure 7: No major comments, but to be clear, is this illustrative? That AFTPOT > AFPAM at
high [OH], and the reverse for low [OH], is subject to experimental data, right?

The specific values for tact are chosen for illustrative purposes. The AF-values are theoretical
calculations based on the framework presented here and match the trend seen in the
experimental data as presented by Lambe et al. 2011.



RC2

We thank the reviewer for the comprehensive feedback on our work. With the help of the
reviewers’ comments we greatly improved the understandability of our work and made it
more accessible to a broader audience. Detailed answers to the individual comments are
given below. For clarity, the reviewers’ comments are written in black, and our response in
red. Texts from the old version of the manuscript are typed in and texts from the
revised manuscript in blue

General comments:

This manuscript presented an improved experimental approach to perform atmospheric
oxidation of soot particles using a Continuous Flow Stirred Tank Reactor (CSTR),

which enables extended sampling time within a small-size conventional aerosol
chamber. A new metric of activation time (tact) was developed to characterize the
change of activated fraction (AF) in different regimes (i.e., filling, steady state, and
flushing) for soot particles following heterogeneous ozone oxidation. Good agreements
between theoretical calculations and parameterized CCN activities using tact were
achieved for their experimental data. The tact concept was also applied into some
previous studies with continuous flow chambers. Discrepancies in the CCN activity of
BES particles can be better explained with considering tact and residence time
distribution, in comparison to those initially interpreted by the bulk H/C and O/C ratios,
which couldn’t fully characterize the detailed change in particle chemical compositions.
This work is worth further application in atmospheric sciences, yet some details and
interpretations could be clarified, reorganized, and improved accordingly. | would
recommend for the final publication in AMT upon major revisions, as detailed below.

Major comments:

1. In the motivation section (Page 2, Line 19): The “non-gradual transition” case of
CCN activation suddenly appeared, with no prior introduction or definition of this
new concept (instead, which was included in Sect.3). This content seemed to be
disconnected with the information detailed in the last sentence, and | didn’t catch
the importance/necessity of developing a mathematical analysis for the non-gradual
transitions in the following statements.

We understand that the wording we used does not precisely describe to what kind of
changes we refer to. Our approach to improve the understandability is to add synonyms
commonly used in the atmospheric science community. Additionally we added examples to
illustrate this concepts. For the examples we chose common processes investigated by the
atmospheric science community. Nevertheless, these concepts are not limited to
atmospheric science and can be applied in different fields as well.

III

In case of the term “non-gradua
property changes step-wise. This is the opposite of a gradual or continuous change of a

we refer to changes like phase-transitions where a



property. An example would be the freezing of water. Below or above 0°C the density of
liquid water/ice changes gradually with the temperature. At 0°C the density does not change
gradually but changes step-wise by jumping between 0.92 g/cm3 and 1.00 g/cm?3 . To clarify
what is meant by “non-gradual” we extended the introduction of this phrase and added
“step-wise change” and “transition between binary states” as alternative explanations.
“Transition between binary states” hereby means that a system/particle can be described by
two distinct states. Either a droplet is liquid or frozen. A transition from one state to another
can be described as “non-gradual” as well.

III o
7’

We added a list of possible transition that can be described as “non-gradua
change” and “transition between binary states” (P2 L26-39)

step-wise

Such transitions in binary systems are step-wise, also referred to as non-gradual changes in a
particle property, such as:

5) Freezing of a water droplet: Step-wise and therefore non-gradual change in the
particle density; the water is either in liquid or solid state.

6) Deliguescence of soluble aerosol particles: The particles show a step-wise i.e. non-
gradual increase in diameter.

Binary particle properties are not necessarily intrinsic particle properties, but can also be
defined by the measurement protocol.

7) CCN-activity: The chemical and physical properties of an aerosol particle can vary, but
the particle is either CCN-inactive or CCN-active at a defined super saturation (SS).

8) Growth beyond a threshold: Condensational growth of an aerosol particle leads to a
continuous and gradual increase of the particle diameter. A binary system can be defined by
introducing a threshold diameter that can be arbitrarily chosen. The aerosol particle is either
smaller or larger than this defined threshold diameter. The same holds true when particles
are separated e.g. in aerosol impactors.

Therefore, the concept of non-gradual transitions/transitions within binary systems can be
used to describe a multitude of changes in particle properties.

Such transitions between binary states are a necessary requirement for the analysis of data
from experiment conducted in a CSTR aerosol chamber. Some of the transitions mentioned
above are not triggered by a change in the ambient conditions but by a change of the
particle itself e.g. due to aging. Aging processes show typically a time-dependence. We focus
on the time needed to modify an aerosol particle to such a degree that it changes its state in
a binary system. The example which we present in our manuscript is the CCN-activation of
soot particles due to oxidation with ozone. Initially, a single soot particle is CCN-inactive at a
given super saturation. After a certain aging time it is able to accumulate water at this super
saturation. The chemical modification of the soot particle is a continuous process. The
change ig CCN-activity is not a continuous process. A particle is either CCN-inactive or CCN-
active. The transformation from CCN-inactive to CCN-active is therefore a step-wise change
in the particle properties.



The authors have introduced the concept of CSTR and suggested that “The steady
state in the CSTR is characterized by constant concentration of all compounds and
constant reaction rates.”. It is a bit confusing that how the assumed “perfectly
internal mixing” is achieved, even if without considering the influences of particle
wall loss and coagulation during different experimental regimes.

The steady state in CSTR is indeed characterized by constant concentrations. All processes
and chemical reactions proceed, but new compounds are constantly introduced to the CSTR
as well as old products are continuously removed from the CSTR. After a certain time span
the CSTR reaches a dynamic equilibrium and therefore the concentration does not change
anymore. The same is valid for oxidation flow reactors like the Potential Aerosol Mass
chamber. These kind of aging chamber also operate in steady state mode. In contrast to
that, environmental aging chamber operated in batch mode are not continuously filled with
new compounds. These type of chambers have constantly changing conditions.

Particle losses to the chamber wall do occur in CSTR-experiment as well, but due to the
constant feed-in of fresh aerosol the particle-wall-loss-rate reaches a constant speed once
the CSTR is in its dynamic equilibrium/steady state.

The “perfectly mixed” refers to the active mixing inside the CSTR. We used a fan to mix the
freshly introduced aerosol with the aerosol that entered the CSTR before. A real CSTR is
theoretically never perfectly mixed. However, a perfect internal mixing can be extremely
well approximated by actively stirring the aerosol inside the chamber.

Section changed from: (old P2 L6-8)

To: (new P2 L13-19)

The CSTR approach describes an aerosol chamber, which is continuously filled with an
aerosol flow constant in composition over time. The volume of the CSTR is actively stirred in
order to achieve a homogenous aerosol mixture. Due to the mixing, the aerosol that is
continuously extracted for analysis consists of a well-defined mixture of aerosols at different
aging stages.

In addition, we show in statistical analysis of the flushing curves in the two experiments
presented in the manuscript reveal that the deviation from perfect mixing is below the
detection limit of the instrumentation deployed.

P16 L18-20

Nevertheless, statistical analysis of the experimental data results in purely statistical noise
centered on the fitting curve used to determine ty,q,. This indicates that in terms of mixing
no difference between an ideal CSTR and the aerosol chamber used here can be detected
with the applied instrumentation.



How should readers understand the “constant concentration of all compounds” during aging
reactions in the CSTR, where the corresponding compositions/concentration of
reactants/products are supposed to vary with such processes?

As described above the CSTR can reach a dynamic equilibrium. In this state, particles do
react, get lost to the chamber walls, coagulate and so on. Due to the constant feed-in of new
aerosol and flush-out old aerosol the overall concentration stays constant over time. We
greatly expanded the description of the CSTR and the ongoing processes.

(new: P4 L7 — P5 L15)
Filling regime

As the CSTR volume is initially sample free, the aerosol particle concentration in the CSTR
increases continuously during the filling regime until it reaches a stable concentration. The
aerosol particle concentration ([Acstr(t)]) at any point in time can be calculated as a function
of the experimental duration (t) by eq. (2), where ([Afees-in]) is the aerosol concentration in
the feed-in flow.

-t

[Acstr()]=[Ateeq-in]- (1'e(ﬁ))
We define that the CSTR reaches steady state conditions when the difference between
[Acstr(t)] and [Afeeq.in] is smaller than the resolution of the analytical instruments deployed.
To standardize the time period, we chose the fourfold mean residence time (4t criterion) as
reference point for the start of the steady state in this publication. At this point the
difference between [Acstr(t)] and [Afeeq-in] is l€ss than 2 % which is lower than the resolution
of most aerosol particle counters (Mordas et al., 2008).

Steady state

The steady state is in fact the part of the filling regime where the CSTR is in a dynamic
equilibrium. All processes and reactions continue but the concentrations of all compounds
remain constant over time. In theory, this operation point can be maintained for an infinite
experimental duration. Be aware that this does not mean that an infinite degree of aerosol
aging can be achieved. In steady state the experimental duration is decoupled from the
particle age, which is in contrast to experiments in batch-chambers but similar to OFR
experiments. As a result of the continuous feed-in and flush-out flow, different aerosol
fractions that enter the CSTR at different times are present simultaneously, resulting in a
residence time distribution (RTD). In CSTRs the RTD can be described by eq. (3) and is plotted
in Fig. 1 (solid black line — labeled with “steady state”). With an increasing individual
residence time the fraction of aerosol particles declines exponentially. The individual
residence time of a specific particle fraction is indicated by the color-coding in Fig. 1. The
actual number of particles within an individual particle fraction at a specific residence time
can be calculated by integrating RTD over time (eq. (4)). This leads to the residence time sum
distribution RTDsum represented by the colored area under the curve. Note, while we choose
RTD(t) and RTDsum(t) for a more intuitive denotation, generally E(t) and F(t), respectively, are
the official formula symbols especially in the engineering community (Levenspiel, 1999).

(2)
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Flushing regime

From the point in time that no fresh aerosol but only particle free air is added the CSTR is
operated in the flushing regime. This operation mode can be considered similar to the
operation of batch-aerosol chambers as in both cases the aerosol is flushed out
continuously.

The initial RTD at this switching point (tswitch) and therefore the ratio of young to old aerosol
fractions is preserved throughout the entire flushing duration. Nevertheless, the individual
residence time of every single aerosol fraction rises with flushing duration. In other words:
All particles age simultaneously. Figure 1 illustrates how the RTD changes in the flushing
regime. Note, the time on the x-axis is plotted as dimensionless time in multiples of t. Each
color in the area represents an individual aerosol fraction with a corresponding residence
time. Blue stands for the lowest and red for the highest residence times. The dashed black
curve labeled “steady-state” represents the RTD in steady state while the other curves show
the RTDs for additional time increments after the flushing regime has been initiated (tswitch).
For example, the area und the grey curve labeled “+1 t” represents the RTD 1 t after
initiation of the flushing regime. The grey dashed line stands for the activation time tac, a
threshold time that will be introduced later. Here it marks a threshold time. With increasing
flushing time, the fraction of aerosol particles that have an individual residence time higher
than this threshold time increases. From some point in time on all particles have crossed this
threshold time as is the case for the particles under the light grey curve at “+2 t” after tswitch.

Another question is about the configuration of the CSTR in this study: did the
authors use a real CSTR device for their experiments or not? what kinds of
equipment (and how) were actually coupled with the CSTR, in addition to a CCN
counter which enables the CCN activation measurements (i.e., the AF results) of
aged soot particles?

The CSTR describes a reactor concept that is continuously filled with educts while products
are constantly removed. The compounds inside the CSTR are ideally perfectly mixed, which
is realized by actively stirring the compound with e.g. a fan.

In the context of atmospheric science, every environmental aging chamber can be operated
as a CSTR. The only technical requirement is the presence of e.g. a fan to stir the aerosol. In
our experiments we operated a 2.78m?3 steel chamber in CSTR-mode.

The description of the aerosol chamber used was extended from: (old P14 L20 - 21)

In the laboratories at ETH Zurich we performed aging experiments in a 2.78 m?3 stainless steel
aerosol chamber run in CSTR mode.

To: (new P15 L20-29)



In the laboratories at ETH Zurich we performed aging experiments in a 2.78 m?3 stainless steel
aerosol chamber operated in CSTR mode. A detailed description of the chamber can be
found in Kanji et al., (2013). The chamber was actively mixed with a fan, but had no further
features to enhance mixing e.g. baffles. All instruments were connected to the chamber with
stainless steel tubing with 4 mm inner diameter. Since the maximal tubing length from the
CSTR chamber to the analysis instruments was 3 m the impact on the overall residence time
is negligible.

We investigated the change in CCN-activity of soot particles rich in organic carbon due to
heterogeneous ozone oxidation. The soot particles were generated with the miniature
Combustion Aerosol STandard (miniCAST, Model 4200, Jing Ltd., Zollikofen, Switzerland)
which is propelled with propane and operates with a laminar diffusion flame. The miniCAST
was operated under fuel-rich conditions (set point 6 according to the manual) in order to
generate a soot which was rich in organic compounds (fuel-to-air ration: 1.03).

The aerosol chamber used is a “real CSTR” which is very close to an “ideal CSTR”. We added
a section where we explicitly point out that in terms of changes in the particle number
concentration no deviation between our “real CSTR” and an “ideal CSTR” could be detected.
(new P16 L10-20)

In the flushing regime the particle number concentration declines exponentially in both
experiments. Eq. (5) describes the ideal/theoretical evolution of the particle number
concentration in the flushing regime when taking the hydrodynamic residence time
Tcstraccording to eq. 1 into account. In the ideal case the decay is solely caused by the
flushing process. In reality, the decay is a combination of flushing as well as additional
particle losses e.g. wall losses or coagulation. Therefore, the real residence time can be
obtained by fitting equation 5 to the experimental data after rearrangement for t, to which
we refer to as g, from now on (Kulkarni et al., 2011). In both experiments 74, coincides
at 104 min, which is lower than the hydrodynamic residence time tcstg 0f 111 min. In other
words, the particle concentration declines faster than expected. This difference is caused by
particle losses to the chamber wall, which acts as an additional particle sink parallel to
flushing and reduces the particle lifetime. Nevertheless, statistical analysis of the
experimental data results in purely statistical noise centered on the fitting curve used to
determine tq,q,- This indicates that in terms of mixing no difference between an ideal CSTR
and the aerosol chamber used here can be detected with the applied instrumentation.

Overall, we conducted a broad range of experiments in which we investigated the impact of
different aging conditions on different types of soot particles. We investigate parameters like
single particle mass, hygroscopicity, chemical composition, ice nucleation activity as well.
Results from these experiments are not presented within this manuscript but will be
published soon. Mentioning of these measurements would be beyond the scope of this
manuscript. In addition, in view of the rather theoretical nature of our manuscript we aim to
streamline the content as much as possible. Thereby, we hope to limit the potential
distraction of the reader to a minimum and allow the reader to focus on the CSTR-approach
and on the applicability of this approach.



Corresponding details are suggested to be provided especially
for those who are unfamiliar with such systems. From my perspective, the
organization of this section could be improved for better delivery of the key points.

We expanded and rewrote the introduction section and made a clearer distinction between
the application of the CSTR approach for atmospheric experiments, the development of a
CSTR-specific mathematical framework, the newly developed tic-concept, as well as the
application of the tac-concept to other continuous flow steady state chambers, namely OFRs.
(new: P2 L40- P4 L7)

In the following, we discuss a theoretical basis for the analysis of time-dependent changes in
binary systems within well-mixed continuous flow aerosol aging chambers (CSTR-approach).
We developed a mathematical framework which allows the retrieval of characteristic
parameters from the system of interest (e.g. CCN activity) and which allows for the
calculation of the parameter of interest throughout the entire duration. Key element in this
framework is the activation time (tact) which marks the time after which the individual
aerosol particle undergoes a transition within a binary system. We start by introducing an
idealized system in which tact can be described by a single number and proceed to a more
realistic setting in which we incorporate a distribution of particles with different individual
tact’s (activation time distribution, P(tact)). Further, we test the tact-concept on real
experimental data and finally apply it to other types of continuous flow aging chambers such
as OFRs. We show that application of the tac-concept is capable of giving new insights to ORF
data and further significantly improves the understanding of discrepancies in experimental
results obtained in intercomparison studies Lambe et al., (2011) with different reactors such
as the Potential Aerosol Mass Chamber (PAM) chamber and the Toronto Photo-Oxidation
Tube (TPOT).

Furthermore, we expanded the section where we introduce the batch-mode aerosol
chambers, the OFRs and compare both types to the CSTR. (new P3 L17-39)

In an aerosol chamber operated in batch mode, the reaction volume is first filled with the
sample aerosol as fast as possible to achieve high homogeneity of the sample. After the
desired start concentration is reached further addition of the sample aerosol is stopped and
the aging is initiated e.g. by addition of the oxidant. This point in time is generally defined as
the start of the experiment and referred to as t = 0. Data acquisition of the ageing sample
takes place while the reaction volume is flushed with sample-free gas. The composition
throughout the chamber is homogeneous but evolving in time, therefore no steady state
conditions are ever achieved. This concept is used to operate many large scale
environmental chambers (Cocker et al., 2001; Leskinen et al., 2015; Nordin et al., 2013;
Paulsen et al., 2005; Platt et al., 2013; Presto et al., 2005; Rohrer et al., 2005).

A PFR is a steady state reactor in which no mixing along the flow path (axial mixing) but
perfect mixing perpendicular to the flow (radial mixing) takes place. Further, a continuous
feed-in of reactants and withdrawal of sample take place at equal flow rates simultaneously.
This results in a constant composition of the output solely depending on the residence time
within the reactor. This ideal system is approximated by many Oxidation Flow Reactors (OFR)
e.g. PAM chamber (George et al., 2007), TPOT Chamber (Kang et al., 2007), Micro Smog



Chamber (MSC; Keller and Burtscher, 2012), or the TUT Secondary Aerosol Reactor (TSAR ;
Simonen et al., 2017). The main difference between an ideal PFR and real OFRs is that in
OFRs significant but unintentional mixing of the aerosol along the flow path takes place
(Mitroo et al., 2018). Therefore, OFRs show a significant residence distribution.

The CSTR is a steady state reactor with a constant reactant feed in and sample withdrawal as
well but opposite to OFRs, the volume is actively stirred to achieve a homogeneous
composition throughout the reactor volume. Due to the active mixing, sample stream
composition and conditions are the same as within the entire chamber volume. The concept
of the CSTR requires perfect internal mixing, which cannot be achieved in real systems.
However, due to the good miscibility and low viscosity of gases and the aerosol particles
being homogenously dispersed, it is possible to achieve a degree of mixing which is very
close to a perfectly mixed system. Especially in the case of mimicking atmospheric processes,
residence times of several hours are achieved. Compared to that, the time needed for
dissipating all gradients, which is in the order of seconds to minutes, can be considered
small.

2. The Section 6, especially the last paragraph of which, is quite confusing. It is good

to see the application of the activation time concept (tact) into data interpretation of
previous chamber studies, with improved agreements among different datasets.
Nevertheless, there are several concerns need to be addressed. First of all, the

previously used chambers such as PAM, they are actually not CSTR or far from the

ideal mixing condition during oxidation. As a result, how can you simply apply the tact or
RTD concept for CSTR system into the data interpretation of OFR/PAM reactors? Necessary
information is needed to clarify this point.

The PAM and TPOT chambers are indeed no CSTRs, are not internally well-mixed and
therefore cannot be described with the CSTR-specific mathematical framework introduced
here. However, they show a significant residence time distribution due the mixing along the
flow path as shown in multiple publications and discussed in the publication Lambe et al.
2011 which we refer to in our manuscript. The tac- is not limited to CSTR chambers but can
be applied to resolve the information from any data acquired in a chamber that is
characterized by a residence time distribution. A RTD means that the aerosol particles that
leave the OFR stayed inside the chamber for different individual durations. If the measured
AF behind the OFR is 0.3, we raise the question which particles of the whole aerosol particle
distribution are the CCN-active particles. Following the general concept in atmospheric
science in which it is assumed that an increase in ageing duration is associated with an
increase in hydrophilicity/hygroscopicity turning an initially CCN-inactive particle into a CCN-
active particle, the tacc concept defines that only the oldest 30% of the particles are CCN-
active and the youngest 70 % are CCN-inactive. The time that separates the youngest and
CCN-inactive 70 % from oldest and CCN-active 30 % is tact (necessary aging time).

In principle it is also possible that young and old particle activate equally well, however this
seems to be unlikely for the BES-particles discussed here. Furthermore even this behavior
could be captured by the ta-distribution. In this unlikely case the activation time distribution



would be a horizontal line (P(tact) = 0.3 ) but neither a peak nor a Gaussian shaped
distribution.

In this manuscript we define 2 scenarios that combine this tat-concept with the RTD
reported by Lambe et al. (Figure 7). In the first scenario (High-OH) we calculated the fraction
of particles older than 40 s in the PAM and TPOT chamber. In the second scenario we did the
same with a time period of 180 s. As can be seen, the fraction of particles older than this
threshold time tact varies between both chambers. Since only the oldest particle can be CCN-
active this leads to different experimentally determined AF-values. In the high-OH scenario,
AF in the TPOT is higher than in the PAM chamber. In the low-OH scenario, AF in the TPOT is
lower than in the PAM chamber. The same trend was reported by Lambe et al (2011).

However this a qualitative application of the ta-concept. We added following section that
mentions what would be needed for a quantitative application of tac—concept. (new: P20
L23-36)

Up to now, the discussion did not include many important processes that are relevant in
aging chambers e.g. particle wall-interaction, gas-phase-partitioning, fluctuating input
concentrations while field measurements, or inhomogeneities inside the OFR. These aspects
are important for many processes such as the formation of SOA and can be incorporated to
the tac-concept by modifying eq. (13). As the actual calculation requires a multidimensional
data array and detailed knowledge about the chamber of interest, this subject matter is
beyond the scope of this publication and will not be discussed further. Nevertheless, the
overall conclusion is that application of the original/non-adjusted tic--concept can explain
why measurements within different OFR chambers agree in parameters, which dependent
on the bulk properties of the aerosol particle population (e.g. average O:C ratio) and at the
same time disagree in parameters, which are dependent on the condition/status of the
individual particle (e.g. CCN-activity). Therefore, we suggest to apply the concept of the
activation time tact or the activation time distribution P(tact) as metric in addition to
calculating average values, such as the global AF and OH-exposure if following conditions are
met. One, the system or parameter of interest can be described as a binary system and
undergoes step-wise / non-gradual transitions such as CCN-activity. Two, the OFR used has a
RTD broad enough to influence the outcome. Three, the conditions inside the reactor are
either homogeneous or a correction for inhomogeneities (e.g. different oxidants
concentrations inside the reactor) is implemented.

Another issue is that discrepancies in CCN activity of SOA formed from chamber

oxidation experiments could be influenced by various factors, such as gas-particle
partitioning and particle-phase reactions during SOA production as well as liquidliquid phase
separation during activation processes. Additionally, the variability in

different operation parameters such as relative humidity, initial concentration of

VOC precursors, and acidity in the OFR/PAM chamber can affect the SOA

formation process even for a same average OH concentration condition, further

influencing the subsequent CCN activation process. In this sense, how to evaluate

or exclude the impacts of these factors on the agreement of CCN activity (or AF)
measurements for different types of OFR or PAM experiments? Namely, how can



we confirm that the discrepancies are predominantly introduced by the activation
time (or RTD) rather than by the other influencing parameters, although the
application of tact can better capture the deviation of CCN activity (likely due to
change in chemical compositions) than what the bulk H/C and O/C ratios do?
Further discussion is needed to clarify the abovementioned points.

We only refer to the aging of BES-particle in the PAM and TPOT-chamber. Therefore, we do
not discuss the application of the tit-concept onto the formation and aging of SOA. In
addition we limit the application of the tact-concept to the results obtained by Lambe et Al.
(2011) in our manuscript as being qualitative. To identify if the RTD of the two chambers is
the only reason for a different measured AF a quantitative analysis would be needed.
However, this greatly exceeds the scope this manuscript. Nevertheless, the tat-concept
predicts well the overall trend in AF measured downstream both chambers. This is described
in the section above.

The formation and subsequent aging of SOA in OFRs is a complex process and cannot by fully
described by the tat-concept introduced here. The main factor that inhibits a straightforward
application is that SOA-particles only form in the chamber. As long as the educts are gaseous
and therefore fully miscible, no air parcel can be separated from another air parcel by a
measurement of the CCN-activity. After particles formed, each particle can have its
individual trajectory inside the OFR. Therefore, particles can have different individual aging
times and individual degrees of chemical modification. This can be detected by e.g. a CCN-
Counter. For gases in an OFR that’s not possible. Furthermore, the tac-concept relies on the
fact that a single particle is a closed system. If one particle has a high concentration of
substance A while another particle has a low concentration of substance A, no exchange
processes can dissipate this gradient. In the case of SOA, this can be an invalid assumption.
Volatile compounds can evaporate and can condense on other particles and dissipate
concentration gradients. An extended framework can potentially capture these processes
and the taci-concept could be part of this.

Other aspects that should be implemented in such extended framework, would be the
internal inhomogeneities of the OFR. For example, the concentration of OH-radicals inside
the OFR is inhomogenously distributed. The OH-concentration, for example, increases
towards the light sources. Knowledge of the temperature gradient/profile would also be
relevant since the speed of chemical reactions is typically temperature dependent. At this
point, we want to mention that every additional variable increases the complexity of the
math exponentially. This degree of complexity was a major reason why we favored an
internally mixed aerosol chamber. This allowed us to assume homogeneous conditions
throughout the entire experiment.

Nevertheless, we extended the respective discussion in section 5 to read as follows:
P20 L23-35

Up to now, the discussion did not include many important processes that are relevant in
aging chambers e.g. particle wall-interaction, gas-phase-partitioning, fluctuating input
concentrations while field measurements, or inhomogeneities inside the OFR. These aspects
are important for many processes such as the formation of SOA and can be incorporated to



the tact-concept by modifying eq. (13). As the actual calculation requires a multidimensional
data array and detailed knowledge about the chamber of interest, this subject matter is
beyond the scope of this publication and will not be discussed further. Nevertheless, the
overall conclusion is that application of the original/non-adjusted t.--concept can explain
why measurements within different OFR chambers agree in parameters, which dependent
on the bulk properties of the aerosol particle population (e.g. average O:C ratio) and at the
same time disagree in parameters, which are dependent on the condition/status of the
individual particle (e.g. CCN-activity). Therefore, we suggest to apply the concept of the
activation time tact or the activation time distribution P(tact) as metric in addition to
calculating average values, such as the global AF and OH-exposure if following conditions are
met. One, the system or parameter of interest can be described as a binary system and
undergoes step-wise / non-gradual transitions such as CCN-activity. Two, the OFR used has a
RTD broad enough to influence the outcome. Three, the conditions inside the reactor are
either homogeneous or a correction for inhomogeneities (e.g. different oxidants
concentrations inside the reactor) is implemented.

Specific comments:
1. Abstract: What does the “non-gradual transitions” refer to here (Line 12)?

We greatly expanded the explanation of the phrase “non-gradual transition” throughout the
entire manuscript (see major comment). In the abstract we changed it from: (old: P1 L12)

We show that this concept can be applied to other systems investigating non-gradual
transitions.

To: (new: P1 L14-15)

This experimental approach and data analysis concept can be applied for the investigation of
any transition in aerosol particles properties that can be considered as a binary system.

In the last sentence, what specific kinds of “discrepancies” are you suggesting? It is better
to clarify these concepts precisely, as which are important points to show the
significance and applicability of this study.

We show for the specific example of CCN-activation of photochemically aged BES-particles,
that the activation time concept is beneficial for the analysis and interpretation of OFR data.
However it is not limited to this, since it is a general concept. These points are now
intensively discuss in the expanded manuscript.

Changed from: (old: P1 L13-15)

Furthermore we show how tact can be applied for the analysis of data originating from other
oxidation flow reactors widely used in atmospheric sciences. This concept allows to explain
discrepancies found in intercomparison of different chambers.

To: (new: P1 L15-19)



Furthermore, we show how tact can be applied for the analysis of data originating from other
reactor types such as Oxidation Flow Reactors (OFR), which are widely used in atmospheric
sciences. The new tact concept significantly supports the understanding of data acquired in
OFRs especially these of deviating experimental results in intercomparison campaigns.

2. Page 2, line 8: How is the “perfectly mixed” defined here? It is unclear especially
to readers those are unfamiliar with the CSTR technique.

To avoid the phrase “perfectly mixed” we mention instead that a homogenous aerosol
mixture can be achieved by actively stirring the aerosol inside the chamber. This is a
essential requirement for a CSTR operation. At this point “perfectly mixed” is accurate since
we refer to an ideal system. However, this can be confusing as the reviewer pointed out.

changed from: (old: P2 L7-8)

To: (new: P2 L14-15)

The volume of the CSTR is actively stirred in order to achieve a homogenous aerosol mixture.
Due to the mixing, the aerosol that is continuously extracted for analysis consists of a well-
defined mixture of aerosols at different aging stages.

Following which, what do

you mean that “real processes in the atmosphere where aerosols are constantly
emitted, mixed and removed”? Are you sure of the “constantly” condition in the
ambient environment? Which specific atmospheric processes have you included in
this statement, any references can be provided to support the idea?

As the reviewer pointed out many readers are not familiar with CSTRs. This reference to
atmospheric processes shall give the reader a better understanding what it means to
operate an aerosol chamber in CSTR-mode. To the authors’ knowledge, all other
experimental approaches that use flow tube or batch-chamber aim to generate a uniformly
aged aerosol. This stands in a strong contrast to the approach presented here, where we are
aiming for a non-uniformly aged aerosol output.

This loosely resembles the conditions in the atmosphere. Due to the persistent emission of
aerosol into the atmosphere form various sources, the ongoing modification and the
ongoing removal of aerosols from the atmosphere a mixture of young, medium-aged, and
old aerosols are present simultaneously in the atmosphere. Similar to that a freshly
produced aerosol is fed-in/emitted to the CSTR. Inside the CSTR, the aerosol is constantly
chemically modified and mixed with the fresh aerosol. The aerosol that is removed from the
chamber is a mixture of young, medium-aged, and old aerosols. We acknowledge that the
atmosphere is not a CSTR, however both are comparable in the mixing aspect.

We clarified that we compare the CSTR-approach and the atmosphere in terms of mixing
aerosols and measuring a non-uniformly aged aerosol.



Changed from: (old: P2 L8-9)

To: (new: P2 L16-19)

From this perspective, the CSTR approach is closer to atmospheric processes than other
reactor types as in the real atmosphere except for individual plume emissions aerosols are
rather continuously emitted, mixed, and removed. This results in a mixture of aerosols at
different aging stages, but of course, the atmospheric mixture is less well defined compared
to an aerosol in a CSTR.

_tswitch
3. Equation 5: Why is the exponential part not expressed as ”e( TCSTR )” for the flushing

regime? Please check the conversion carefully.

We thank the reviewer for taking the time and checking the equations in detail. That was an
oversight on our side and we implemented a correct version.

Equation changed from

To

_t'tswitch)

[Acstr(t)]=[Alt=tqyitcn)] -e( TesTR (6)

4. Page 6, line 20: As a crucial parameter introduced in this study, the activation time
(tact) for non-gradual transitions was developed. However, what do you mean “If all
the other parameters stay constant” during non-gradual transitions, which specific
parameters are you referring to?

“If all other parameters stay constant...” refers to external parameters that can trigger non-
gradual/step-wise changes in a particle. We added examples for relevant external
parameters. We created this tac-concept based on this assumption since we operated our
experiment in a temperature controlled chamber, at a defined RH, and at an ozone
concentration that was actively kept constant.

Changed from: (old: P6 L20-21)

To: (new: P6 L26-30)

We may assume a system in which all external parameters stay constant but the particle
itself undergoes a continuous transformation, e.g. due to oxidation. After a certain period of
time, this continuous transformation, in this specific case oxidation, can lead to a change in a



binary property, e.g. CCN-activity. Ultimately, the step-wise or non-gradual transition is a
function of time. We define the required time span (e.g. necessary aging time) that leads to
a change in a specific particle property, resulting in a transition in a binary system in another
particle property as the activation time (tact).

Is it easy to achieve in practical conditions of laboratory chamber experiments?

This section introduces a theoretical and idealized concept for which constant background
concentrations are assumed, therefore, we try to limit the discussion of experimental short-
comings in this section. Nevertheless, it is experimentally feasible to keep certain
parameters like temperature, relative humidity, and ozone concentration constant in the
aerosol chamber at ETH Zurich and any chamber designed similarly. The fan inside the
chamber creates a homogenous atmosphere. The temperature can be actively controlled
with a heater/chiller. The ozone concentration was constantly measured and kept stable
with a feedback loop that regulated the ozone source. This is an experimental advantage
towards many OFRs. Results from additional experiments not mentioned within this
manuscript will be published within the next months.

Lswitch

5. Equation 7: | think it should be “e -csir ” for the flushing regime? Please check the
conversion carefully

We thank the reviewer for raising this point and have reevaluated the equation. The version
suggested by the reviewer would cause tswitch to have an influence on the filling regime. This
is not possible since tswitch defines the end of it. Therefore, we refrain from changing the
equation.

6. Equation 8: Why is the simplified equation not expressed as ‘tact =

-In(AF(t))'TCSTR’? I’'m wondering how will the value of AF(t—><<) be, could it be 0 as
suggested by the exponentially decreased curve in Fig.2, or probably approaching 1 like what
AF responds when switching to the flushing regime as shown in Fig.3? How should the
readers understand the corresponding physical meaning of AF(t—><<) in this steady state
condition? Corresponding details are necessary.

The equation 6a. 6b and 7 describes how AF inside the CSTR evolves over time while filling
the CSTR.

t<t,: AF(t)=0 (7a)
t
_ activated particles ftztm RTD(t) dt  RTD,,(t)-RTDgym(t=t0c)
ot " all particl T - RTD (6b)
all particles Jo RTD(1) dt sum(t)
_t
tace=In| 1- [ (1-AF(t))- (1‘8 TCSTR) (—=TcsTr) (8)

During this time the particle concentration inside the CSTR is increasing continuously.
Parallel to that AF is also changing. After a certain time the changes in the particle
concentration become negligible. The CSTR is then in a dynamic equilibrium called “steady



state”. In this dynamic equilibrium, aerosol particles still become CCN-active due to aging
but already CCN-active particle are also constantly removed from the CSTR by flushing. This
state can be maintained for an in theory infinite time span. This means that the experimental
duration t grows continuously, but the conditions inside the CSTR are constant. Therefore,
the distribution of young, medium-aged, and old particle inside the CSTR is constant and
decoupled from the experimental duration t. This also means that AF and the activation time
tact calculated from it do not change anymore. The same applies to OFRs which are operated
as steady state reactor as well.

In the old version of the manuscript the x-axis in Fig. 2 was labeled with “particle age / min”
which was now changed to “residence time / min”. The individual residence time is equal to
the particle age. However, this is only mentioned at a later point in the manuscript, which is
indeed misleading. The curve in Fig. 2 does therefore not show how particle number
concentration that declines with increasing experimental duration. Instead it shows the
abundance of particles with a defined residence time (=individual particle age) in the total
aerosol particle mixture.

Figure 2 shows the RTD during steady state. The area under the curve represents the total
particle population. The colored area is the fraction of particles that is older than the defined
tact. This “oldest fraction” is equal the CCN-active fraction in our model. Since this curve
refers to the steady state it does not change over time, but stays constant. Therefore AF
does neither decline exponentially nor does it approach 1, but stays constant with increasing
experimental duration. Also, the correlation between the individual necessary aging time tact
with the measured AF is not linear but exponential as can be deduced from the different AF-
values in Fig.2.

Equation 8 does not contain any dependency on the experimental duration t. In fact,
equation 8 is derived from eq 7 for (t-><<). This is now stated in the manuscript as: (new: P7
L20 -P7 L1)

After the conditions in the aerosol chamber reached steady state, the measured AF does not
change anymore. This is due to the fundamental concept of a CSTR which entails a
continuous addition of fresh particles and simultaneous withdrawal of sample at equal flow
rates resulting in a dynamic equilibrium and a constant RTD.

To simplify matters, the reason for the constant AF within this dynamic equilibrium can be
visualized when focusing on three distinct time periods within the continuum of the RTD and
thereby on three specific particle fractions. Fraction one is within the right tail of the RTD
and consists of particles with a residence time that is above ta. They are only a few
compared to the total number of particles and a fraction of these is constantly flushed out
with the sample stream. This would lead to a hypothetical reduction of AF if not
simultaneously the second particle fraction of interest was in the situation to have an
individual residence time that is just about to exceed tact. The particles within fraction two
are thereby transitioning from the CCN inactive particle fraction within the aerosol chamber
to the CCN active particle fraction. The hypothetical loss of CCN inactive particles would lead
to an increase in AF if not again simultaneously the third particle fraction of interest
consisting of fresh and CCN inactive particles was about to be added to the chamber volume.



Due to this dynamic equilibrium, eq. (7) can be simplified to eq. (8) assuming that the

experimental duration t approaches infinity (tlim eq. (7) = eq. (8))

tact= - INCAF) - Testr
While the experiment can run theoretically for an infinite time, each individual particle

fraction has in fact a limited lifetime within the aerosol chamber. Metaphorically speaking
the particle fraction travels along the RTD curve from the left (residence time = 0 min) to the
right in Fig 2 within its lifetime. Since the RTD is an exponential curve asymptotically
approaching zero, in theory there should always be at least an infinitesimal small fraction of
particles with a residence time equal to the experimental duration. In reality though, the
maximal residence time of an individual particle fraction is defined by the characteristic
parameters of the CSTR 151 and the detection limit of the measurement instrument. Once
the particle concentration is below the detection limit of the measurement instrument,
there are de facto no particles with a higher residence time than the one corresponding to
this detection limit.

We further extended the description of Figure 2 by adding a paragraph in which we discuss
the impact of the activation time tact on the fraction of activated particles and vice versa. We
hope to have improved the understandability of how to retrieve the appropriate information
from experimental data. The text reads now as follows (P8 L11-26)

Another important aspect is the non-linear, but exponential correlation between AF and tact
as can be seen in eq. (8) and Fig 2. In Fig. 2 a RTD (black curve) inside a CSTR with tesrr
=120 min in steady state is shown. The area under the curve represents the total particle
population inside the CSTR and is equal to 1. By definition, AF is the ratio of activated
particles to the total number of particles in the respective volume. According to the tac-
concept, only particles with a residence time beyond ta (grey dashed vertical line in Fig.2)
are CCN-active. The activation time tac: therefore separates CCN-inactive (t < t,;) from CCN-
active (tact > t) particles.

In case tact is known, AF can be obtained by integrating the RTD from t = tact to t = 0o, which is
shown in eq. (6b). Vice versa, the fraction of CCN-inactive particles can be obtained by
integrating the RTD from t =0 min to t = tac.

Supposed, an AF of 0.368 is experimentally determined. This corresponds to 0.368 of the
area under the RTD curve. In accordance with the discussion above, we can imagine to start
the integration from the right (t = o0) till a value of 0.368 is achieved which is equal to the
area under the blue curve and the lower limit of the residence time (vertical blue bar) then
corresponds to taict. In a second step, we examine the case of an experimentally determined
AF of 0.134. Following the procedure outlined for the first case (AF = 0.368), the integration
results in the entire area under the turquois curve and a tact of 240 min (turquoise vertical
bar). In the third case with an experimentally determined AF of 0.049, which corresponds to
the area under the green curve, we determine a tact of 120 min (vertical green bar).
Ultimately, AF declines exponentially with increasing tact and vice versa.

(9)



This situation cannot be compared to the flushing regime in Fig 3 since this a different
operational setting, that is described with its own equations. In the flushing regime the
particle concentration and AF inside the CSTR are changing constantly which is similar to
aerosol chambers operated in batch-mode. The equations to describe the change in AF while
flushing are introduced in section 3.1.3 “Particle activation during flushing regime”. Here we
have updated figure 1 and 2 and have substantially extended the discussion to allow for a
better confirmability of the concept. The text now reads (P9 L7-21)

At the beginning of the flushing regime (tswitch), the afflux of fresh particles is stopped and
replaced by a particle free gas stream. As the sample extraction is maintained the total
particle number (concentration) within the aerosol chamber depletes with time.
Nevertheless, the particles that entered the aerosol chamber before tswitch continue to age
during their increasing individual residence time. This causes a transformation of the RTD
along the x-axis/residence time but no transformation of the shape of the RTD as the ratio of
particles of different residence time stays constant. This process is indicated by the multiple
curves in Fig. 1. The RTD of the particles in steady state is represented by the solid black line.
As no fresh particles are added anymore, but the aging of the present particles continues the
RTD curve is shifted along the x-axis towards the right.

For example, after a time period equaling the hydrodynamic residence time of the CSTR

(+1 1) the particle RTD is represented by the dark grey solid line. As only the fraction of
particles with an individual residence time above tac: is CCN active, AF at +1 tis significantly
higher than during steady state. This is indicated by a larger area under the curve that
crossed tac (grey dashed vertical line in Fig 1.). Throughout additional flushing time the RTD
is shifted further towards longer residence times. At some point all particles have a
residence time beyond tait. This means that all particles are CCN-active resulting in an AF of 1
which is for example the case for the particles in the area underneath the light grey curve in
Fig 2 (+2 7). In reality this is not a stepwise process with time increments of 1 B, but a
continuous process that involves an exponential increase of AF inside the CSTR until AF = 1.

7. Page 8, line 7: It sounds a bit strange of “global” AF? Is the “global” trying to
represent the specific exponentially increased AF inside CSTR or just to show a
different AF case with other non-CSTR chamber experiments?

A consequence of the CSTR-approach is that aerosol particles with different individual aging
times are present in the chamber at the same time. Each of these aerosol fractions is CCN-
active to a different degree. The term “global AF” refers to the combination of all AF-values
from different individual aerosol particle fractions combined (=global). This global AF is the
AF that is measured downstream the chamber

The explanation of the global AF in the manuscript was changed and postponed to section
3.2 “Introducing the activation time distribution P(tact)”. The text now reads as follows

To: (new: P11 L9-22)

The approach discussed so far is based on the assumption that all aerosol particles are
identical and therefore a specific property of the whole aerosol population can be described



with a single parameter. In other words, all particles have the same tact in case of CCN
activity being the specific property. However, this is not the case for many parameters. In
case of the particle diameter, for example, every aerosol particle has its individual diameter
and the total population can be described by a distribution of particle diameters around a
mean diameter. An eventual size-selection does impact the mean diameter and the width of
the distribution. Still, the size selected particles will not have the identical diameter.
Furthermore the aerosol population might be mono-modal and narrowly-distributed with
respect to one parameter such as the aerosol particles electrical mobility diameter, but it
can be multi-modal or broader distributed with respect to another parameter e.g. the
aerodynamic diameter.. Therefore, it has to be expected that the activation time (tact) is also
characterized by a distribution. For this we introduce the activation time distribution P(tact)
and discuss its theoretical impact on transitions within binary systems in CSTR-experiments.
In contrast to a uniform tact valid for all particles the activation time distribution P(tact) is
more realistic as it takes the individual tac: of the individual particles within the population
into account. Nevertheless, only one value for AF can be determined experimentally. This
single value, from now on referred to as global AF, represents the average AF over all AFs of
the individual sub-fractions within the population as will be explained in more detail in the
upcoming sections.

Line 10: “.. and therefore the global AF only if tact = tswitch.” Some information
was missed in this sentence.

We thank the reviewer for pointing out the limited text to explain the concept. The concept
present here assumes that AF inside the CSTR is equal to the fraction of particles older than
the threshold time tact. Therefore, AF can be calculated by calculating the fraction of particles
older than this time. However, this comes with some difficulties in the flushing regime.

In Figure 1 it can be seen how the RTD changes after the particle feed-in is stopped. The
whole RTD-curve from steady state is shifted towards longer residence times. As a result of
this, the fraction of particles older than a threshold time increases exponentially. This
increase of the “old particle fraction” is captured in equation 9.

t/TcsTr
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This equation 9 is the result of centering of the RTD during steady state at t = tswitch.
Therefore, equation 9 describes only this fraction of particles which is older than tswitch. Since
the fraction of particles older than a defined threshold time is equal AF, this equation would
describe the change in AF for the specific case that tswitch and tact are equal. Implementing all
other cases requires a shift of the starting point of equation 9. This is done by introducing
the parameter toffset.

We rewrote the entire section, in order to increase the understandability (new: P9 L7 — P10
L14)



At the beginning of the flushing regime (tswitch), the afflux of fresh particles is stopped and
replaced by a particle free gas stream. As the sample extraction is maintained the total
particle number (concentration) within the aerosol chamber depletes with time.
Nevertheless, the particles that entered the aerosol chamber before tswitch continue to age
during their increasing individual residence time. This causes a transformation of the RTD
along the x-axis/residence time but no transformation of the shape of the RTD as the ratio of
particles of different residence time stays constant. This process is indicated by the multiple
curves in Fig. 1. The RTD of the particles in steady state is represented by the solid black line.
As no fresh particles are added anymore, but the aging of the present particles continues the
RTD curve is shifted along the x-axis towards the right.

For example, after a time period equaling the hydrodynamic residence time of the CSTR

(+1 7) the particle RTD is represented by the dark grey solid line. As only the fraction of
particles with an individual residence time above tac: is CCN active, AF at +1 7 is significantly
higher than during steady state. This is indicated by a larger area under the curve that
crossed tact (grey dashed vertical line in Fig 1.). Throughout additional flushing time the RTD
is shifted further towards longer residence times. At some point all particles have a
residence time beyond tait. This means that all particles are CCN-active resulting in an AF of 1
which is for example the case for the particles in the area underneath the light grey curve in
Fig 2 (+2 7. In reality this is not a stepwise process with time increments of 1 7, but a
continuous process that involves an exponential increase of AF inside the CSTR until AF = 1.

This change in AF can be mathematically captured. The first step is to derive an equation
that describes what fraction of the RTD has crossed the point tswiwch after flushing has been
initiated. Since this not equal to the AF, a second step is needed where an offset-parameter
is introduced that converts the “fraction of particles older than tswitch” into the AF (=fraction
of particles older than tac).

The first step can be achieved by integrating the RTD backwards starting from t = tswitch. This
is an unfavorable approach since it is not compatible with a constantly increasing
experimental duration t. This can be avoided, by flipping the RTD horizontally at t = tswitch and
integrating forward in time from t = tswitch to t, which is done in eq. (9). For a simpler
integration the experimental duration t, was normalized by dividing it by the hydrodynamic
residence time T cstr

t/TcsTR
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As mentioned before, eq. (9) only describes the fraction of particles that are older than
tswitch. Since we defined AF as the fraction of particles with an age above the threshold time
tact, €q. (9) describes AF only if tact = tswitch holds true. To determine AF for conditions when
tact < tswitch (AF(t=tswitch) > 0) or for a delayed activation, tact > tswitch (AF(t=tswitch) = 0), an
additional parameter has to be introduced. This parameter is an offset of the AF-curve along
the time-axis and is therefore called tofrset. Taking toffset into account, eq. (10) can be obtained
after integrating eq. (9).

t+ foffset - 2'tswitch) ~tswitch (12)
AF(t)flushing —e TCSTR -e TcsTR




The parameter tofsset is initially unknown and has to be calculated. For this we need to
differentiate between two cases. First, if tact is larger than tswitch and therefore AF is 0 at the
switching point, toffset can be obtained by subtracting tact from tswitch (€q. 11a). Second, if AF
at t = tswitch IS above 0, tofiset has to be calculated by solving eq. 10 for toffset. For this
AF()fiushing has to be set to AF (t=t,in/) and eq. 10 has to be rearranged as shown in eq.
(11b).

AF(t:tswitch) =0 Eoffset = tswitcht_ tact (13a)
switch

AF(t:tswitch) >0 offset= In (AF(tztswitch)"'e TCsTR )'TCSTR+ Eswitch (11b)

8. Title of Sect.4: What does the “first experiments” mean? Try to update the message into a
more informative one.

The caption “Application in first experiments” was removed. The following captions were
rephrased.

9. Page 12, line 10: What does the “uniform” mean: “activate uniformly” here and “a
uniform aerosol population” in the caption of Fig.5? Are you trying to say the initial particles
with the same particle size and chemical composition? If so, how to understand the Gaussian
distribution scenario (i.e., “This is because there are some particles in the population, that
activate earlier than the mean activation time.”), as all the uniform particles are supposed
to activate at a same activation time? More straightforward/concise descriptions would be
useful to explain the scenario clearly.

As we aim to introduce a new metric we tried to increase the complexity of the topic
stepwise by starting with in idealized scenario, which we do not consider scenario as the
most likey/realistic scenario. It is more realistic that some particles activate after a
shorter/longer aging time than other particles. A reason for this can be that even in a size-
selected aerosol particle flow some particles are slightly small/larger than the average
diameter. Considering the case of salt particles, the CCN-activity shows a size-dependence
which can lead to a non-uniform activation of the aerosol particles.

In the sections 3.2 “Introducing the activation time distribution P(tact)” and 3.3 “Impact of
the activation time distribution on the individual AF” we move on to implement the more
realistic scenario by implementing a scenario where particles do not activate uniformly, but
show a distribution of different tact's. We use a Gaussian distribution to capture the fraction
of particles that activate after a certain necessary aging time tac.

In section 3.4 “Calculation of the total activated fraction (global AF)” implement the
activation dime distribution/P(tact)-concept and calculate the change in global AF throughout
a full CSTR-experiment. This is done by integration of the contribution of individual aerosol
fractions over the whole range of possible tat’s (equation 13)



tact =t

AF(t)= / AF(tactrt)'P(tact) dt,et (14)
tact =0
We further revised the text to highlight the difference between tac of individual particle sub-
populations leading to individual AFs and the global AF, which can be determined
experimentally. The respective text reads now as follows:

P12 L1-22

For simplicity we discuss the impact of the activation time distribution (P(tac)) in steady state
first but the concept is the same throughout the entire experiment including the filling as
well as the flushing regime. In a CSTR particles with different individual residence times are
present at the same time due to the continuous feed in of fresh particles and the active
mixing. For a better understanding the “individual residence time of a particle” will be
referred to “particle age” from here on. With an increasing particle age the number of
particles (=area under the curve) declines in a CSTR during steady state (Graph A, Fig. 4).
Nevertheless, the activation time distribution P(tact) is the same for all particles (Graph B, C,
D in Fig. 4), regardless of their age. The fraction of activated particles inside the CSTR (global
AF) therefore has to be described as an overlap of the residence time distribution (RTD;
black curve in Fig. 4.A) and the activation time distribution (P(tact); red curves in Fig. 4.B, C,
and D).

In Fig 4.A, three individual sub-populations are indicated by red vertical bars. The first sub-
population at t = 60 min = 0.5 t consists of rather young and fresh particles. Their
corresponding activation time distribution P(tact) is shown in sub-panel B. While there are a
lot of particles (indicated by the large area under the red curve) only a small fraction of these
particles is CCN-active. The active fraction is indicated by the red colored area and
corresponds to the particles with a very low individual tact. The contribution of this sub-
population to the global AF is therefore small. In sub-panel D, a sub-population at

t =360 min = 2.0 t of old and well-aged particles is shown. Due to their high age, litterally all
particle in this sub-population are CCN-active as their individual particle age is more than 6
sigma beyond the mean value of the exemplarily discussed Gaussian activation time
distribution P(tact). Since the overall fraction of these old particles is low as indicated by the
significantly reduced area underneath the red curve compared to the first sub-population
(panel B), they contribute only little to the global AF. In sub-panel C, a medium aged sub-
population at t = 180 min = 1.5 tis shown. On the one hand, there are significantly less
particles than in the first sub-population (panel B), which is indicated by the reduced area
underneath the red curve. On the other hand, the fraction of CCN active particles within this
sub-population is significantly larger than in the first one. In fact, the fraction is 0.5 as this
sub-population has an individual residence time that is equal to the mean (u) of P(tac).

10. Page 15, line 10: How was the particle wall loss rate of k = 0.000625 min-1 estimated?
Where can the readers find the corresponding clues/data for calculation?



Within this manuscript the wall loss rate was obtained from the difference between
theoretical and expected particle loss during flushing under the assumption of a first order
loss kinetic.

We extended the explanation of how we calculated the particle wall loss numbers and refer
to publications were the same calculation regarding particle losses was applied.

The section was changed from: (old: P15 L8-11)

The measured particle flush rate trush obtained during the flushing regime is 104 min in both
experiments, which differs slightly from the theoretical flush rate tcstr = 111 min. This
difference is caused by particle losses to the chamber wall. From this difference the particle
wall loss rate of k =0.000625 min-1 and a mean particle life time upon wall loss of 1600 min
was determined assuming first order loss rates

To: (new: P16 L10 —L24)

In the flushing regime the particle number concentration declines exponentially in both
experiments. Eq. (5) describes the ideal/theoretical evolution of the particle number
concentration in the flushing regime when taking the hydrodynamic residence time
Tcstraccording to eq. 1 into account. In the ideal case the decay is solely caused by the
flushing process. In reality, the decay is a combination of flushing as well as additional
particle losses e.g. wall losses or coagulation. Therefore, the real residence time can be
obtained by fitting equation 5 to the experimental data after rearrangement for t, to which
we refer to as Ty, from now on (Kulkarni et al., 2011). In both experiments 7y, coincides
at 104 min, which is lower than the hydrodynamic residence time tcstg of 111 min. In other
words, the particle concentration declines faster than expected. This difference is caused by
particle losses to the chamber wall, which acts as an additional particle sink parallel to
flushing and reduces the particle lifetime. Nevertheless, statistical analysis of the
experimental data results in purely statistical noise centered on the fitting curve used to
determine ty,4,. This indicates that in terms of mixing no difference between an ideal CSTR
and the aerosol chamber used here can be detected with the applied instrumentation.

When dividing the real particle life time (tz,4,) into its individual components, a particle life
time upon wall losses (Ty41110ss) ©f 1600 min can be determined in accordance with first order
wall loss kinetic (Crump et al., 1982; Wang et al., 2018). The influence of particle coagulation
can be considered negligible due to the low coagulation rate of 100 nm particle at
concentrations of maximum 1500 cm™ (Kulkarni et al., 2011).

11. Page 15, line 15: What is the meaning of the last sentence? What does the “otherSS”
refer to? Where can readers find the corresponding details? Necessary
information is needed.

We apologize for being not clear in our wording. Very often CCN measurements are
performed by scanning through different supersaturations while e.g. the size of the particles
is kept constant. Within the experiments presented herein, the CCNC was set to a constant
supersaturation throughout most of the experimental duration to achieve a high time
resolution in data acquisition. Nevertheless, after achieving steady state, the operation



conditions of the CCNC were modified to allow for data acquisition at a range of
supersaturations. Still, within figure 6, we present data at one supersaturation only.
Therefore, in during the time, when data at a differing supersaturation was acquired, no
data points are presented leading to the rather coarse time resolution in steady state.

Sentence changed from: (old: P16 L14-15)

To: (new: P16 L27-28)

The gaps in the curves during steady state are due to changes in the operation of the CCNC
form running on a constant SS (1.0% and 1.4%, respectively) to scanning over a range of SS.

12. Figure 2: Is the “particle age” of x-axis with the same meaning of the “residence time” in
Fig.1? If not, please specify accordingly in the corresponding places.

We thank the reviewer for highlighting the fact that until this point in the manuscript we
have not defined a potential difference in these two notations.

Therefore we changed the x-axis description from:

To:

residence time / min

13. Figure 6: Why is the unit of particle concentration in Fig.6(A1) and (B1) different from
those in Figure 3? In Fig.6 (B1), why are the data after 800 min missing? As assumed early in
this study that all compounds in CSTR have perfectly mixed thus with constant
concentrations during steady state, how to explain the increasing trend in observed particle
concentration in the duration of 400-600 min, i.e., AF almost reached a stable level around
0.2 at 1.4% SS conditions)? More detailed discussion should be provided in the
corresponding data interpretation sections.

We apologize for the dot in the unit of the y-axises in Fig.6(A1) and (B1). This is a graphical
error and was removed. The particle number concentrations are not meant to have different
units, but are meant to be #/cm?3.

The deviations from the theoretical changes in the particle concentration are due to a
slightly changing particle input concentration. Despite all efforts, it was challenging to keep
the particle input concentration absolutely constant over a period of 12 h. However, this
small change affects the outcome only to a small degree.

The section was changed from: (old: P15 L 6-8)



To: (new: P15 14 -9)

The graphs Al and B1 in Fig. 6 show the particle concentration (black crosses; left axis), the
measured global AF (red crosses) and the fitted global AF (blue dashed line, both right axis).
The particle number concentration curves (black crosses) follow the theoretical filling and
flushing curves as expected in a CSTR (Fig. 3). The slight decline in the concentration in
steady state in graph Al is due to a slight reduction in the particle input concentration that
was experienced during the experiment. Visa versa the slight increase in the number
concentration in graph B1 is due to a slight increase in the particle input concentration over
time.

14. Page 19, line 6: The last sentence is a bit confusing. It is better to clarify the “metric”
here, e.g. metric of what specific aspects.

We extended the text appropriately to clarify under which circumstances the activation time
concept can be beneficial for the data analysis

Changed from: (old: P19 L6)

To: (new: P20 L31-36)

Therefore, we suggest to apply the concept of the activation time tact or the activation time
distribution P(tact) as metric in addition to calculating average values, such as the global AF
and OH-exposure if following conditions are met. One, the system or parameter of interest
can be described as a binary system and undergoes step-wise / non-gradual transitions such
as CCN-activity. Two, the OFR used has a RTD broad enough to influence the outcome.
Three, the conditions inside the reactor are either homogeneous or a correction for
inhomogeneities (e.g. different oxidants concentrations inside the reactor) is implemented

Technical corrections:
1. Abstract, Page 1, line 10: “.. the newly introduced metric: activation time”

done
2. Page 3, line 27: “... can be calculated as a function of ...”. A similar issue exists in
Line 16, Page 6.

done
3. Page 6, line 13: “.. to describe continues continuous changes”?

done
4. Page 6, line 19: “... can be considered as a non-gradual change.”

done
5. Page 6, line 20: “If the all the other parameters stay constant, while a particles
undergoes changes that result in a non-gradual transitions...”



done
6. Equation 9: Why do you use different multiplication signs in these equations, e.g.,
“*”and “”? It makes more sense to keep consistent within the same manuscript.

done
7. Table 1: Why is the layout of this table so different from other two tables in this
manuscript? The corresponding details could be better organized.

We harmonized the table layouts
8. Title of Sect.4.3: “Calculation of the total activated fraction”

done
9. Page 12, line 12: “While the uniform scenario shows no activity be for reaching
tact ...” Do you mean ‘before’?

changed to “before”

10. Page 14, line 8-9: “As there is a significant share of particles activating
significantly earlier than the nominal activation time (u = 180 ) in the case of a
Gaussian distribution a fraction of 1 % of the entire particle population within the
CSTR is already activated after 87 min.” A comma is needed to clarify the point.

Changed from:

To: (P15 L5-7)

In the case of tacr-onset, there is a significant share of particles activating significantly earlier
than the nominal activation time (¢ = 180) in the case of a Gaussian distribution. Therefore,
a fraction of 0.01 of CCN active particles within the entire particle population is already
present after 87 min

11. Page 14, line 12: “The difference in tact of 10 min between the two P(tact)-
approaches is due to the application ...”

It is very common to see that tact was written as tact. Similar issues also exist in
some other expressions, e.g., Pstep, which should be Pstep. Please check through the
manuscript carefully and make necessary updates accordingly.

In the same paragraph, there are many long sentences without proper splits or
connections, which might make the readers difficult or even confused to catch the
meaning effectively. For instance:

We apologize for the inconsistency and harmonized the subscripts.

12. Page 14, line 15-16: “As can be seen in Graph C of Fig. 4, 50 % of the particles



with a residence time equal to the nominal activation time are activated in the case
of a Gaussian distribution corresponding to tact0.5.”

Comma added.

13. Page 14, line 23: “... were diluted with particle-free and VOC-filtered air...”

Changed from:

To:

particle-free

14. Page 14, line 25: “The aerosol flow was fed into the aerosol chamber, where a
constant Bzene ozone concentration of 200 ppb was ...”

done
15. Page 14, line 27: “The size distribution data was acquired by a ... (SMPS) system
from which the the total particle concentration could be derived.”

done
16. Page 15, line 5: The “(blue solid line)” is not needed, since there is only one curve
in the corresponding subplots.

We thank the reviewer for mentioning this point. We have substantially revised our
graphical presentations in the aim to keep the same type of curve the same layout
throughout all figures. Therefore, we decided to keep the expression“(blue solid line)” to
avoid any confusion with the curves in the graphs Fig.6 A1 and B1.

17. Page 15, line 18: “... u as well as o ere is larger for P(tact) at a 1.0 % SS of compared
to the results obtained for 1.4 % SS. The mean activation time being larger for

1.0 % SS indicates that the longer the chemical aging proceeds, the initially inactive
soot particles activate & at a lower SS.”

done
18. Page 15, Line 23: The comma between “P(tact)” and “requires” is unnecessary.

comma removed
19. Page 17, line 1 and 3: “Within these types of chambers ...”

done

20. Page 17, line 10: “secondary organic aerosol (SOA)”, and the “VOCs” should be
defined before when it appeared for the first time.

done
21. Page 17, line 24: “...to be directly proportional to the AFs...”



done
22. Page 18, line 3: “..we presente present two scenarios.”

changed
23. Page 18, line 9: “...other parameters can agree very well.”

done
24. Page 19, line 22: “...soot particles transitioning ferm from initial CCN-inactivity
to CCN-activity over the course of ...

done
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Aging aerosol in a well-mixed continuous flow tank reactor: An
introduction of the activation time distribution
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Abstract. SimulatingTwo approaches are common to simulate atmospheric aging processes in the laboratory—under
atmospheric-conditions-typically requires. The experiments are either performed in large aerosol chambers (several m®) in

order to achieve extended observation times—We-developed- or in small chambers (< 1 m*) compensating the short observation

times by elevated reactant concentrations. We present an experimental approach that enables long observation times at

atmospherically relevant reactant concentrations in small chamber volumes by operating the aerosol chamber ias a

Continuous Elewflow Stirred Tank Reactor (CSTR}-mede:). We presentdeveloped a mathematical framework swhiehthat

allows the retrieval of data beyond calculating mean values such as Os-exposure or equivalent atmospheric aging time. using

the newly-intredueednew metric: activation time (). This concept was developed and successfully tested to characterize the

changingchange in cloud condensation nuclei (CCN) activity of soot particles due to heteregeneus—e*didaﬂeﬂ
withheterogeneous ozone_oxidation. We

transitions—TFhe—change—in-CCN-aetivity—was—parameterized—-with..—and-agreed—wel-withfound very good agreement of

experimental results to the theoretical predictions. This experimental approach and data analysis concept can be applied for

the investigation of any transition in aerosol particles properties that can be considered as a binary system. Furthermore, we

show how f.: can be applied for the analysis of data originating from other exidation—{lew—reaetorsreactor types such as
Oxidation Flow Reactors (OFR), which are widely used in atmospheric sciences. FhisThe new #,.. concept alewsto-explain
diserepanetes—found—significantly supports the understanding of data acquired in OFRs especially these of deviating

experimental results in intercomparison ef-different-chambers.campaigns.

1 Motivation

AerosolparticlesAtmospheric aerosols undergo various chemical reactions and physical modification processes-that-rmodify
theirproperties once they are emitted into the atmosphere. The time scale for such reactions and processes depends on the

atmospheric lifetime of the individual aerosol species. For example sea salt particles have a lifetime of approximately 0.4 days;
whereas soot particles can have a lifetime of more than a week (Textor et al., 2006). —-Simulating atmospheric aging as
realistically as possible is essential to understand the truereal impact of different pathways of ambient particle processing-as
wel-as-theirfate—in. This includes the atmesphere-and-on-—theirpotential of aerosol particles to form clouds, an important
parameterforprocess affecting climate and weather. Mimicking extended aging times is one of the most challenging tasktasks

for the investigation of aerosols under laboratory conditions: (Burkholder et al., 2017). There are two common approaches to

solve this problem. One is to store the aerosol of interest in large chambers to achieve long observation times. Here aging
durations of up to 16 hours and beyond at atmospherically relevant reactant concentrations can be achieved, which has been
shown e.g. atfor the SAPHIR chamber of FZ Julich with a volume of 270 m* (Rohrer et al., 2005; Rollins et al., 2009).
Extending the observation time by increasing the tankchamber volume is often technically and economically not feasible-the.

The second-eften-used option is to increase the concentration of the reactive compounds such as oxidants and aerosol particles,

in order to trigger higher reaction rates and thereby reduce the reaction time (Kang-et-al-2007Keler-and Burtscher; 2042)-
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Kang et al., 2007; Keller and Burtscher, 2012: Simonen et al., 2017). This allows to significantly reduce the volume of the
aerosol chamber. However, in this case the reactant concentrations can be elevated by several orders of magnitude in

comparison to the atmosphere. Thus, the results of such experiments can be misleading with respect to their atmospheric

relevance because the aerosols aging rates are not always directly proportional to the concentration of the oxidants. Further,

the aging pathways can differ significantly in-additientebesides the perturbed partitioning of reactive species and products-
MeNeill-et-al 2007 Denahue-et-al52006)(Donahue et al., 2006; McNeill et al., 2007; Renbaum and Smith, 2011).

Here we present an experimental approach that can be used to achieve long aerosol aging times with neither need for large

chamber volumes nor high reactant concentrations by operating an aerosol chamber in the Continuous flow Stirred Tank

Reactor (CSTR) mode. In a setup at ETH Zurich, aging times of more than 12 h were achieved in a stainless-steel chamber of
2.78 m? volume. This greatly exceeds the typical aging times of several minutes that can be reach within Oxidation Flow

Reactors (OFRs: (Simonen et al., 2017) while compared to large environmental chambers with volumes of e.g. 270 m? the

chamber used here can be considered rather small (Cocker et al., 2001; Leskinen et al., 2015; Nordin et al., 2013; Paulsen et

al., 2005; Platt et al., 2013: Presto et al., 2005; Rohrer et al., 2005). Furthermore, this experimental approach requires an aerosol

particle concentration that is low enough to allow for size-selection of the aerosol prior to the injection into the reaction

chamber.

The CSTR approach describes an aerosol chamber, which is continuously filled with an aerosol flow constant in composition

over time. The volume of the CSTR is actively stirred in order to achieve a homogenous aerosol mixture. Due to the mixing,
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the aerosol that is continuously extracted for analysis consists of a well-defined mixture of aerosols at different aging stages.

From this perspective, the CSTR approach is closer to atmospheric processes than other reactor types as in the real atmosphere

except for individual plume emissions aerosols are rather continuously emitted, mixed, and removed. This results in a mixture

of aerosols at different aging stages, but of course, the atmospheric mixture is less well defined compared to an aerosol in a
CSTR.

The CSTR concept has been applied in chemical engineering for a long time e.g. (Cholette and Cloutier, 1959). One of the
reasons for its limited application in atmospheric science might be the increased complexity in data analysis in comparison to

batch-experiments. While changes in particle properties that can be considered continuous (e.g. particle concentration or

particle growth) can be well described by different theoretical concepts e.g. (Crump and Seinfeld, 1980; Kuwata and Martin

2012: Levenspiel, 1999), limited theoretical descriptions seem to exist for changes in particle properties that can be considered
as transitions within a binary system. Such transitions in binary systems are step-wise, also referred to as non-gradual changes

in a particle property, such as:

Freezing of a water droplet: Step-wise and therefore non-gradual change in the particle density; the water is either in

liquid or solid state.

2) Deliquescence of soluble aerosol particles: The particles show a step-wise i.e. non-gradual increase in diameter.

Binary particle properties are not necessarily intrinsic particle properties, but can also be defined by the measurement protocol.

3) CCN-activity: The chemical and physical properties of an aerosol particle can vary, but the particle is either CCN-

inactive or CCN-active at a defined super saturation (SS).

4) Growth beyond a threshold: Condensational growth of an aerosol particle leads to a continuous and gradual increase

of the particle diameter. A binary system can be defined by introducing a threshold diameter that can be arbitrarily

chosen. The aerosol particle is either smaller or larger than this defined threshold diameter. The same holds true when

particles are separated e.g. in aerosol impactors.

Therefore, the concept of non-gradual transitions/transitions within binary systems can be used to describe a multitude of

changes in particle properties.

In the following, we discuss a theoretical basis for the analysis of time-dependent changes in binary systems within well-mixed
continuous flow aerosol aging chambers (CSTR-approach). We developed a mathematical framework which allows the

retrieval of characteristic parameters from the system of interest (e.g. CCN activity) and which allows for the calculation of

the parameter of interest throughout the entire duration. Key element in this framework is the activation time (#.) which marks

the time after which the individual aerosol particle undergoes a transition within a binary system. We start by introducing an

idealized system in which #, can be described by a single number and proceed to a more realistic setting in which we

incorporate a distribution of particles with different individual #,.’s (activation time distribution, P(#.)). Further, we test the

taci-concept on real experimental data and finally apply it to other types of continuous flow aging chambers such as OFRs. We

show that application of the #-concept is capable of giving new insights to ORF data and further significantly improves the

understanding of discrepancies in experimental results obtained in intercomparison studies Lambe et al., (2011) with different

reactors such as the Potential Aerosol Mass Chamber (PAM) chamber and the Toronto Photo-Oxidation Tube (TPOT).

2 Introduction of the CSTR

OftenThe combination of results obtained from laboratory studies—have—been—complemented—byexperiments, field
measurements, and modelling studies to-better—understand-promotes the understanding of atmospheric aging of aerosols.

Designing experiments in the laboratory involves mimiekingthe aim to mimic atmospheric processes as eleselyclose as
possible under—asto realistic atmospheric conditions—as—achievable—in—a—laberatory—setting.. The benefit of this
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appreachlaboratory experiments is that the investigation of reactions is not dependent on sewveralvarious uncontrolled

parameters such as meteorological conditions (e.g. wind direction;—wind-speed;—or—air—pareelmixing:). Further; process

variables, for-example;such as reactant concentrations, can be actively and therefore systematically modified to allow for a

detailed investigation of their effeetsimpacts. Such type of experiments are typically performed by creating an artificial
atmosphere within reactors. From the—physico—chemieala technical perspective, generally three types of reactors are
distinguished: the batch-reactor, the plug flow (PFR) or flow tube reactor, and the Continuous Elewflow Stirred Tank Reactor
(CSTR).

In an aerosol chamber operated in batch mode, the reaction volume is first filled with the sample aerosol as fast as possible to

achieve high homogeneity of the sample. After the desired start concentration is reached further addition of the sample aerosol

is stopped and the aging is initiated e.g. by addition of the oxidant. This point in time is generally defined as the start of the

experiment and referred to as ¢ = 0. Data acquisition of the ageing sample takes place while the reaction volume is flushed with

sample-free gas. The composition throughout the chamber is homogeneous but evolving in time, therefore no steady state

conditions are ever achieved. This concept is used to operate many large scale environmental chambers (Cocker et al., 2001;

Leskinen et al., 2015; Nordin et al., 2013 Paulsen et al., 2005; Platt et al., 2013 Presto et al., 2005; Rohrer et al., 2005).

A PFR is a steady state reactor in which no mixing along the flow path (axial mixing) but perfect mixing perpendicular to the

flow (radial mixing) takes place. Further, a continuous feed-in of reactants and withdrawal of sample take place at equal flow

rates simultaneously. This results in a constant composition of the output solely depending on the residence time within the

reactor. This ideal system is approximated by many Oxidation Flow Reactors (OFR) e.g. PAM chamber (George et al., 2007),
TPOT Chamber (Kang et al., 2007), Micro Smog Chamber (MSC; Keller and Burtscher, 2012), or the TUT Secondary Aerosol

Reactor (TSAR : Simonen et al., 2017). The main difference between an ideal PFR and real OFRs is that in OFRs significant

but unintentional mixing of the aerosol along the flow path takes place (Mitroo et al., 2018). Therefore, OFRs show a

significant residence distribution.

The CSTR is a steady state reactor with a constant reactant feed in and sample withdrawal as well but opposite to OFRs, the

volume is actively stirred to achieve a homogeneous composition throughout the reactor volume. Due to the active mixing,

sample stream composition and conditions are the same as within the entire chamber volume. The concept of the CSTR requires

perfect internal mixing-—Bue, which cannot be achieved in real systems. However, due to the good miscibility and low viscosity

of gases and the acrosol particles being homogenously dispersed-itis-a—valid-assumptionfor-the-coneceptspresented-herein, it

is possible to achieve a degree of mixing which is very close to a perfectly mixed system. Especially in the case of mimicking

atmospheric processes, residence times of several hours are achieved. Compared to that, the time needed for dissipating all

gradients, which is in the order of seconds to minutes, can be considered small-in-cemparison-to-residence-times-of several

hours—Starting-with-a. The operation procedure we introduce here starts with feeding in aerosol into an initially reactant free
gas phase within the CSTR, the-aerosel-is-fed-inte-the-chamber;referred to as filling regime. Onee-the-equilibrivim-isreached;

After a certain time of filling, the composition within the CSTR iskeptindoes not change anymore and a dynamic equilibriums;

to—which—we—refer is reached, referred to as steady state—regime.. The time required to reach this state depends on the




10

15

20

25

30

35

characteristics of the CSTR and flow rates. During a subsequent flushing regime, the aerosol is flushed out with reactant free

gas. Each of these regimeregimes can be used independently for data analysis-and-is-indicated-at-the-toep-of Fig3.

The key parameter for the description of reactions within a CSTR is the hydrodynamic residence time (rogrr) Which is also

the mean residence time—{z-st)-- It can be obtained from the reactor volume (Vcgrr) and the volumetric flow through the

CSTR (F) as shown in eq. (H)-(Levenspiel,1999)(1: Levenspiel, 1999).

_Vestr
TCSTR= (D

2.1  Filling regime

DuringAs the fillingregimeCSTR volume is initially sample free, the aerosol particle concentration in the CSTR increases

continuously during the filling regime until it reaches a stable concentration. The-ehange—in aerosol particle concentration

([Acstr(?)]) at any point in time can be calculated as a function of the experimental duration (¢) by eq. (2), where ([Afeed-in])

deseribesis the aerosol concentration in the feed-in flow.

[AcsTR(O]=[Afeed-in]* (l-e(m)) (2)

We define that the CSTR reaches steady state conditions when the difference between [Acgrr(?)].and [Aged.in] is smaller than

the resolution of the analytical instruments deployed. To standardize the time period, we chose the fourfold mean residence

time (47 criterion) as reference point for the start of the steady state in this publication. At this point the difference between

[Acstr(D)] and [Ageed.in] is less than 2 % which is lower than the resolution of most aerosol particle counters (Mordas et al.,

2008).

2.2  Steady state

The steady state is in fact the part of the filling regime where the CSTR is_in a dynamic equilibrium. All processes and reactions
continue but the concentrations of all compounds remain constant over time. In theory, thethis operation point can be

maintained for an infinite timespan—ttisimpertant-to-note-that-the-experimental duration-is. Be aware that this does not the
same-as-the-agingtimemean that an infinite degree of the-aerosol_aging can be achieved. In steady state the experimental

duration is decoupled from the particle age, which is in contrast to experiments in batch-chambers-

but similar to OFR experiments. As a result of the continuous feed-in and flush-out flow, different aerosol fractions that enter
the CSTR at different times are present simultaneously, resulting in a residence time distribution (RTD). In CSTRs the RTD
can be described by eq. (3) and is plotted in Fig. 1 (dashedsolid black line /— labeled with “steady state).””). With an increasing
individual residence time (also-deneted-asparticle-age)-the sharefraction of aerosol fractionsparticles declines exponentially.

The individual residence time of a specific particle fraction is indicated by the color-eedingFEig——The-individual-share-of

a1 eq o ne ecidence mao n he ed b nteo no R PD-_ove me—{eg 4 eadinoc to the recidence me
a a d a ttad S| Y o1a = v g a <
5 5

sum-distribution RTD.,m-represented-by-the-area-underthe-eurve--coding in Fig. 1. The actual number of particles within an

individual particle fraction at a specific residence time can be calculated by integrating RTD over time (eq. (4)). This leads to

the residence time sum distribution RTDgm represented by the colored area under the curve. Note, while we choose RTD(7)

and RTDqm(?) for a more intuitive denotation, generally E(t) and F(t), respectively, are the official formula symbols especially

in the engineering community (Levenspiel, 1999).
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RTD(f)= ewcstr 3)

RTDsum (t): —_éﬁR—T—D@fJ RTD(I) dt =l-em (4)

2.3 Flushing regime

From the point in time that no fresh aerosol but only particle free air is added; the CSTR eperatesis operated in the flushing
regime. This eperationaloperation mode is-can be considered similar to the operation of batch-aerosol chambers swhereas in

both cases the aerosol is flushed out continuously.

The initial RTD at thethis switching point (Zwiin) and therefore the ratio between-youngerand-elderof young to old aerosol
fractions is preserved;-but throughout the entire flushing duration. Nevertheless, the individual residence time of every single
aerosol fraction rises-stmultaneousty-for-all-partieles with flushing duration. In other words: All particles age simultaneously.
Figure 1Figure—t illustrates how the RTD changes in the flushing regime. Note, the time on the x-axis is plotted as

dimensionless time in multiples of z. Each color in the area represents an individual aerosol fraction with a

definedcorresponding residence time. Blue stands for the lowest and red for the highest residence times. The dashed black
curve labeled wwith-“steady-state” represents the RTD in steady- state while the other curves show the RTDs for additional time

increments after the flushing regime has been initiated (fwich). For example, the area und the grey curve labeled “+1 77

represents the RTD 1 z after initiation of the flushing regime. The grey dashed line stands for the activation time z,., a threshold

time that will be introduced later. Here it marks a threshold time. With increasing flushing time, the fraction of aerosol particles

that have an individual residence time higher than this threshold time increases. From some point in time on all particles have

crossed this threshold time as is the case for the particles under the light grey curve at “+2 7 after fwitch.




0 2 4 6 8 10
individual residence time 1 of an aerosol fraction

residence time

m

0 1 2 3 4 5 6
individual residence time t of an aerosol fraction
CCN-inactive ' CCN-active
< > < -

0.8

0.6

RTD(x)

0.4

0.2

Ot 17 : 21 3t 4t ot ot
=1.51 residence time

7



10

15

20

25

30

35

40

Figure 1: RTD inside the CSTR ferwithin steady state (black line) and for different time steps {multiples-of-zwhileafter the CSTR
operation was switched to the flushing the-ESTRregime. The area below the curve is proportional to the fraction of aerosol
particles at a specific residence time. The individual residence time of a specific particle fraction is indicated by the color-ceding--
coding. The time on the x-axis is plotted as dimensionless time in multiples of the hydrodynamic residence time z¢stgr-

AtWhile the same-time-theinitial RTD is preserved, the total aerosol concentration ([Acstr(?)]) is declining exponentially i
thedue to flushing regime-and-with reactant free gas. [Acstr(#)] at any point in time can be calculated using eq. (5)—Fhe-initial
) taking the aerosol concentration in the CSTR is-the-aerosel-concentrationat-at the switching point ([A(=tswiten)—trease-the

affeeted:)]) into account.

i t—tswitch
P bt A s (0] = [A(t = toyigen)] - e T ) (5)

2.4 Comparison with aerosol aging experiments in batch-mode

The use of a CSTR provides additional opportunities in performing aerosol aging experiments, but comes with a more complex
experimental setup compared to aerosol tankschambers that are run in batch-mode.

An ideal batch-aerosol tankchamber has to be filled instantly; but in praetiealreality this ideal filling procedure is almost
impossible to be achieved. If the filling time is short compared to the total aging time, the initial RTD can be ignored in data
analysis. In contrast to that, the filling of the chamber is already part of CSTR experiments and data analysis can be performed
on the partially aged aerosol. The flushing regime in both tankreactor types is similar, but at the start of the-flushing; the aerosol
inside the CSTR is already partly aged #r-aas defined wayby the RTD. Therefore, the-maximum-average-aging-timeoperating
an aerosol chamber of defined volume in CSTR-experiments-s-mode allows to achieve higher aging times than ircompared
to batch-mede-experiments— mode operation at the same sample extraction flow rate.

3 Introduction of the activation time (zact) for ren-gradual-transitions in binary systems

Neon-gradual-transitions—deseribeDue to the residence time distribution, data acquired from CSTR experiments require a

different analysis approach than data from batch-mode experiments. While there are analysis concepts to describe continuous

changes on the level of single particles in CSTR experiments (e.g. condensational growth; Kuwata and Martin, 2012). so far

there is no concept that describes transitions in binary systems (in atmospheric sciences) to the best of the knowledge of the

authors.

Binary systems can be considered as systems that show a step-wise change in a particle property as a function of an external

parameter. Eor—example;—semeSince this is opposite to a continuous/gradual change in a particle property, it can be also

described as a non-gradual transition. As mentioned in the introduction, soluble aerosol particles such as ammonium nitrate

exhibit a significant change in diameter with increasing relative humidity (RH) due to deliquescence-and-effloreseence-as—a
funetion—of relative-humidity-. Similarly, the change from cloud condensation nuclei (CCN) to activated droplets due to
exposure to a super-critical super saturation ean-be-considered-a-nen-gradual-change:

H(SS) results in a fast increase of the particle diameter from the nanometer to the micrometer scale that is hard to be

continuously tracked by standard measurement instrumentation. A defined diameter threshold is hereby used to distinguish

between an aerosol particle and a solute droplet in the case of deliquescence. This is the same between non-activated CCN and

8
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cloud droplets. In both examples the relative humidity (RH) in the surrounding gas phase can be considered the external

parameter that controls if an aerosol particle is in either of the two states of the binary system (effloresced vs. deliquesced/CCN

vs. cloud droplet).

We may assume a system in which all etherexternal parameters stay constant;-while-a-partieles but the particle itself undergoes

changes—that resulta continuous transformation, e.g. due to oxidation. After a certain period of time, this continuous

transformation, in a-this specific case oxidation, can lead to a change in a binary property, e.g. CCN-activity. Ultimately, the
step-wise or non-gradual transitions;-this-transition ean-be-deseribed-asis a function of time. We define the required time span

or(e.g. necessary aging time) that leads to a change in a specific particle property, eausing—the—non-gradualresulting in a

transition in a binary system in another particle property as the activation time (¢..). This concept is generally valid and can be

applied to any kind of transition in a system defined as binary either by intrinsic or operational parameters.

Eor-the-further-diseussionNevertheless, in the effort to increase the comprehensibleness of the following introduction of #,e,

we focus on the example of an aerosol particle aging process resulting in an increased CCN-activity. The aging process is a
continuous and irreversible process that changes how a single particle can accumulate water at super saturated (SS) conditions.
Once a particle reaches the necessary aging time #, it is considered to be CCN-active at a respective super-satarationSS.

In thereal-werldreality, no time-dependent transition can be found that truly follows a step-function or that is truly non-gradual
. If at all, some transitions can be-found;-howeversome-changesrather be described by a steep sigmoidal function. However,
some transitions occur on a shert-time scale with-respeetthat is so short compared to e.g. the time resolution of the measurement

or-deteection;respeetively-that they appear to be non-gradual. Thus-, we consider it is-a valid simplification to eensider-suech

changestreat these transitions as istantaneeus-step-wise and non-gradual and to define them as transitions in a binary system.

3.1 Aerosol particle activation and activation time in a CSTR

The fraction of particles acting as CCN (activated fraction; AF) is defined as the ratio of activated particles divided by the total
number of particles in the sample volume. The measured AF can be used to obtain the activation time #,.-and-to-prediet. Visa

versa, if .. is know the theoretical AF can be calculated throughout the entire experiment. HerebyHere, the three different

regimes (filling, steady state, flushing);) have to be treated individually.

3.1.1  Particle activation during the filling regime

Assuming that only aerosol particles are CCN-active withwhich have an individual residence time in the aerosol chamber

higherthanthat is above ..., eg—6)-the theoretical AF can be derivedfortwocalculated according to eq. (6). Two different time

ranges within the experimental durations- need to be considered. If the experimental duration ¢ is below ta.the, AF is 0—f as

even the particles that entered the aerosol chamber at the very beginning have an individual residence time shorter than #, and

therefore cannot be CCN active yet (eq. 6a). If the experimental duration ¢ is above t,-the, AF is greater than 0-—Cenverting

eg—(6)inte- as a subset of the particles will have an individual residence time longer than ¢,¢ and therefore can be CCN active

(eq. €H6b). Application of eq. (3), which describes RTD and rearrangement of eq. 6 allows for the calculation of the activation

time #,« based on an experimentally determined AF as shown in eq. (7). This equation is valid throughout the entire filling and

regime including steady state-regine.

ISttt AF(1=0 (6a)
AR D= activated particles RFB ()R tite) /::tm RTD () dt
>t all particles RFBmtd) /Ot RTD(t)dt (6b)
— RTDsum(t)'RTDsum(t:tact)
RTDSUm (t)
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3.1.2  Particle activation during steady state-regime

After the conditions in the aerosol chamber reached steady state, the measured AF does not change anymore. Agains-thisThis

is due to the fundamental concept of a CSTR which entails a continuous addition of fresh particles and simultaneous withdrawal

of sample velumeat equal flow rates resulting in a dynamic equilibrium and a constant RTD.-Fherefore

To simplify matters, the reason for the constant 4F within this dynamic equilibrium can be visualized when focusing on three

distinct time periods within the continuum of the RTD and thereby on three specific particle fractions. Fraction one is within

the right tail of the RTD and consists of particles with a residence time that is above #,... They are only a few compared to the

total number of particles and a fraction of these is constantly flushed out with the sample stream. This would lead to a

hypothetical reduction of AF if not simultaneously the second particle fraction of interest was in the situation to have an

individual residence time that is just about to exceed t,«. The particles within fraction two are thereby transitioning from the

CCN linactive particle fraction within the aerosol chamber to the CCN active particle fraction. The hypothetical loss of CCN

inactive particles would lead to an increase in AF if not again simultaneously the third particle fraction of interest consisting

of fresh and CCN inactive particles was about to be added to the chamber volume.
Due to this dynamic equilibrium, eq. (7) can be simplified to eq. (8) takingthe-felowing limitinto-aceount:assuming that the

experimental duration ¢ approaches infinity (gim eq. (7) = eq. (8))

taer= - IN(AF) - 7esTR (8)

EWhile the experiment can run theoretically for an infinite time, each individual particle fraction has in fact a limited lifetime
within the aerosol chamber. Metaphorically speaking the particle fraction travels along the RTD curve from the left (residence

time = 0 min) to the right in Fig 2 within its lifetime. Since the RTD is an exponential curve asymptotically approaching zero,

in theory there should always be at least an infinitesimal small fraction of particles with a residence time equal to the

experimental duration. In reality though, the maximal residence time of an individual particle fraction is defined by the

characteristic parameters of the CSTR r-gpr_and the detection limit of the measurement instrument. Once the particle

concentration is below the detection limit of the measurement instrument, there are de facto no particles with a higher residence

time than the one corresponding to this detection limit.

Another important te-keep-in-mind;-that-there-isne-aspect is the non-linear, but exponential correlation between AF and face-

at-a-different super-saturation{(SS)- as can be seen in eq. (8) and Fig 2. In Figure 2FEigure 2 shews-thea RTD (black curve)
inside a CSTR thatis-with 7cgtr =120 min in steady state (black-eurve)is shown. The area under the curve represents the total

particle population inside the CSTR-—Fhebluestriped-area—represents—thefractionof particlesthat and is equal to 1. By

definition, AF is the ratio of activated particles to the total number of particles in the respective volume. According to the e

concept, only particles with a residence time beyond .. (grey dashed vertical line in Fig.2) are CCN-activefor3-differentpairs

oft.-and-A«~. The activation time 7, therefore separates CCN-inactive (¢ < ,,) from CCN-active (¢ > f) particles.

10
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In case t,: is known, AF can be obtained by integrating the RTD from ¢ = 7, to # = co, which is shown in eq. (6b). Vice versa,

the fraction of CCN-inactive particles can be obtained by integrating the RTD from ¢ = 0 min to ¢ = tac.

Supposed, an AF of 0.368 is experimentally determined. This corresponds to 0.368 of the area under the RTD curve. In

accordance with the discussion above, we can imagine to start the integration from the right (z = oo) till a value of 0.368 is

achieved which is equal to the area under the blue curve and the lower limit of the residence time (vertical blue bar) then

corresponds to f.... In a second step, we examine the case of an experimentally determined AF of 0.134. Following the

procedure outlined for the first case (4F = 0.368), the integration results in the entire area under the turquois curve and a Z,.

of 240 min (turquoise vertical bar). In the third case with an experimentally determined AF of 0.049. which corresponds to the

area under the green curve, we determine a f, of 120 min (vertical green bar). Ultimately, 4F declines exponentially with

increasing #,¢ and vice versa.
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Figure 2: Correlation between A/~ and facr for a CSTR in-steady state with-zesrp = 120-min.

: Residence time distribution (RTD; black curve) for particles in a CSTR with T¢s7g_= 120 min in steady state. The area under the
black curve represents the total particle number concentration. Three subsets of this area are highlighted corresponding to the
fraction of CCN-active particles in dependence of the respective activation time #act.

3.1.3  Particle activation during flushing regime

At the beginning of the flushing regime;_(Zwiwcn). the afflux of fresh particles is stopped and replaced by a particle free gas

stream. As the sample extraction is maintained the total particle number (concentration) within the aerosol chamber depletes

with time. Nevertheless, the particles that entered the aerosol chamber before #wien_continue to age during their increasing

individual residence time. This causes a transformation of the RTD along the x-axis/residence time but no transformation of

the shape of the RTD as the ratio of particles of different residence time stays constant. This process is indicated by the multiple

curves in Fig. 1. The RTD of the particles in steady state is represented by the solid black line. As no fresh particles are added

and-all-aereselanymore, but the aging of the present particles age-simaltaneousty—As-shewninFig—tthecontinues the RTD of
the-partiele-pepulationcurve is shifted along the x-axis towards lengeragingtimes—TFherebythe right.

For example, after a time period equaling the hydrodynamic residence time of the CSTR (+1 1) the particle RTD is represented

by the dark grey solid line. As only the fraction of particles that-eross-a-certaint.ihereases—Fhisteadsto-with an individual

residence time above f..c is CCN active, AF at +1 zis significantly higher than during steady state. This is indicated by a larger

area under the curve that crossed #, (grey dashed vertical line in Fig 1.). Throughout additional flushing time the RTD is

shifted further towards longer residence times. At some point all particles have a residence time beyond #,... This means that

all particles are CCN-active resulting in an AF of 1 which is for example the case for the particles in the area underneath the

light grey curve in Fig 2 (+2 7). In reality this is not a stepwise process with time increments of 1 7, but a continuous process

that involves an exponential increase of the-AF inside the CSTR (globalA4F)until AF=+—From-a-graphical perspeetive,the
mg = 1.
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This change in AF can be deseribed-by-centeringthe RFP-funetonteq B3Pttt the-timeatbwhich-theacrosolchamberis
switehedmathematically captured. The first step is to theflushing-regime-Based-on-this-assumptionderive an equation that

describes what fraction of the RTD has crossed the point #iwen after flushing has been initiated. Since this not equal to the AF,

a second step is needed where an offset-parameter is introduced that converts the “fraction of particles older than twitcn” into

the AF (=fraction of particles older than #,).

The first step can be achieved by integrating the RTD backwards starting from ¢ = fwiten. This is an unfavorable approach since

it is not compatible with a constantly increasing experimental duration ¢. This can be avoided, by flipping the RTD horizontally

at 1 = towiten and eg—6)-we-ean-develop-eg-integrating forward in time from ¢ = #yyiwen to £, which is done in eq. (9). For a simpler

integration the experimental duration ¢, was normalized by dividing it by the hydrodynamic residence time zcstr.

/
{F (t—QitsTw@ﬁ) {;\ st (t-2'tswitch) ¢t
AF (8 flushing™= e —f /4 / f e\ TcsTr / d ( ) )
J z TcsTR
i/t Iswitch/TCSTR

HeweverAs mentioned before, eq. (9) only describes the fraction of particles that are older than f.yih-and-therefore. Since we

defined AF as the glebalfraction of particles with an age above the threshold time #.i, €q. (9) describes AF only if tact = fswitch

holds true. To determine-the AF for conditions when t < tswitech (AF(=tswiten) > 0) or for a delayed activation, fuct > fowitchy &-HEW

(AF(=tgwiten) = 0), an additional parameter #osei-tshas to be introduced. This parameter is an offset of the AF-curve along the

time-axis_and is therefore called 7. Taking fore into account, eq. (10) can be obtained after integrating eq. (9).

( L+ toffset - 2'tswitch) fswireh  —lswitch
AF(Y) flushing = € TCSTR —efestre TCSTR (10)

The parameter Zofr: 1s initially unknown and has to be calculated. For this we need to differentiate between two cases. First, if

taci 18 larger than #wien and therefore AF is 0 at the switching point, foser can be obtained by subtracting f, from fewiien (€q. 11a).

Second, if AF at ¢ = tewitcn 1S taken-and-eg—above 0, fose has to be calculated by solving eq. 103-isselved for toseteq—H)-.
For this AF(#) gyshing_has to be set to AF (=tyyicn/).and eq. 10 has to be rearranged as shown in eq. (11b).

AF ( = tswitch)

=0

AF (t: tswitch) e “lswitch
-0 Loffset= In | AF(t=tgyiren)te SR | TegTRT Lowitch @B(11b)

loffset = ILswitch — lact 1la
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Figure 3: FheoreticalCalculated change of the activated fraction (AF; blue line, right axis) and particle number concentration
(black line, left axis) throughout filling_regime, steady state, and flushing regime-

With-these-equations-the4F based on a CSTR experiment with T¢grr_= 120 min, faet = 180 min, fswiten = 720 min, and thean input
particle number concentration of 1000 cm. The different operation regimes are indicated on the top of the figure.
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The particle number concentration inside the CSTR can be calculated throughout all experimental-stages-operation regimes
using equations (2) and (5). AF can be calculated using equations (6) and (10). Figure 3 shows how the AF(blue,right-axis)

and-the-particle number concentration (black line, left axis) and AF (blue line, right axis) change during an experiment with

Testr = 120 min, foee = 180 min, fswireh = 720 min, and [Aged-in] = 1000 cm?3. A detailed-deseription-of-all-stagessummary is
listedpresented in Table 1.

Table 1: CoemparisenEvolution of the aerosol particle number concentration and the AF in different CSTR-regimes.

time AF inside CSTR aerosol particle number
seateexperimental concentration
duration
fillingFilling 0 min (start—) to | AF4s- = 0%at-the from Increasing particle number
regime 480 min /—( 47 - | start—Aftererossing till foc | concentration-with-constantly
criterion) HREFeasHe. desbinineersethente, that
Increasing AF with asymptotically approaches a
constantly-deelining constant value.

et
rate(asymptotically

approaches a constant

value) after fu..
steadySteady 480 min (4t - | AFreaches-astable-value | AeroselStable aerosol particle

state criterion) to | ef221%-Stable AF at number concentration is-constant;
720- min_(fswich) 0.221. (changes are-below the-detection
limit:)

flushingFlushing | 720- min —(fwiten) | Exponentialinerease orsomentinldealine o

regime to 1440 min (end) | efExponentially theExponentially declining
increasing AF until aerosol particle concentration.
pepehine OO T

lication.infi :

4.-13.2 Introducing the activation time distribution P(tact)

The approach discussed so far is based on the assumption that all aerosol particles are identical and therefore a specific property

of the whole aerosol population can be described with a single parameter. However,—this—is—rarelyas—inreality-an-aerosel

partiele-size-distribution)—Whileln other words, all particles have the same tact in case of CCN activity being the specific

property. However, this is not the case for many parameters. In case of the particle diameter, for example, every aerosol particle

has its individual diameter and the total population can be described by a distribution of particle diameters around a mean

diameter. An eventual size-selection does impact the mean diameter and the width of the distribution. Still, the size selected

particles will not have the identical diameter. Furthermore the aerosol population might be mono-modal and narrowly-

distributed with respect to one parameter such as the aerosol partiele’sparticles electrical mobility diameter, but it can be multi-
modal andor broader distributed with respect to another parameter (e.g. the aerodynamic diameter)... Therefore, it has to be

expected that the activation time (Z..) shows-the-same-behavieris also characterized by a distribution. For this we introduce the
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activation time distribution P(Z.¢) and discuss its theoretical impact on nen-gradual-transitions-i-CSTR-experimentstransitions

within binary systems in CSTR-experiments. In contrast to a uniform #, valid for all particles the activation time distribution

P(t,) is more realistic as it takes the individual 7, of the individual particles within the population into account. Nevertheless,

only one value for AF can be determined experimentally. This single value, from now on referred to as global AF, represents

the average AF over all AFs of the individual sub-fractions within the population as will be explained in more detail in the

upcoming sections.

4:23.3 Impact of the activation time distribution on the glebalindividual AF

In the-previeus-section i#t-wassheown3.1.4 we showed how-theglebal AF evolves throughout a whole CSTR-experiment (blue
curve in Fig. 3). This curve was calculated based on the assumption of idealityuniformity, i.e. every aerosol particle that is
older than t,.e = 180 min aetivates:is CCN active. While, this assumption can be valid for some easesconditions it surely cannot
be representative for all real-world conditions. To discuss the impact of an activation time distribution P(f) on the evolution
of the-glebal-AF in a CSTR we consider a model system with P(f.) representing a Gaussian distribution with aan exemplary
mean (u) of 180 min and aan exemplary standard deviation (¢) of 30 min (eq. (12)).

_<(tact'/21)2>
e\ 20 (12)

For simplicity we discuss the impact of the activation time distribution (P(z,)) in steady state first but the concept is the same

P(Zact)z

no?

throughout the entire experiment including the filling as well as the flushing regime. In a CSTR particles with different

individual residence times are present at the same time_due to the continuous feed in of fresh particles and the active mixing.

For a better understanding the “individual residence time of a particle” will be referred to “particle age” from here on. With
an increasing particle age the fraetiennumber of particles (=area under the curve) declines in a CSTR during steady state
(Graph A, Fig. 4). Parallelto-thatNevertheless, the activation time distribution P(t,) is the same for all particles (Graph B, C,
D in Fig. 4), regardless of their age. The fraction of activated partieleparticles inside the CSTR (global AF) therefore has to be

described as an overlap of the R—T—D—aﬁd—Pét )—Qﬂ—th%eﬂ%h&ﬁd—e}d—pame}es—m%h—ﬂeﬂg—mdﬁﬂdual—remdence time ean-be
aph-Ddistribution (RTD; black curve in Fig. 4)-On

%h%e%her—haﬁd—ye&ng—pafﬁeles—wﬁh—a—sheﬂ—mdmdhwes*denee A) and the activation time eeﬂmbﬂfé%l-afgelry—te—th%tetal

#%m&e#aem%d—paﬁieles%m%mﬂ%speaﬁepepmaﬂe&)_
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In Fig 4.A, three individual sub-populations are indicated by red vertical bars. The first sub-population at ¢ = 60 min = 0.5 ¢

consists of rather young and fresh particles. Their corresponding activation time distribution P(#,) is shown in sub-panel B.

While there are a lot of particles (indicated by the large area under the red curve) only a small fraction of these particles is

CCN-active. The active fraction is indicated by the red colored area and corresponds to the particles with a very low individual

tact. The contribution of this sub-population to the global AF is therefore small. In sub-panel D, a sub-population at

t =360 min = 2.0 7 of old and well-aged particles is shown. Due to their high age, litterally all particle in this sub-population

are CCN-active as their individual particle age is more than 6 sigma beyond the mean value of the exemplarily discussed

Gaussian activation time distribution P(#,). Since the overall fraction of these old particles is low as indicated by the

significantly reduced area underneath the red curve compared to the first sub-population (panel B), they contribute only little

to the global AF. In sub-panel C, a medium aged sub-population at = 180 min = 1.5 7 is shown. On the one hand, there are

significantly less particles than in the first sub-population (panel B), which is indicated by the reduced area underneath the red

curve. On the other hand, the fraction of CCN active particles within this sub-population is significantly larger than in the first

one. In fact, the fraction is 0.5 as this sub-population has an individual residence time that is equal to the mean (u) of P(facr).
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Figure 4: (A): The RTD in steady state is shown (+edblack line). The grey shaded area underneath the curve represents the
increasing fraction of activated particles with increasing particle age.

(B-D): Activation time distribution at different particle ages. The total area under the activation time distribution curve (red line)
represents the relative abundance of particles at their specific age, which is equal to the area covered by the respective red bar in
panel A. The red-colored area represents the fraction of activated particles within the population of this particular particle age.

4-33.4 Calculation of the total activated fraction_(global AF)

The global AF fer-eachat any point in time can be ebtainedcalculated by ealeulating-the-ehangetn-multiplication of AF(fact,t)
for each individual t,.—auttiplied with the relative abundance of partieleparticles (obtained from P(#,)) with this respective

tatPftac) and integratedintegration over the whole range of possible fe’s. (lower limit: z,c = 0 min; upper limit: fy¢ = £)

fact =1

AF([’)= J AF(tactvt)'P(tact) dtact (13)

lact =0

In Fig 5 the difference-in-the-evelutiondiffering evolutions of the global AF withina-CSTRA(resr—120-min)-in the case of
two different P(t.t) within a CSTR (zogrr = 120 min) is presented. The blue curve is the same as in Fig. 3 postulating all

particles activate uniformly at foet = 180 min (4Fsiep(?), Psiep(fact)). The red curve shows the global AF for a Gaussian shaped

activation time distribution Heas discussed in the previous section and displayed in Fig. 4 with 4 = 180 min and ¢ = 30 min

(AF gaussian(?), Pgaussian(fact)). While the uniform scenario shows no activity be-forbefore reaching f., the Gaussian distribution
scenario shows an earlier activation onset-{t..—enset).. This is because there are some particles in the population; that activate
earlier than the mean activation time. e-g-These are all particles within the red area left of u = 180- in Fig. 4-.B -to D. Both
curves reach a constant global AF during steady state, but in the Gaussian distribution scenario the AF is higher

(AF gaussian = 0.242 vs AFep = 0.221). In our specific case 4F gaussian 18 higher than 4F.p, but the actual difference between these

two values is dependent on the specific values of 7¢grp, fact. # and o. In the flushing regime the global AF grows exponentially
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in both scenarios;-but-. Within the Gaussian activation time distribution (Pgaussian) there are particles activating later than the

average f, of 180 min. These particles are represented by the area right of x under the red curve as shown in Fig 4.B to D.

Therefore, in the Gaussian distribution scenario (red curve in Fig 5) full activation is reached later than in the uniform scenario-

(blue curve in Fig 5). Generally speaking, a broader Pgaussian(fact) l€ads to an earlier #.—onset of 4/” while full activation is

reached later because the broader distribution extends over a wider range of individual #..’s on the single particle level.

1.0 - |
|
l
0.8 :
|
s AFstep :
= AFgaussian :
0.6 - |
W |
< [
|
0.4 — switch to flushing :
|
|
|
0.2 -
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0 200 400 600 800 1000 1200 1400

experimental duration / min

Figure 5: Global AF response functionfunctions inside a CSTR for a uniform aerosol population (blue_line) and an aerosol population
with an activation time distribution P(z.ct) represented by a Gaussian distribution (red_line).

4.43.5 Equivalent parameters fact — onset and fact-S-£act0.5 VS fact

Table 2 Influence-of thet..~distribution-on-the-In literature, different parameters are used to describe the CCN activity of

particles. Results from batch chamber experiments as well as from oxidation flow reactor experiments are often presented in

terms of SS-onset or critical SS. While the SS-onset is defined by a minimum threshold (e.g. 0. the critical SS is reached

when 0.5 of the particles activate (Friedman et al., 2011; Koehler et al., 2009; Rose et al., 2007). From this perspective, fac: is

a third parameter. Further we present the parameters z,-onset and #,.{0.5. Following the aforementioned nomenclature in the

CCN community, we define #,-onset as the time when the global AF inside the CSTR crosses a defined value, here AF = 0.01.

Opposite to this #0.5 does not refer to the global 4F that can be determined experimentally but we define it as the time after

which 0.5 of the particle within the activation time distribution is activated (Fig. 4.C). In Table 2 the three parameters are

compared for the two scenarios of a uniform #.ci (Pstep) and an activation time distribution (Pgaussian), respectively.
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Table 2: Influence of the taci-distribution on tact-onset, tact, and eritical-tacizact0.5.

Parameter Reference population Pytep(tact) Pyaussian(fact)
tact-0Onset AF =1 % inside-the CSTRA(global AF)=1% 185 min 87 min

tact Obtained-from-theglobal AF in steady state in-(Fig. 5-using; eq. | 180 min 170 min
tact0.5 Obtained from P(tct) 180 min 180 min

AtfirstglaneeAs can be seen in Table 2, the individual values efdeviate with the different+..s-differsignificantly potentially

FR)-biggest deviation in the case of #, -onset. However, the

presented deviations are solely caused by the eensideredunderlying distributions of the activation time-and-affeet-OFRs-as
wel—Firstit-should-be-mentionedthat ... In addition, f,-onset, f, and 0.5 are determined fremat different parameters
eachexperimental times. While #,-onset is directly determined wwith—+respeet-teby measuring the entire particle population

within the CSTR; (global AF). t.. is based-ena-theeretical-ealetlationtaking calculated from the global AF in steady state inte
aeceount-and inthe-ease-of-1,{0.5 enlyis obtained from the partiele-activation time distribution P{#..)-is-censidered-ignering

R—Asitself. In the case of z,-onset,

there is a significant share of particles activating significantly earlier than the nominal activation time (x = 180-) in the case of

a Gaussian distribution. Therefore, a fraction of +%0.01 of CCN active particles within the entire particle population within
the-CSTR-is already aetivatedpresent after 87 min. Opposite to this, the threshold value of +%0.01 is crossed later than the
nominal activation time in the case of the step distribution. This is because even though every single particle activates after

exactly 180 min of individual aging time, it takes some additional time before a fraction of +90.01 of the entire particle

population within the CSTR is older than 180 min- leading to a #,-onset of 185 min. The difference of 10 min in t,e 6F+H0-min

between the two P(t..)-approaches is due to the application of eq. (8)—Fhis-(8) which allows for the calculation of #, from the

global AF in steady state. Strictly speaking, this equation is i-striet-sense-defined for the ideal step function (Piep(fact)) only.
Therefore ealenlation-oftactfromthe higher global AF insteady-statevalue for Pgaussian(fact) 10 steady state has to lead to a lower

tat Value compared to Pep(tact)-As_Note, £,0.5 is referring to the particle activation distribution P(f.) only leading to a

concordant value of 180 min in both cases. This can be seen in Graph C of Fig. 4-50-%, where 0.5 of the particles with a

residence time equal to the nominal activation time are activated in the case of a Gaussian distribution corresponding to #,.0.5.
In the case of a step function, all particles are activated once the respective particle population is older than #... In the following

#twe will be-shown-thatshow how the actual activation time distribution P(f.) can be retrieved from real CSTR-experiments-

experimental data.

54 Application of the new .t to experimental data_from CSTR-aging experiments

In the laboratories at ETH Zurich we performed aging experiments in a 2.78 m? stainless steel aerosol chamber ranoperated in

CSTR mode. A detailed description of the chamber can be found in Kanji et al., (2013). The chamber was actively mixed with

a fan, but had no further features to enhance mixing e.g. baffles. All instruments were connected to the chamber with stainless

steel tubing with 4 mm inner diameter. Since the maximal tubing length from the CSTR chamber to the analysis instruments

was 3 m the impact on the overall residence time is negligible.

We investigated the change in CCN-activity of soot particles rich in organic carbon fremprepane—cembustion{miniCAST;

setpoint-6)-due to heterogeneous ozone oxidation. The soot particles were generated with the miniature Combustion Aerosol
STandard (miniCAST, Model 4200, Jing Ltd., Zollikofen, Switzerland) which is propelled with propane and operates with a
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laminar diffusion flame. The miniCAST was operated under fuel-rich conditions (set point 6 according to the manual) in order

to generate a soot which was rich in organic compounds (fuel-to-air ration: 1.03).

The particles were size selected at 100 nm by a Differential Mobility Analyzer (DMA). These size selected aerosol particles

were diluted with particle--free and VOC-filtered air in order to achieve a constant aerosol flow of 25 Ipm with a particle

concentration in-therange-of 1000-to-15000f ~1200 cm-depending-on-experiment-day.. The aerosol flow was fed into the

aerosol chamber, where a constant Ozeneozone background concentration of 266100 and 50 ppb, respectively, was maintained

throughout the entire experiment. Downstream of the aerosol chamber the CCN-activity was measured with a eloud

condensation-nuelei-eounterCloud Condensation Nuclei Counter (CCNC; Reberts-and Nenes;2005)-—TFheRoberts and Nenes,
2005) and the size distribution data was acquired by a seanning-meobility-partielesizerScanning Mobility Particle Sizer (SMPS)

system from which the the-total particle number concentration eeuld-bewas derived. In Fig. 6 data for two experiments

conducted on two different days are shown. While there is no difference in the experimental instrumentation, the two data sets

differ by the SS conditions set in the CCNC and the ozone background concentration (A: 1.0 %, 100 ppb; B: 1.4 %, 50 ppb).

The data was analyzed focusing on the three following aspects:

1) Can the aerosol chamber be operated in CSTR-mode ferup-te+2-hthroughout an entire day, which requires a
constant aerosol feed-in flow and a perfeetgood internal mixing?

2) Can the change in CCN-activity of soot particles due to oxidation with ozone be investigated with CSTR-mode
aging experiments?
3) Can fu and its distribution (P(fac)) be retrieved from experimental data?

—The graphs Al and B1 in Fig. 6 show the particle
concentration (black crosses; left axis), the measured global AF' (red crosses) and the fitted global AF (blue dashed line, both
right axis). The graphs A2-and B2 show the Pt - (blue solid-ine ) retricved-from-fitting the- measured-4#-The particle number
concentration curves (black crosses) follow the theoretical filling and flushing curves as expected in a CSTR-_(Fig. 3). The

slight decline in the concentration ebserved-in-theregton-wherein steady state is-expeeted-in graph Al is due to a slight but
wndesired-reduction in the feed-in-flowparticle input concentration that was experienced during the experiment. The-measured

particleflushrate-Visa versa the slight increase in the number concentration in graph Bl is due to a slight increase in the

particle input concentration over time.

In the flushing regime the particle number concentration declines exponentially in both experiments. Eq. (5) describes the

ideal/theoretical evolution of the particle number concentration in the flushing regime when taking the hydrodynamic residence

time rcgtraccording to eq. 1 into account. In the ideal case the decay is solely caused by the flushing process. In reality, the

decay is a combination of flushing as well as additional particle losses e.g. wall losses or coagulation. Therefore, the real

residence time can be obtained by fitting equation 5 to the experimental data after rearrangement for 7, to which we refer to

as aysp_from now on (Kulkarni et al., 2011). In both experiments 7g,, obtained-duringtheflushing regime—is-coincides at
104 min-in-beth-experiments, which differsslightlyfremis lower than the theeretical flushratehydrodynamic residence time

7cstr =of 111 min. In other words, the particle concentration declines faster than expected. This difference is caused by particle

losses to the chamber wall-—Erem-this, which acts as an additional particle sink parallel to flushing and reduces the particle

lifetime. Nevertheless, statistical analysis of the experimental data results in purely statistical noise centered on the fitting
curve used to determine 7p,q,_. This indicates that in terms of mixing no difference the—particle—wallloss—rate—of
fe=0-000625-min"-and-a-meanbetween an ideal CSTR and the aerosol chamber used here can be detected with the applied

instrumentation.

When dividing the real particle life time (zq,q,) into its individual components, a particle life time upon wall {ess-losses

(Twall-l0ss) Of 1600 min wascan be determined asswming-in accordance with first order less—+ates—wall loss kinetic (Crump et

al., 1982: Wang et al., 2018). The influence of particle coagulation can be considered negligible due to the low coagulation

rate of 100 nm particle at concentrations of maximum 1500 cm™ (Kulkarni et al., 2011).
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Based on the theeretieal-discussion above, the measured AFs (red crosses) show the expected change throughout the entire
experiment- in Fig 6 Al and B1. In the beginning of both experiments the-4F is 0. After a minimum aging time each AF’ starts
to increase until it reaches a constant level (Al: AF=0.091, 1.0 % SS; Bl: AF = 0.233, 1.4%SS)— % SS). The gaps in the
curves during steady state are due to changes in the operation of the CCNC form running on a constant SS (1.0% and 1.4%,

respectively) to scanning over a range of SS. In the flushing regime, each measured AF increases exponentially-untititreaches
-. CCN data could be

acquired successfully throughout the entire experiment until the global AF reached ~1.0 (> 1000 min) in the first experiment

presented in graph A 1. In the second experiment presented in graph B1, instrumental issues caused the acquisition of the global

AF to end prematurely after approx. 800 min of experimental duration.

The-The graphs A2 and B2 in Fig. 6 show the activation time distribution P(%.) (blue solid line) retrieved from the measured

global AFs. The P(t.)’s presented-in-A2-and-B2-ef Fig—6,respeetively; were obtained by-performingacurve fittingeperation

from curve fitting the measured AF-curves using eq. (13), which describes the evolution of AF taking the activation

time distribution into account. For this, assumptions concerning the type of distribution had to be made. Here, we assumed

that P(f.) tecan be described by a mono-modal Gaussian distribution and-with-the-as presented in eq. (12). A brute-force
algorithm was used that optimized the characteristic parameters yu—(—t..0-5 (=mean) and o to—be—optimized—As—eanbe

seen(=standard deviation) in order to achieve the best fit to the measured global AF using the least-square method. The results

of this fitting procedure are presented in Table 3 as well as in A2 and B2 of Fig. 6;6. In the first experiment with the

experimental settings at 1.0 % SS and 100 ppb Os u as well as ¢ of P( tact)_are larger fer—PéEaea—at—a—l—Q—,é—SS—eﬂ%?) 7 min and
35.5 min) compared to the results obtained for

SS and 50 ppb O3 (153.6 min and 24.6 min). From a theoretical perspective, there are two competing aspects. On the one hand,

due to the higher ozone concentration the threshold of chemical transformation leading to CCN activity of the particles should

be reached earlier. On the other hand. the threshold of chemical transformation should be lower at higher SS. Our results

presented here could indicate that the difference in SS in this specific range might be more important than the difference in

ozone background concentration within the considered range. At the current stage we cannot draw any final conclusions on

how these two competing aspects actually interplay but additional experiments are planned to resolve this issue.

In addition, we list £, obtained from the-4F during steady state following eq. (8) as described in section 3.1.2 in Table 3.

FheBased on error propagation calculation, the instrumental uncertainty for obtaining % from steady state using-ee—S)-is

+- 11.6 min. Fhe-In our experimental setup the differences between ..t and f.:0-5-are-u are 3.9 min and 2.1 min, respectively,

and therefore below the instrumental uncertaintiesforthe-systemtested-here.. This is animpertanta very beneficial aspect for

thewhen considering a broad application of the CSTR--concept—A+ in atmospheric science experiments. In general, an accurate

determination of P(t..);) requires a sufficiently high time resolution throughout the whole experiment. This can be difficult to

achieve depending on the general experimental conditions such as the type of instrument, e-g-—seanning-through-differentsince

running SS-scans with thea CCNC-_can be time consuming. However, if a characterization of the aged aerosol during steady
state is sufficiently precise, anaceurate-and-therefore-timne-intensivea potentially time consuming acquisition of a large number

of data points for the determination of the-P(t,) does not provide additional benefits.

As a cross check, we implemented the activation time distributions determined from the experimental data into eq. (13), which

allows for the determination of AF throughout the entire experiment. The results are presented in Fig. 6 panel Al and Bl,
respectively. While the calculated AF (blue dashed line) and the measured AF (red crosses) superimpose in the early filling

regime, the steady state, and in the flushing regime, some deviation can be recognizes in the period when AF increases. This

deviation is caused by the slight changes in particle number concentration during stead state, which reflects a change in the

particle input concentration. Therefore, this cross check represents an addition way to inspect the experimental conditions
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throughout the experiment revealing potential deviations from ideality. Overall this section demonstrates the applicability of

the CSTR concept for aerosol experiments that require long experimental durations.

Table 3 Comparison of tact and #at0.5 for both experiments.

Parameter A:1.0% SS /100 ppb O3 B: 1.4 % SS/50 ppb Os
tact 249.8 min 151.5 min
tact0.5/ u 253.7 min 153.6 min
o 35.5 min 24.6 min
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Figure 6: Particle number concentration;_(black crosses, left axis), measured global AF (red crosses),, right axis), and fitted global
AF (blue dotted lineaH, right axis) are presented in panel Al and Bl}and-the-corresponding, respectively. The experimentally
determined activation time distributions P(tact) {A2/B2)-are shown_in panel A2and B2, respectively.

65 Application of #ct to other continuous flow aerosol chambers

Lambe-et-al- 204 performedThe application of oxidation flow reactors (OFR) in atmospheric science became increasingly

popular. These chamber types are designed to generate an aged aerosol that is as homogenous as possible. The ideal OFR

would be an ideal plug flow reactor (PFR) with a RTD being a Dirac-Delta-function, often referred to as puls-function.
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However, due to technical restrictions all OFRs have a RTD that lies between an ideal CSTR and an ideal PFR and is further

dependent on the individual design of the OFR (George et al., 2007; Huang et al., 2017; Kang et al., 2007; Simonen et al.,

2017). Lambe et al., (2011) already suggested that the RTD reduces the comparability of results from different OFR-types. In

the following we discuss the applicability of the Z,-concept introduced here to real continuous flow aerosol chambers like

OFRs which entail partial mixing.

Besides various home-build OFRs (e.g., (Ezell et al., 2010; Huang et al., 2017; Keller and Burtscher, 2012), the commercially

available Potential Aerosol Mass Chamber (PAM, Aerodyne; Kang et al., 2007) is an instrument widely used for the

investigation of aerosol aging within the atmospheric science community. All these chambers have in common that an aerosol

flow is exposed to OH-radicals. OH-radicals are typically produced by UV irradiation of ozone causing the production of

excited oxygen atoms [O(D")] which react with water vapor. In OFRs the OH-concentration tends to be significantly higher

than the average atmospheric concentration in order to mimic several days of atmospheric aging within a few minutes of

experimental duration. For intercomparison amongst chambers and for extrapolation to atmospheric conditions the total OH-

exposure is used as a metric, which is often calculated by multiplying the OH-concentration with the exposure time. The

exposure time is hereby equal to the residence time within the OFR which can be calculated the same way as in the CSTR-

concept following eq. (1).

In the case of an intercomparison of the Toronto Photo-Oxidation Tube (TPOT; George et al., 2007)-and-the PAM-chamber-
Herethe OH-cxposure-was-determined-from-the SO»-oxidation tollowing cq- A T-in-their paper- Amongst other parameters.
they-investigated-the-seecondary) and the PAM chamber presented by Lambe et al., (2011), the OH-exposure was determined

from SO,-oxidation experiments following eq. A1l therein. Amongst other parameters, they investigated the secondary organic

aerosol (SOA) formation from volatile organic compounds (VOCs) as well as the impact of heterogeneous oxidation on the
CCN-activity of bis(2-ethylhexyl)sebacate (BES) particles. They found very good agreement concerning the average H/C and
O/C ratios of the predueed-SOA particles produced insitu and the BES-particles. This indicates that the reaction with OH-
radicals follows the same kinetic in both chambers. However, the CCN-activity of BES-particles aged in the PAM chamber is
reported to be significantly higher than in the TPOT chamber at low OH-exposure levels and vice versa at high OH-exposure

levels as can be seen in Fig A2(a) in the respective publication—Fhe-authors-identify-differingresidence-time-distributions

i tation— tvity= (Lambe et al., 2011). The authors identify differing residence

time distributions between the two chambers and suggest this to results in a difference in chemical composition that is not

captured by the average H/C and O/C ratios but to result in the deviation in CCN-activity. In addition to major improvements
in terms of operating the PAM chamber as well as in terms of analysis of PAM chamber data within the last couple of years,
a range of modeling and experimental studies have been published investigating this specific aspect (e.g. Mitroo et al., 2018).
In the following we show that the application of . can contribute significantly to the explanation of the aforementioned
discrepancies in terms of CCN-activity of the BES particles.

In Fig. 7 we show the RTDs for 145 nm BES particles using the parameters for the bimodal Taylor-dispersion model given by

mhe e 0 - Annend v Ad (Eic A Me norm o the e nde he ruo t0

normalize the area under the curve to be one causing the area under each curve to be directly proportional to the AFs for a

better visual comparison. Here, PAM chamber data is indicated by the dotted line/green area and TPOT chamber data is

indicated by the dashed line/blue area. As can be seen, the two curves are not perfectly superimposed with the peak of the
PAM chamber RTD being earlier than in the TPOT chamber RTD followed by a steep decline causing the two curves to cross
at approximately 40 s. Overall the PAM chamber RTD (dotted line) shows a stronger dispersion causing the two lines to cross

again at approximately 180 s.
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Figure 7: Global AF in the PAM and TPOT chamber for #at of 40 and 180 s, respectively.

Assuming thata high OH-concentration leads to a higher reaction speed and therefore shorter ..« we arepresentingpresent two
scenarios. Scenario A is-based-ont..—of40-srepresenting a high OH-concentration is based on a 7, of 40 s (Fig. 7 A). Fhe
otherseenarioScenario B is-based-ont..-0f+80-s-representing a low OH-concentration is based on a . of 180 s (Fig. 7 B). In
both cases the BES-partieleparticles show CCN-activity, but the global AF differs significantly between both chamber types.

While—nIn the high-OH scenario A, the TPOT chamber is more efficient in producing CCN-active BES-particle
(AFpor = 0.892; blue area) than the PAM chamber (4Fpam = 0.655; green area) as can be seen-on-theleftperceived by the
blue area being larger than the green area in the left panel. Opposite to this, the PAM chamber is more efficient (4Fpam = 0.082)

than the TPOT chamber (4Frpor = 0.047) in case of the low-OH scenario B, as can be seen enin the right—While- panel. These
calculations indicate how the AFnew f, concept can differbetween-bethcontribute to the understanding and interpretation of

experimental data that has been acquired in non-CSTR reaction chambers-otherparameterstill-can—-agree—very—wel—Sueh

at-faeim. At the same average

OH-exposure, aging in different OFRs causes the same global AF only if the RTDs mateh-are the same. Since the RTDs of the
PAM chamber and the TPOT chamber are not the same, the same global AF can only be obtained if the #,’s differ. Three

examples of how #,. eanhas to deviate between the PAM chamber and TPOT chamber atto lead to the same global AF are

given in the supplement.

Even-theughWhile some parameters such as AF can differ between two OFR chambers, other parameters can still agree very

well. Such parameters could be the average H/C and O/C-ratios measured with an aerosol mass spectrometer (AMS). The

chemical modification of an aerosol particle is a continuous process and the CCN-activity is a function of this continuous

chemical modification as discussed in section 3. However, once a certain modification threshold is reached no further increase

in the CCN-activity of a single aerosol particle can be achieved at a constant SS, even if the chemical aging proceeds. Therefore,

AF does not correlate linearly with the average OH-exposure and the individual aging degree of a single particle, but with the
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fraction of particles older than a certain #,. However, if the H/C and O/C-ratio would be measured on a single particle level,

a distribution of chemical properties would be recorded similar to the RTD of the respective chamber.

Up to now, the discussion abeve-igneres-etherdid not include many important processes that are relevant in aging chambers

suaeh—ase.g. particle wall-interaction—and, gas-phase-partitioning, #—explainsfluctuating input concentrations while field

measurements, or inhomogeneities inside the OFR. These aspects are important for many processes such as the formation of

SOA and can be incorporated to the #,-concept by modifying eq. (13). As the actual calculation requires a multidimensional

data array and detailed knowledge about the chamber of interest, this subject matter is beyond the scope of this publication

and will not be discussed further. Nevertheless, the overall conclusion is that application of the original/non-adjusted #,e-

concept can explain why measurements within different OFR ehambermeasurementschambers agree in seme-parameters,

which dependent on the bulk properties of the aerosol particle population (e.g. average O:C ratio) and at the same time disagree

in ether—parameters, which are dependent on the condition/status of the individual particle level-(e.g. CCN-activity). Fhis

means;-whileTherefore, we suggest to apply the H/C-and-O/C—ratio—determined-by—concept of the AMS—agree—very—well;

rreasurementswith-a-single particle-instrument-would resultinaactivation time 7, or the activation time distribution efthese
ratios—accordingto—the RTD-inP(f,) as metric in addition to calculating average values, such as the individual-chamber:

Depending-onglobal AF and OH-exposure if following conditions are met. One, the system or parameter of interest we-suggest

uSgf.e0r Pt )-as-metriecan be described as a binary system and undergoes step-wise / non-gradual transitions such as

CCN-activity. Two, the OFR used has a RTD broad enough to influence the outcome. Three, the conditions inside the reactor

are either homogeneous or a correction for inhomogeneities (e.g. different oxidants concentrations inside the reactor) is

implemented.

#6__Conclusion

This work investigatedinvestigates the potential of aerosol chambers to be operated in Continuous Elewflow Stirred Tank

Reactor (CSTR) mode for simulating atmospheric aging processes of aerosol particles and retrieve data that is comparable to
other methods. This approach was motivated by the possibility to achieve longer aging times if the same chamber was operated
in CSTR-mode thaninstead of in batch-mode experiment-in-the-same-chamber-while at the same time a significantly lower

aerosol number concentration was required enabling the use of e.g. size selected aerosol particles. FheOne of the main

obstaeleobstacles to implement thisthe CSTR concept in atmospheric science has been hitherto beea—consideration of the
residence time distribution inside—the-in data analysis. Inside a CSTR chamber which—results—n—athe particle population

eensistingconsists of particles at different aging stages. In order to address this, we introduced the activation time #,, as a new
parameter to disentangle the non-uniform aerosol population and generate data that is comparable to that acquired in other
experimental setups. This concept was developed based on the assumption that continuous aging processes on the level of
single particles can lead to a step-wise change in individual particle properties referred to as non-gradual transitions. The new
parameter #,: describes the time needed to reach this transition. On a more fundamental level, .« only requires a time-
dependent change of a single particle property that can be used to distinguish between two states, below and above a defined

threshold-_in a binary system. Since particle properties are typically distributed around a mean value, we also introduced the

activation time distribution P(#.). The impact of ..« and P(#.c¢) on the measured-parameters measured downstream ara CSTR
aerosol chamber was simulated with athe newly developed mathematical framework and compared to experimental data. Data
presented herein was acquired from experiments on soot particles transitioning fermfrom initial CCN-inactivity to CCN-
activity over the course of several hours due to ozone exposure. We show that our theoretical concept describes the observed
changes in the CCN-activity very well. Additionally, we show that the discrepancy between f,: and #,.{0.5 is lower than the

instrumental error in the model system in CSTR mode.
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Werecommendre-analysisofother ORETherefore, the data acquired during steady state is representative for the whole particle

opulation. Finally, we generalize this concept and apply it to data of two OFR aging chambers (Lambe et al., 2011) that are

operated in steady state as well but are characterized by none ideal internal mixing. Through the application of our new #c-

concept we can explain qualitatively why the results from the PAM chamber and TPOT chamber agree for some parameters

(bulk O/C and H/C-ratio) but show significant differences for other parameters (CCN-activity). We recommend re-analysis of

other OFR data to gain further insight to non-gradual transformation processes.
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