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Response to the comments of referee #1:

We thank the reviewer for their helpful comments. The referee’s comments are first given in black type, followed by our
response to each in turn in blue type. Any changes to the manuscript in response to the comments are then given in quotation
marks in red type and the line number isin the Microsoft-word version of revised MS without revision. The line number may
be different in the PDF version, so please see the section number mentioned in the Response. Figure Response 1 and Figure
Response 2 only appear in the Responses and not the revised MS, in order to illustrate the responses to the referee comments.
We have now added D. Moon, M. Baeza-Romero and D. Heard as co-authors to this paper since their unpublished experimental

data have been included in this paper and they have contributed to enhance the manuscript.

Comment:

1. Please clarify how the ionic strength in Equation 4 is calculated. Is this calculated in the MARK model and what would a
typical value be?

Response:

The ionic strength (I, mol L), is calculated in the model via Equation 8 in section 2.2.2 on line 124. Typical values for | are

in the range of 2.16 — 17.75 mol L™ based on the ion concentrations in the aerosol bulk and the RH ranging from 40% - 90%.

Comment:

2. For all tables please add units where these are missing.

Response:

We added the units in Table 2, 3, 4 and 5 which is now Table S. 1, S. 2, S. 3, and S. 4 in the Supplementary Information of the
revised MS.

Comment:
3. In Table 4 what are the values of k,,, or how are these calculated?
Response:
We added more information about the definition and importance of k,,, in part 2.1 on line 78_around Equation (3):

“An approach to combine both gas phase molecular diffusion and liquid phase interface mass transport processes is through
one variable called k,,; (Schwartz, 1984;Schwartz, 1986), which is used in the calculation for gas-liquid multiphase reactions
in many modelling studies (Lelieveld and Crutzen, 1991;Chameides and Stelson, 1992;Sander, 1999;Hanson et al., 1994). The

definition of k,,,; is:

Rg4? 4R _
kme = G-+ 5t) ™! 3)

3UH02 a
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ke 1S Used to connect the gas phase reactions and the aerosol condensed phase reactions. The rate of gas phase reactants
(X) diffusing and dissolving to the condensed phase can be calculated in the framework of aqueous phase reactions as k,,; x x

ALWC (where X is the reactant molecule). Moreover, the conversion rate of aqueous phase reactants to gas phase can be

kmt,X
HCCXRT

calculated as where H is the effective Henry’s law constant [M atm™]. The unit of k,,, is s?, as k,,, contains the

conversion from ma® of the gas phase molecule concentrations to maq* of the agqueous phase molecule concentrations and
backward. For larger particles (radius >1m), k,,,, is mainly determined by gas phase diffusion of HO,. For smaller particles
(radius <1pm) k,,; is mainly determined by the accommodation coefficient (o). The MARK model can simultaneously
simulate gas and liquid two-phase reaction systems in the same framework.”

The typical value of k,,,, of HO, for small particles with the radius of 50 nm is 3.85x10° s, and for larger particles with the
radius of 1 pm is 1.93x10% s,

Comment:

4. Are all reactions in the tables included in the model? If so how does this relate to keff in Equation 11?

Response: All reactions in the tables are included in the model. k.rr is the comprehensive reaction rate coefficient
encompasses both HO, dissolution equilibrium reactions and liquid phase chemical-physical reactions during HO, uptake
process. k¢ is mostly affected by the concentration of copper, the HO2/O;" cycle in the liquid phase and HO- dissolution
equilibrium. HO2/Oz" reacting with Cu ions (R 1, R 2, R 8 and R 9) may directly affect k., thus change the model result of
Yro,- OHea), O2(ag), Os@ag), H202q) Will also influence the reaction system because they have direct relationship with the
dissolution equilibrium and reactions of HO», O,, H,O, OH and Os. H,O; is also a reaction product of HO2/O2™ reacting with
Cu ions, its concentration will also affect the reaction system. Sulfate ion, ammonium ion and nitrate ion may not directly
affect the system, while they will change the concentration of aqueous HO2, O,, H20,, OH, O3 and their solubility. What

ismore, HO; uptake process may influence the oxidation rate of SO and other reagents, to which more research is needed.

Comment:

5. It’s stated that in the model it is assumed that the surface concentration and the bulk concentration equal each other. It is
also stated that this is only valid for particles with a radius less than 200 nm. However, the model and resulting parameterization
are then applied to particles which are larger than this and many particles in the atmosphere are larger than this. | wonder why
the authors don’t seem to have used the correction in equations 10 and 11 and what impact this will have on their final results
and the applicability of their parameterization to future studies?

Response:

The size of the particles is an important factor within the MARK model when considering gas phase diffusion to the particle

surface and HO, desorption. While the HO radical concentration is not a factor that influence y,, in the MARK model.
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In ambient urban situations, the Count Median Diameter (Rq) of aerosol particles is smaller than 1pm in most instances. The
ratio of [H_OZ] to [HO,(ry] is 0.89 calculated by the MARK model simulation of k¢ with a RH 40%-90%, the copper ion
concentration varies from 10 to 1M at 1pm diameter particles. The ratio will be even higher and close to 1 with smaller
particles (>0.95 at 400 nm diameter). The MARK model is valid for particles with Rq smaller than 400 nm and may cause
small deviations for particles with Rq smaller than 1um. Thus, in this paper, we assume the surface concentration of HO, equals
to the condensed phase average HO; concentration.

A model considering the influences of aerosol particle size distribution and HO, concentration gradients on yy,, is currently
under development.

We changed the statement in the origin MS in part 2.2.3 on line 148 and modified as: “In the copper-doped aerosol particle,
because of the high value of k.sr and small Count Median Diameter (Rq) (usually smaller than 1pm), the ratio is close to 1.
At a diameter of 1pum, and a relative humidity between 40% and 90%, the condensed phase copper ion concentration varies
from 10 to 1M, the average ratio of the surface HO, concentration and the condensed phase HO, concentration is 0.89. At
400nm diameter particles for RH = 40% to 90%, the ratio is larger than 0.95. The ratios are calculated by simulation of k.,

and the accordingly calculations by Equation (12) and (13).”

Comment:

6. In Figure 2 what is the main cause for the decrease in the uptake coefficients between the original parameterization and the
new model results. Is the difference mainly due to the different rate coefficient being used, the use of activity coefficients or
something else?

Response:

The parameterization proposed by the IUPAC uses only one rate constant as the second-order reaction rate k! of Cu?* and
HO,. We use 1.5x107 L mol* st as the secondary reaction rate k'’ rather than the more commonly used value of 1x10° L mol-
Is'in the calculation of the original parameterization.

We added the reason of using 1.5x10” L mol*s™ in the calculation in the revised MS in Section 3.2 on line 241:

“The prior value (1.5x10” Ms?) reflects the rate of reaction between HO, and Cu?*, more prevalent in acidic aerosol such
as ammonium sulphate, and the latter between O, and Cu?* ions, which is more prevalent in aerosols with a pH greater than
the pKa of HO2, such as NaCl (Bielski et al., 1985). This treatment within the calculation can bring predictions more in line
with experimental results (Figure 2 grey dotted line) compared to the high value of 1x10° L mol*s™ used in the existing
parameterized equation.”

And on line 256 the main reason of the differences between original parameterization and the MARK model:

“The main reason for the differences between the original parameterization and the MARK model is the effect of including

the activity coefficients of Cu ion and HO2 and the effects of reactions of different valence states of copper ions.”
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7. For Figure 2 what is the aerosol pH and how is it calculated?

Response:

The main components of the aerosols used in the laboratory measurements of y,, shown in Figure 2 are ammonium sulfate
and a small amount of copper sulfate. According to the calculation based on the agion 7.0.8 interface (for details please see

https://www.agion.de/), the pH is around 4.54 considering aerosol dehydration with 2M aerosol bulk sulfate concentration and

1M Cu ion at 25<C. In the MARK model, we set aerosol pH as 4.5 when compared to the laboratory results. We have re-
calculated y 0, at pH=4.5 and added data points from Lakey et al., JPCA (2016) based on the short comments from Pro. Heard.

In the revised MS, Figure 2 is modified as follows:
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“Figure 2: Dependence of y,,, on aerosol copper concentration. Red filled circles denote the results at 43% RH measured at
Leeds. Blue hollow circles at 65% RH (Lakey et al., 2016). Yellow filled diamonds denote results at 51% RH (Zou et al., 2019),
filled purple triangle at 42% RH (Thornton and Abbatt, 2005)) and filled green star at 45% RH (Taketani et al., 2008)). The
grey dotted line denotes the current parameterized equation (Thornton et al., 2008;Hanson et al., 1992;Hanson et al.,
1994;Jacob, 2000;Kolb et al., 1995) and the solid grey lines represent the model results of MARK model in this study at various
RH. The root mean square error (RMSE) between the MARK modelled values and the full dataset (0.23). Aerosol pH is set as

4.5 based on agion 7.0.8 interface considering the participation of Cu ion (for details please see https://www.agion.de/).”

Comment:


https://www.aqion.de/
https://www.aqion.de/

8. Figure 2 seems to be missing some previously published data point(s) from Lakey et al., JPCA (2016). It seems that the

point at the highest copper concentration in that work (which is not shown in Figure 2) would not fit the modeled line. The
120 authors should include any previously published missing points for completeness. Are they able to model or at least speculate

as to why this data point does not fit their model.

Response:

We have now added these data points from Lakey et al., JPCA (2016) at the highest and the lowest copper concentration used

to Figure 2 for completeness. Please also see the response to the Short Comment from Professor Heard, University of Leeds.
125 Prof. Heard, Dr. Moon and Dr. M. Baeza-Romero from Leeds are now added as co-authors to the paper, with the correct data

from Lakey et al., (2016) used for RH=65% and from the PhD thesis of Dr. Moon for RH=43% included. Moreover, in order

to model the results from Lakey et al., JPCA (2016), we change the accommodation coefficient to 0.26 in the MARK model

as they recommended in the paper, and get the result as follows:

0.5

— Yo, model results, 0=0.26, RH=65%
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130 Figure Response. 1 Comparison of the dependence of y,,, on aerosol copper ion concentration with ay,, as 0.26 and 0.5 at

65% RH. The solid line denotes the MARK model results, and the blue hollow circles denote the results at 65% RH measured
by Lakey et al. (2016).
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Model results using ay,, as 0.5 fits well with the results from Lakey et al. (2016) when [Cu®*"] smaller than 0.1M while have
larger deviation for higher [Cu?*]. ay,, as 0.26 fits unsatisfactorily at [Cu*"] around 0.01M. Considering the ambient aerosol
condensed phase [Cu®*] (for example, ranging from 0.003 to 0.012 M in Wangdu campaign), in this MS we still use @y, as
0.5 to get the novel HO; uptake parametrization.

The accommodation coefficient may change in the process of the experiments for some reasons. For example, the reaction
time and HO- initial concentration (see next comment by the reviewer). Aerosol phase state is also an important factor

influenced ay,,. Moreover, during the efflorescence of aerosol particles in drying nafion tube, different concentrations of

copper ions may have a certain effect on particle phase state which will influence ay,,,. This part should be further studied.

9. George et al. PCCP (2013) noticed higher uptake coefficients for lower HO, concentrations for copper doped particles. Did
the authors do any sensitivity tests with different HO, concentrations and do they see any difference?
Response:

The yyo, measured in the flow tube experiments indeed depends both on the HO, concentration and also the reaction time
between HO; and the aerosols.. However, sensitivity tests in the MARK model show no yy, decreasing trend with increasing
[HO:]o in the absence of Cu ions, and Y0, will slightly increase with the [HO:]o in the presence of Cu ions in the MARK
model.

A possible explanation for the results from George et al. PCCP (2013) could be the Fenton-like reactions of Cu ions and H,O»
that is an additional source of HO,. More H,O» will be generated with greater light intensity and may accumulate along the
flow tube with the reaction of HO» with aerosol for H>O> is one product of HO, uptake. However, H>O> and Cu ions reactions
need to be of the same order of magnitude or no more than one magnitude lower than that of HO, reaction with Cu ions to
make obvious differences in the measurement of y,,. In the MARK model, H>O> only reacts with Cu” and the reaction rate
constant is 7x10° Lmol™' s™" which is too small to influence yy0, with the changes of H,O» concentration, and so it may explain
the lack of sensitivity of the uptake coefficient with HO» concentration.

10. Figure 3: Is Ig on y axis log10?

11. Figure 3: Please explain this figure in a more detailed fashion. It is unclear to me what the markers are and why there is a
range of values. Why does there seem to be a larger difference between the model and the parameterization at low relative
humidity?

Response:

We have changed the y-axis label in accordance with the referee s comment in Figure 3 in the revised MS. We calculated
the RMSE of y,, predicted by MARK and the corresponding calculated values from the new parameterized equation at
different RH and Cu ion concentrations.

We added the explanation of the larger difference between the model and the parameterization at low relative humidity in
line 290 on the second last paragraph of section 3.3 in the revised MS:

“The range of values shows the difference between the modeled data and parameterized equation data at different Cu

concentration. At low RH and consequently relatively low ALWC, yy,, is more sensitive to [Cu*] expecially at low [Cu?*]



170 (<10*M). This sensitivity can not be fully represented in the parameterized equation. What is more, at low [Cu?] and low RH,

the value of y,, is smaller than in other conditions, small changes of y;,, will cause larger RMSE values. ”

Comment:

12. Figure 4: Is the data shown measurements or a simulation?
175 13. Figure 5: This figure is not mentioned at all in the text and as such I don’t know what the difference is between Figures 4

and 5.

14. Why not combine Figures 4 and 5 for better comparisons?

Response:

Figure S. 1 shows the averaged particle surface-area size distribution (PSASD) and the particle number size distribution (PNSD)
180 of aerosol measured in the Wangdu field campaign. We deleted Figure 5 in the original MS because the information of aerosol

size distribution is redundant. In the Sl of the revised MS, we have added Figure S.1 as follows:
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Figure S.1: The dry-state particle number size distribution (PNSD) (black line) and particle surface-area size distribution
(PSASD) (grey line) of aerosol for conditions encountered during the Wangdu field campaign.
185
15. Can the authors speculate as to why the HO, uptake coefficient is higher at night (Figure 6)?
Response:
We add the table below in the SI for revised MS as Table S. 5. Table S.5 shows the median and average values of the copper

concentration, PM loading and RH during the day and at night. During the day the copper concentration is larger, but the lower



190 RH may limit yy0,. Thus, kne, the quasi-first order reaction rate constant of HO, heterogeneous uptake is slightly higher at
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night compared to the daytime, contributing to the higher y,,, predicted at night.

Table S.5. The median and average values used in the calculation of y,, in Wangdu

PM>.s mass

Value Cu [ng/m3] RH [%] Yno, knee[s1]
[rg/m?]
Day median 33.42 77.9 55.4 0.119 0.017
average 44.66 85.0 57.6 0.126 0.020
Night median 19.01 70.6 68.9 0.134 0.021
average 34.16 67.9 67.4 0.147 0.023

16. In Figure 6 what is the main cause of the distribution in HO- uptake coefficients? Is it due to different copper concentrations

in the particles or something else?

Response:

The distribution of y,, is mainly due to the different copper concentrations and ambient RH. Although the PM mass is also
a parameter in the empirical equation proposed by this MS, it shows small partial correlation on y,,. Figure S 2 below shows
the partial correlation coefficient between yy,,, field measured [HO:], [OH], TRuozuptake and R1 with aerosol mass loading in

Wangdu campaign. This figure is now added in the Sl of the revised MS.

— 10° pwoe, . - (a) — 107 #ee ° (b) NO2 [ppb]
g Pf‘q’f. '; B R0 & 10 o=, o83y g0 .
5 24° » " .
2 0tp 0 LT 2 o’ £ 2% '
o'" , ® Partial Corr. = -0.16 E‘ 10° > 3 Ree " 8
= 107 ¥ p=0.035 S, - . Partial Corr. = -0.144 "
® =0.057 :
100 10k p=0.05
10° !
10' k
= [’e g S
S 10, 4 By
=3 = . &
&» 10° :’ » o N 1 ] 3 10° 3 » 9
2 s
El I« .“" > A W T & B o i
8 10" f ° Partial Corr. = 0.291 10" z Partial Corr. = 0.101
& p=1.02E-4 " p=0.184
= 107 a o
0 100 200 0 100 200 log,o(R))

PM, 5 mass [ug m’]

PM, ; mass [pug m’]

“Figure S.2. Impact of the HO, uptake evaluated with the novel empirical equation for conditions encountered during the
Wangdu field campaign. Partial correlation of logarithmic values of TRuoauptake @and R1 with respect to aerosol loading were
calculated. The partial correlation coefficient in panel (a) means that TRxozauptake has a small partial correlation with aerosol
loading. No partial correlation of Ry, [HO,] and [OH] to aerosol loading is observed. The different coloured dots show different

[NO2]. Panel (c) is the distribution of log1oR1.”
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17. Were any HO, measurements made during the Wangdu field campaign and if so was any box modeling of the Wangdu
campaign performed to determine whether there was a discrepency between measured and modeled HO2 uptake coefficients?
Were predicted HO2 uptake coefficients in the range that was expected? If no HO2 measurements were made, could the authors
clarify why they chose this particular field campaign to apply their model to?

Response:

Yes, HO; and other radical concentration measurements were made during the comprehensive campaign in Wangdu.

We added the following statements in the revised MS in section 3.4.3 the second paragraph on line 347:

“Tan et al. (2017) had compared the measured and modelled OH, HO; and RO, radicals in the Wangdu campaign. However,
in this paper, they did not discuss the influence of HO, uptake. A very recent publication (Tan et al., 2020) calculated y 4, in
the Wangdu campaign based on the comparison of field measurement data for HO, and concentrations calculated by the box
model. The paper proposes that all y,, calculated in this way from the Wangdu campaign can be fitted to a Gaussian
distribution around the value of 0.08 +=0.13. This value is similar to our estimation in this paper considering the indirect
measurement uncertainty (please see the SI).”

What is more, we recalculated the ratio (R1) of HO; uptake to ROx termination rate with measured RO, concentration which
is now in consist to the dataset of (Tan et al., 2020). In the original MS, we used the modeled RO, radical concentrations which
is underestimated compared to the measured results. Thus, R1 decreases obviously due to the competition of larger proportion
of RO,+HO,, RO2+NO and RO,+RO; reactions in the ROx radical termination budget.

18. Line 313: The authors may want to clarify that aerosol properties’ may include phase state and that previous measurements
have shown lower uptake coefficients for semi-solid and solid particles (e.g. Lakey et al. ACP (2016)). The authors should
also clarify somewhere that one of the major limitations of their model is that they assume steady-state concentrations and do
not consider concentration gradients which will occur and could change over time for semi-solid particles.

Response:

We changed the word “properties” as “aerosol particle condensed phase component concentrations” in the revised MS in Part
2.2.2 on line 116 at the first paragraph and Part 3.4 on line 314 at the second paragraph to avoid the inaccurate statement of

aerosol properties including phase state that is not considered in the MARK model used in this MS.

We added the following statement in the revised MS in section 4 on line 377:
“The novel empirical equation is applicable under the assumption of steady-state concentrations and with metastable or
liquid aerosol particles (if the ambient RH over a completely liquid aerosol decreases below the deliquescence RH, the aerosol

may not crystalize immediately but may constitute a supersaturated aqueous solution (i.e., in the metastable state) (Song et al.,

9
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2018)). The approximate calculation of HO, concentration gradients within the aerosol particle condensed phase also cause
deviations for larger particles. The bulk diffusion coefficient of HO, and other reactive molecules should be lower in the
situation of semi-solid particles (Berkemeier et al., 2016;Shiraiwa et al., 2010;Mikhailov et al., 2009) and would change with
the water activity and the organic components (Price et al., 2015). This aspect needs further studies. For crystalline or
amorphous solid aerosol particles, HO, will undergo surface reactions and diffuse across the surface rather than be
accommodated within the aerosol bulk. The MARK model has limitations in the calculation of y,, with semi-solid aerosol
particles. In the Wangdu campaign, k., (optical aerosol hygroscopicity parameter) ranges from 0.05 to 0.35 with an average
of 0.22. The ambient RH during the Wangdu campaign shows significant diurnal variations and varies greatly from 15% to
97%, with an average value of 61% (Kuang et al., 2019) indicating that the percentage of solid aerosol particles is relatively

low and hence do not significantly influence ., .

2

19. The authors fix the solubility of copper at 25%. In reality solubility can vary considerably. How sensitive is this parameter
in their model?

Response:

The MARK model is sensitive to Cu ion concentrations that exceed 110 M. We tested the sensitivity of soluble copper ion
concentration in the Wangdu campaign between the value of 10% to 70% (Fang et al., 2017;Hsu et al., 2004;Hsu et al., 2010).
Yro, Will increase 1.57 times from 0.07540.031 at 10% solubility to 0.19340.079 at 70% solubility based on the GaussAmp
fitting of data from Wangdu campaign. Even at 70% solubility (which is unlikely true for most situations), the central value of

YHo, 1 lower than 0.2. The figure below shows the variation of the uptake coefficient with Cu ion solubility.

10
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Figure Response.2 Sensitivity analysis of Cu solubility in the calculation of y,, for conditions encountered during the

Wangdu campaign.
In the revised MS part 3.4.2 we discussed the influence factors of Cu solubility in the aerosol.

20. Another limitation of the model is that they don’t consider reactions between different metal ions (such as Reaction 4 in
Mao et al. ACP (2013)) which they have stated. However, could they also speculate how this could impact the estimated uptake
coefficients for atmospheric aerosols (e.g. is it expected that this would increase the uptake coefficient)?

Response:

According to our understanding, there is no direct published laboratory measurement evidence of Cu-Fe redox coupling
mechanism in HO; uptake. We speculate that the upper limitation of y,,,, may not change because of the low solubility of Fe
and the influence of organic matters. However, whether the product of HO, uptake is H,O, or H,O will affect atmospheric
oxidation capacity, as outlined by Mao et all (Mao et al., 2013). This should be studied in the future. In the revised MS Section

4, we discussed the influence of other TMI on y,, .

21. Please check the references carefully as many seem to wrong (e.g. Schwartz and Meyer 1986 line 108 and references in
Figure 2).
Response:
We have checked the references in the updated manuscript, and the references in Figure 2 are also checked based on the Short
Comment from Professor Heard (please see the first short comment). On line 43 in Section 1, line 79 in Section 2.1, line 142

in Section 2.2.3 and line 263 in Section 3.3, we changed the reference as Schwartz (1984) and Schwartz (1986). Moreover, we

11
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removed inaccurate references on line 33, 206 in the original MS and in Table S.3 and part S.1 in the revised MS. We also

checked the references for the misuse of capitalization and subscripting.

Response to the comments of referee #2

We thank the reviewer for their helpful comments. The referee’s comments are first given in black type, followed by our
response to each in turn in blue type. Any changes to the manuscript in response to the comments are then given in quotation
marks in red type and the line number is in the Microsoft-word version of revised MS without revision. The line number may
be different in the PDF version, so please see the section number mentioned in the Response.

We have now added D. Moon, M. Baeza-Romero and D. Heard as co-authors to this paper since their unpublished experimental

data have been included in this paper and they have contributed to enhance the manuscript.

In summary, the comments made by the referee and our responses to them can be classified into the following categories:

1 The comparison of the results from the empirical equation proposed here with the existing parameterization proposed by
IUPAC.

2 Discussion of the influence of the organic content of particles.

3 Correction of different definitions of the same terms and the obscure statements.

4 The corrections of citations in the manuscript.

5 Responses to other specific points.

6 Explanation of part of the Sl

Comments are numbered for categorization. For example, 1.1 refers to the first comment in the first category above.

The manuscript of Song et al deals with an important theme in atmospheric science; the interaction of HO, with particles
containing dissolved copper and the modelling of the impact of this heterogeneous reaction on e.g. O3 production.

We thank the reviewer for recognising this.

1.1 Song et al have analysed laboratory data and derived an empirical expression that they then implemented in a model. They

suggest that their parameterisation is superior to taking a constant value of 0.2 for the uptake coefficient. This is most likely

true but why do they not compare to other parameterisations of this process, e.g. that proposed by IUPAC which also considers

12
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laboratory studies up to 2016 and which has a physical basis (i.e. aqueous phase rate coefficients for reaction of HO,/O, with
Cu).

In the original manuscript Figure 2, we compared the novel empirical expression to parameterizations proposed by IUPAC,
however we did not include this reference and we simply called it the Resistance Model. In the revised manuscript section 3.2
beginning (line 212), we referred to the sources of the existing parameterization as “(Thornton et al., 2008;Hanson et al.,
1992;Hanson et al., 1994;Jacob, 2000;Kolb et al., 1995;Ammann et al., 2013;IUPAC Task Group on Atmospheric Chemical

Kinetic Data Evaluation, http://iupac.pole-ether.fr.)”.

2.1 They also do not consider in any detail the potential for organic content of particles to reduce the uptake coefficient
considerably as this is mentioned only in passing on line 312-315. Thus aspect will be central to improving the modelling of
HO, uptake to particle matter, as has been shown e.g. for N2Os. The sentence on line 149-150 in this regard is highly misleading:
“Without the interference of organic matter, it is convenient to explore the mechanism of HO, heterogeneous uptake and derive
its parameterized equation, which provides a good reference for the heterogeneous uptake of HO; in the actual atmosphere
environment”. The co-authors from JUich will be intimately familiar with this aspect of heterogeneous chemistry and should
be able to provide input.

We agree that this sentence is misleading, and whilst recognising that the model has considerable uncertainties, we feel that
extending the current IUPAC parameterisation to include the concentration of Cu?* ions (measurements of which in aerosol
are available from the field) represents an advance. We have changed the relevant text on line 176 in section 3.1 the first
paragraph as follows in the revised MS:

“A simplified approach was used to explore the mechanism of HO heterogeneous uptake in order to derive a parameterized
equation for the uptake coefficient, yy,,, and which did not consider any potential role of organic matter present in the aerosol
because of the reasons detailed below.

Using laboratory measurements of y,, for particles containing a single organic component (Lakey et al., 2016;Lakey etal.,
2015), it was concluded that the organic content of an aerosol particle may affect several important parameters in the model.
For example, the aerosol pH, hygroscopic properties of the aerosol, the rate of diffusion of HO, within the aerosol and a
reduction in the concentration of Cu?* via the formation of complexes that could affect the ability of Cu to undergo redox
reactions with HO, and O". Hence, it is expected that the presence of organic material would change the value of y,,, but
incorporation of terms in the parameterisation of y,,, from organic material is beyond the scope of this work, and should be
a focus of future studies. In fact, during a recent field measurement of the urban atmosphere using a combined laser-flash
photolysis and laser-induced fluorescence (LFP-LIF) technique coupled with a versatile aerosol concentration enrichment
system (VACES) in Japan, Zhou et al. showed that the average value of y,,, was 0.24 + 0.20 (1o) during the study period
(Zhou et al., 2020). Although conditions will be different between field locations, this “field measured” value is within the

broad range of our model output that does not include organic matter effects.”
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360

365

370

375

380

385

3.1 The manuscript is illogically organised and difficult to follow, has different definitions of the same term, poor language
quality and...
In the revised MS we have tried to improve the language and to be consistent with definitions. Moreover, the revised

manuscript is reorganized now according to the following outline:

Abstract
1 Introduction
2 Materials and Methods

2.1 The Model

2.2 Corrections on yy,, in the MARK model
2.2.1 Henry’s law of gas phase reactants
2.2.2 Aerosol particle condensed phase Cu?* molality calculation
2.2.3 The conversion formula of [H0,] and [HOy ()]

2.3 Laboratory results for the HO, accommodation coefficient

3 Results and Discussion

3.1 Parameter sensitivity analysis of the MARK model

3.2 Model Validation

3.3 A novel parameterized equation of y,,

3.4 Evaluation of the impact of the new HO; uptake parametrization in the Wangdu campaign
3.4.1 Average results of observed meteorological parameters and trace gases concentration in Wangdu campaign
3.4.2 Calculation of soluble copper ion concentration
3.4.3 yyo, estimated at Wangdu field campaign

4 Summary and conclusions
Author Contribution
Competing Interest

Data Availability
Acknowledgments

References

In order to remove unnecessary details, and to facilitate the flow and aid navigation of the main paper, there is now a
supplement with Supplementary Information for the revised MS, which is organised as follows:

S1 Reaction mechanism and reaction rate constants
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390

395

400

405

410

415

S2 Calculation of aerosol liquid water content (ALWC) and other important parameters for conditions encountered during the
Wangdu campaign

S3 The uncertainty of the calculation for conditions encountered during the Wangdu campaign

We also added the forward and backward reaction rate constants in Table S. 2 in the MARK model calculation.

Please see the Sl for more details.

4.1...incorrectly cites the published datasets of Lakey et al (2016) (see author comment from D. Heard). This work might be
publishable after major revision and reorganisation.

In response to the Short Comment from Professor D. Heard, and in consultation with the Leeds group, we have modified the
way the data are presented in the Table and Figure (there were some mistakes and incorrect citations were used). The citations
in the revised MS have been corrected based on the short comment of Professor D. Heard (please see also the response to the

first short comment).

Some specific points are listed below:

3.2 L11 hydroxyl peroxy radicals = hydroperoxyl radicals

L12 gamma_HO?2 is defined but the expression after line 17 simply lists gamma.

In the new version it has been taken care that only “hydroperoxyl radicals” is used. We changed the wording in the abstract

and line 34 in the Introduction.

3.3 L15 parameterisation of HO,? Presumably of HO, uptake
On line 21 in the Abstract we have added the word “uptake” in the revised MS.

3.4 Does it make sense to list the expression in the abstract, where none of the terms (e.g. ALWC, [PM], Rd) involved are
defined

We changed the abstract in the revised MS including the definition of the main parameters of the parametrization as follows:
“Heterogeneous uptake of hydroperoxyl radicals (HO2) onto aerosols has been proposed to be a significant sink of HOx and
hence the atmospheric oxidation capacity. Accurate calculation of the HO, uptake coefficient y, is key to quantifying the
potential impact of this atmospheric process. Laboratory studies show that y,,, can vary by orders of magnitude due to
changes in aerosol properties, especially aerosol soluble copper (Cu) and aerosol liquid water content (ALWC). In this study
we present a state-of-the-art model to simulate both gas and aerosol phase chemistry for the uptake of HO, onto Cu-doped
aerosols. Moreover, a novel parameterization of HO, uptake was developed that considers changes in relative humidity (RH)
and condensed phase Cu ion concentrations and which is based on a model optimization using previously published laboratory

and new laboratory data included in this workdata. The new parameterization is as follows:
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430

435

440

445

1 1 3 X Uno,

VYio, @ T IX 105 x RyH,yr RT X (587 + 3.2 X In(ALWC/[PM] + 0.067)) X [PM]-0Z x [Cu?+]065

where a is the mass accommodation coefficients which is the probability that a gas-phase molecule colliding with the aerosol
surface leads to dissolution, reaction or volatilization, vy, is the mean molecular speed of HO, [cm s™]. Ry is the Count

Median Radius of the aerosols [cm], H,,,. is the Henry’s constant [mol cm atm™] corrected by solution pH (H,p,r = Hy X

(1 + [I;ef]), where H, is the physical Henry’s law constant), R is the gas constant [cm? atm K™' mol™'], T is the temperature [K]

and [PM] is the mass concentration of particles [ug m=]. According to the new equation, highly variable HO, uptake
coefficients (median value ~0.1) were obtained for the North China Plain and the impact of HO, uptake on the ROx (=OH +

HO; + RO,) budget was assessed.”

3.5 L39-40 Meaning obscure. | think the authors refer to the reduction of aerosol mass over the last few years. The information
that the uptake coefficient used (in calculating surface ozone) was 0.2 is superfluous here.

We mean that the role of the reduction of HO- uptake on aerosol toward that of O3 production is also dependent on the selection
of the HO; uptake coefficient, as well as the reduction of aerosol mass itself. We try to modify the text to become clearer as
follows,

“... the reduced HO; uptake owing to reduction of aerosol surface area is considered to be the key reason for the increased

surface ozone concentration over the last few years when a value of 0.2 was used for y,.”

3.6 L57 L is defined as the aerosol liquid water content. In the abstract it is ALWC.

We have changed all usages of L to ALWC. L has the same meaning as the aerosol liquid water content.

3.7 L68 MARKM model is otherwise referred to as MARK
The name of the model is the “MARK” model, we have been careful now to use “MARK” in the revised MS. We corrected
“MARKM” to “MARK” on Section 2.2 header and the first paragraph in the SI Section S1.

3.8 L74 Equilibrium constant have capital “K”. Rate coefficients have lower case “k”.
We have changed the equilibrium constant on line 108 and Equation (4) as K., and the rate coefficient as lowercase k in Sl
Table S.1and S. 3.

3.9 L/3 H_0 is estimated (Thornton et al, 2008) to be 3900 M atm-1. Why is this cited in different units to the effective

solubility (H"cc). How good is this “estimate” and on what data is it based (I believe Hanson 1992, who also lists a T-

dependence)?
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455

460

465

470

475

480

We have changed the units of the effective solubility as M atm™ in the new MS. There is no particular reason other than an
oversight in writing the manuscritpt that the temperature dependence was not taken into account. Thank you for pointing it out.
H, is the physical Henry’s law constant, the original data used in this manuscript is from Golden et al. (1990) and Hanson et
al. (1992). We agree it is better to use H, with the temperature dependent formula recommended by IUPAC as follows:

5910
Hy = 9.5 x 107% exp (T)M atm™?!

At 298K, H, equals to 3897.13 M atm™ calculated from the formula, and the estimation as 3900 M atm™ may cause small

deviation.

We changed the equation 4 in the revised MS as:

H® = H, x (1 + [I:Ief]) X Ao, = 9.5 X107 exp (ngi) X (1 + [I;ef]) X Ao, Q)

In our model, the T-dependence formula is used in the MARK model now. No difference between the original and revised
results have been shown because at 298K, with the T dependent parametrization a value of 3897.13 M atm™ is obtained for H,

while a value of 3900 was used before.

3.10 L101 Define [xi]_equ. In the line above only [xi] is mentioned.
In the bulk condensed phase of aerosol particle, the effective concentration [x;].4,,, rather than total concentration of ions,
should be calculated because of the high ionic strength. We added “effective” to the original sentence under the equation (9)

in the revised MS and show the equation of effective [Cu“]equ in the aerosol particle condensed phase as Equation (11).

5.1 L105 “steady-state” HO» concentration. Why “steady-state”?

As discussed below (please see response to Comment 1.5), the parameterization proposed by IUPAC is originally from the
heterogeneous modeling with liquid droplets and modified by the Resistance Model (Danckwerts, 1951;Schwartz,
1984;Schwartz, 1986;Ammann et al., 2013;Davidovits et al., 2006). The Resistance Model is based on the assumption of
steady-state solutions (liquid water cloud droplets). The novel parameterization proposed by Song et al. is still built on the
basic framework of the Resistance model, thus only steady-state HO, concentration can be calculated and in consequence this
novel parameterization has the limitation of steady-state assumption.

In the revised MS on line 361 we added statement of the limitation of the novel empirical equation.

3.11 L110 k_eff is listed in the equation 11. This appears to be defined 57 lines later, but not always in the same manner.
We defined k., as “the comprehensive reaction rate coefficient encompasses both HO, dissolution equilibrium reactions and
liquid phase chemical-physical reactions during HO- uptake process.” on line 147 just under the Equation (13) in Section 2.2.3

of the revised MS. This is the place where the definition first appeared. We deleted the conflict definitions below.

17



3.12 Tab1l (and abstract) the accommodation coefficient is not defined, as far as I can see.
We have added the definitions of relevant parameters of the parameterization in the revised MS Abstract. Please see response
to comment 3.4.
485
5.2 Tabl The data of Lakey 2015/2016 and Zou 2019 are not mentioned (Moon = Lakey ???)
Following consultation with the Leeds group, we added the published data by Lakey et al. 2016 and Zou et al. 2019 in the
revised MS Table 1.
The study of Lakey et al, 2015 measured 0, on single component organic aerosols and the Cu ion concentration was not
490 high enough (~0.7-1.3%10°to 5.5>10 M) to measure a. Thus, we did not include the data from Lakey (2015) in the Table 1.
The citations used in the original MS are corrected based on the Short Comment to this paper from Prof. D. Heard and the

response to that. Please see the response to the first short comment.

Table 1: yy0, under lab conditions for Cu?*-doped inorganic aerosols.

Aerosol type RH/% Estimation of [Cu] in @yo, Ref.
aerosol/M

NH4HSO4 75% 0.0059—-0.067* 0.40+0.21 (Mozurkewich et al., 1987)
(NH4)2S04 45% 0.5 0.53+0.13 (Taketani et al., 2008)
(NH4)2S04 42% 0.16 0.5+0.1 (Thornton and Abbatt, 2005)
(NH4)2S04 53—-65% 0.5—-0.7* 0.440.3 (George et al., 2013)
(NH4)2SO4 65% 0.57 0.26+0.02 (Lakey et al., 2016)
(NH2)2S04 51% 0.0027 0.09640.024 (Zou et al., 2019)
(NH4)2S04 43% 0.38 0.355+0.023 This work

NaCl 53% ~0.5 0.65+0.17 (Taketani et al., 2008)

KCI 75% 5% of KCI solution 0.55+0.19 (Taketani et al., 2009)
LiNO3 75% 0.03—0.0063* 0.94+0.5 (Mozurkewich et al., 1987)
495 *Cu concentration is in molality (mol kg™).

3.13 Tab2 Add units, do not capitalize K...
Table 2 is moved to the Supplemental Information of the revised MS as Table S.1. In Table S.1 we add the units of reaction
rate constants as: “koeg/M™ s in the header.

500

6.1 ...and move to supplementary information
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510

515

520

This is a good suggestion. Please see the response to Comment 3.1. We moved this part and Table 3, Table 4 and Table 5 to
the Slas Table S.1,S.2,S.3and S. 4.

3.14 Tab3 K should be capitalized (eqm.)

We changed to a capital Kags.

3.15 L146 annual average contribution. Does this refer to a global average?

It does not refer to a global average. It is the annual average contribution across China based on the research of Tao et al., (Tao
et al., 2017). We added “across China” in the original statement on line 173 as: “...contribution of inorganic aerosol to PMzs
is between 25% and 48% across China (Tao et al., 2017)...”

5.3 Figl Please explain why the uptake coefficient continues to increase at pH > 5 whereas k_eff decreases.
We agree that it was not clearly explained why this is the case. A higher pH will increase the solubility of HO,. Moreover,
since the rate of Oy with Cu?* is larger than the rate of HO,, with larger pH, O, will be more dominant over HO; thus increase

the reaction rate. y,,, therefore is higher in alkaline environments. However, the optimization simulation of k. try to avoid

the influence of pH in the range of 3-6. pH influence on y, is embodied in H,, (= Hy X (1 + = ) With the fixed value

Ke
[H*]
of ay,, and sharply increasing H,,, with pH, the combined reaction rate k. peaks in the 4-5 pH range, and then quickly

declines calculated by Equation (15).

In the revised MS, we deleted the original k.r graph (Figure 1) to avoid confusion in the understanding of the entire reaction
system, and we have included the quasi-first order reaction rate constant k;,., of the gas phase HO; as in the new Figure 1.

Figure 1 and the explanation are corrected as follows in the revised MS:
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Figure 1: Influence of various parameters upon yy,, predicted by the MARK model. (a) v, increases with the RH at different
[Cu?T; (b) Yuo, denoted by black squares and black line and k. in red circles and red line increase with aerosol particle

condensed phase pH.

We also changed the analysis in the revised MS in Section 3.1 last paragraph as follows:

“Yno, Presents a sigmoid-shaped growth with aerosol particle condensed phase pH. In the model, it is found that as the pH
rises, the uptake coefficient rises rapidly because HO, is a weak acid (pKa = 4.7) and has a low solubility in an acidic
environment. The higher condensed phase pH is favorable for the dissolution equilibrium of the gas phase HO».. This trend is
consistent with the observed second-order rate constant of HO,/O," reviewed by Bielski et al. 1985 (Bielski et al., 1985).
Moreover, aqueous phase reaction rates of HO,/O, and Cu?*/Cu* increase with the increasing of condensed phase pH because
in alkaline environment HO, is more likely becoming Oz which has quicker reaction rate with Cu?*/Cu*. The pH of the ambient
atmospheric aerosol is measured generally below 5 even when the concentration of NH3 is high as in Beijing and Xi’an (Ding
etal., 2019;Guo et al., 2017) with a range of 3-5. At this range, vy, is highly affected by aerosol condensed phase pH may

mainly because of the change of solubility.”

3.16 L166 k_eff is defined as a comprehensive reaction rate constant. . .. . . during heterogeneous uptake. On L210, K_eff is
defined as the rate of HO2 aqueous reaction with copper ions.

Please see response to Comment 3.11 above.

1.2 L175 The parameterisations listed do not include that of IUPAC, which includes more recent laboratory data than those
listed.

Please see the response to Comment 1.1.

1.3 L180 Based on the data of Lakey et al, IUPAC list a rate coefficient for HO2 (O2-) with Cu ions of 5x10"5. This is orders

of magnitude lower that those listed.

We added the following explanation in Section 3.2 the last paragraph of the revised MS on line 245:

“There is more discussion about this reaction rate. IUPAC (Ammann et al., 2013;lUPAC Task Group on Atmospheric
Chemical Kinetic Data Evaluation, http://iupac.pole-ether.fr.) proposed the effective rate coefficient for the reaction of HO,
(O2) with Cu ions as 5x10° M s to achieve the best fit based on the calculation results from Lakey et al. (2016). This
assumption is not in accordance with the aqueous reaction rate coefficient from other databases mentioned below, and needs
further laboratory measurements to confirm it. According to the aqueous reaction rate coefficient from NIST and the latest
measurement result (Lundstrém et al., 2004;Huie, 2003), the rate coefficient of HO, with Cu?* is 1108 or 1.2x<10° M* st at
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pH= 2 and pH=1, respectively. These two rate coefficients were quantified in a low pH environment (pH=2 for 1.2x10° M s°
Land pH=1 for 1<108 M s1). At the same time, the reaction rate of O~ with Cu?* is 810° M s for pH in the range 3-6.5
(Huie, 2003). At higher pH, the reaction rate of HO, with Cu?* may change, but it is unknown whether it will decrease by four
orders of magnitude. Further kinetics experiments are needed at varying pH to verify the reaction rate coefficient of Cu?* ions

with HO; and Oy in aqueous solution.”

4.2 Fig2 Why are the data of Lakey not listed (or are these Moon ??)

Please see the response to Comment 4.1, and the response to the Short Comment by D. Heard.

5.4 Fig2 Taketani also have uptake coefficients in the absence of Cu that are just as high as the single point at about 0.5 M.
Why are the other datapoints of Taketani selectively omitted here?

The focus of this manuscript is to investigate the influence of copper ions on HO2 heterogeneous reactions and it proposes a
new empirical parameterisation applicable to ambient copper ion containing aerosols. Therefore, we only included the
experimental results of Taketani et al. obtained with copper-doped inorganic aerosols and did not include other experimental
studies of inorganic aerosol not doped with copper ions, which are inconsistent with other measurements, perhaps owing to
differences in experimental conditions in the laboratory (George et al., 2013) as follows. The mechanism of HO, uptake with
single component aerosols (such as (NH4)2SOa) is still not fully understood. Moreover, HO, uptake coefficient measurement
is highly affected by experimental conditions such as HO, concentration, reaction time, etc. Some data from Taketani et al. are
not consistent with other measurements within the community. Taketani reported y,,,= 0.1140.03 at 45% RH, 0.1530.03 at
55% RH, 0.1740.04 at 65% RH and 0.1940.04 at 75% RH when the HO; initial concentration was 1108 molecule cm3, which
are inconsistent with results from Thornton and Abbatt. Thornton and Abbatt concluded that the y for wet particles of
(NH4)2S04 is < 0.01 at ~42% RH and a HO, ambient concentration of ~1>108 molecule cm™ from extrapolation based on their

research with HO: initial concentration at 5>10'° molecule cm™. George et al. (2013) reported y4,, as 0.00340.005 at 55%
RH and 0.0140.01 at 65-75% RH at HO, initial concentration of 1.5>108-1.5x10°, also much lower than the measurements

of Taketani et al. The initial HO concentration and Cu®* contamination will also affect y ., .

1.4 L188 what is the “current parameterised equation”. From whom is it?

Please see the response to Comment 1.1.

1.5 L201 This text ignores the fact that the IUPAC parameterisation accurately reproduces the lab studies from Lakey et al. Is
the empirical parameterisation that Song et al propose really superior to the IUPAC one, which has a physical basis?
Please see the response to Comment 1.3 above. We agree with the referee, that the IUPAC parameterization reproduces the

laboratory studies from Lakey et al. with krmi (defined as the second order rate coefficient for the reaction of HO, /O, with
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transition metal ions) equal to 5x10° M s™2. However, we also note that IUPAC states “the parameterization suggested here is
very sensitive to the solubility of HO2 (HHo2), its temperature dependence and on the aerosol pH”, which we attempt to address
in our new parameterisation.

The parameterization proposed by IUPAC is originally from the heterogeneous modeling with liquid droplets which was
modified to become the Resistance Model (Danckwerts, 1951;Schwartz, 1984;Schwartz, 1986;Ammann et al., 2013;IUPAC
Task Group on Atmospheric Chemical Kinetic Data Evaluation, http://iupac.pole-ether.fr.;Davidovits et al., 2006). The
Danckwerts expressions with analytical solutions include the effect of Henry’s law solubility on gas uptake, liquid-phase
reactions of the solvated molecules, and the mass accommodation coefficient exist for a few limited conditions. In general, the
coupled differential equations must be solved numerically. After Danckwerts, Schwartz et al. proposed a parameterization
which came to be known as “the Resistance Model”. The Resistance Model has been shown to provide a good approximation
(within a few percent) to the numerical solution of the coupled differential equations. The whole framework of this
parameterized equation was based on the assumption of steady-state solutions (liquid water cloud droplets) and decouple the
differential equations for each heterogeneous process while does not take into account the physical and chemical characteristics
of the ambient aerosol. The empirical equation proposed by Song et al. has made related improvements including the “salting
out” effects of gas molecular and effective copper ion concentration. Although still with limitations, the novel empirical

equation can be applied to the estimation of y,,,, with aerosol particles.

3.17 L213 where does this expression for the uptake coefficient come from?
The definition of y,, is from the Appendix A of Hanson et al., 1994 (Hanson et al., 1994). We add the citation on line 270 in

Section 3.3 second paragraph as: “Hanson et al. (1994) proposed the definition of the uptake coefficient as y = a(1 —

Casurf

HCCCng) where ¢, s, s is the suface concentration of the reactant, c, . is the gas phase concentration. In the process of

HO; uptake, we deduce the parameterized equation of y,, in the framework of the resistance model.”

6.2 L265 section 3.4.2. could be move to SI
This is a good suggestion. Please see the response to Comment 3.1.

We move section 3.4.2. to the SI.

5.5 L312 The work of Lakey et al is cited. Where are their data?

Please see the response to Comment 5.2 and the response to the Short Comment by D. Heard.

2.2 How much “lower” can the uptake coefficient be in the presence of organics?

Please see the response to Comment 2.1.
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6.3 L351 move section 3.4.5 to Sl
This is a good suggestion. Please see the response to Comment 3.1.

We move section 3.4.5 to the SI.
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Abstract. Fhe-heterogeneousHeterogeneous uptake of hydrexylhperoxyhydroperoxyl radicals (HO,) en-aereselonto aerosols
has been proposed to be a significant sink of HOx;-thus-coule-influence and hence the atmospheric oxidation capacity. Accurate

calculation of the HO. uptake coefficient y, is the—key to quantifying its—the potential impact of this atmospheric

effectsprocess. Laboratory studies show that y, variescan vary by orders of magnitude due to changechanges in aerosol
properties, especially those-of-aerosol soluble copper (Cu) and aerosol liquid water content (ALWC). In this study; we

developpresent a state-of-the-art model to simulate both gas and aerosol phase chemistry-—A-novel-parameterized-eguation- for

the uptake of HO, considering-change-in-RH-and-aeroselonto Cu-is—-doped aerosols. Moreover, a novel parameterization of
HO, uptake was developed that considers changes in relative humidity (RH) and condensed phase Cu ion concentrations and

which is based on a model optimization teward-all-avaHable-lab-experiments—using previously published laboratory and new
laboratory data included in this work. The new parameterization is as follows:

1 1 3 X vyo,

=+ . E
Yio, @mo, 4% 105X RyH corrRT X (5.87 + 3.2 X In(ALWC/[PM] + 0.067)) x [PM]~02 x [Cu2+]065

where «ay,, is the mass accommodation coefficient of HO, which is the probability that a HO, molecule colliding with the

. . . s . - + kS
aerosol surface leads to dissolution, reaction or volatilization, vy, is the mean molecular speed of HO, [cm s™]. ;;:;_

3xp
AXIO6XR I RTX(5.87+3.2%InALWC/PMI+0.067)) [ PM}=02 « [, 2+10:65

R4 is the Count Median Radius of the aerosols [cm], H,,,,is the Henry’s constant [mol cm® atm™] corrected for solution pH

(Heorr = Hy X (1 + = ) where H,_is the physical Henry’s law constant), R is the gas constant [cm® atm K" mol™'], T is the

Ke
[H+]

temperature [K] and [PM] is the mass concentration of particles [ug m]. According to the new equation, highly variable HO,

25



uptake coefficients (median value ~0.1) were diagnosedobtained for the North China Plain and the impact of HO, uptake on
the ROx (=OH + HO, + RO>) budget iswas assessed.

760 1 Introduction

The atmospheric cleansing capacity of the troposphere is largely determined by the concentrations of the hydroxyl radical,
which are closely linked with the concentrations of the hydroxylperoxyhydroperoxyl (HO,) radical. In the established chemical
mechanism, the coupling of OH and HO; is strongly determined by the reaction of OH + VOCs/ (volatile organic
compounds)/CO/HCHO/CH4/H2/SO; and HO, + NO (Seinfeld, 1986). The reactivity from aerosol uptake cannot compete with

765 the known gas phase reactivity of OH, whereas it may compete with the reactivity of NO toward HO, under some conditions

such as low NO (Tang et al., 2017). For high aerosol mass load, the reaction rate of HO, with aerosol particles could be fast
enough to influence the concentration of HOXx radicals, and consequently, reduce ozone production from HO,+NO (Kanaya et
al., 2009;Li et al., 2019b).
From a global perspective, the impact of HO, uptake on the calculated HOx concentrations is diagnosed to be about 10~40 %%
770 (Jacob, 2000;Whalley et al., 2015;Whalley et al., 2010;Mao et al., 2010;Li et al., 2019b;Li et al., 2019a) when-and often the
value of yy0, (the heterogeneous uptake coefficient{Schwartzand-Meyer-1986) (Schwartz, 1984;Schwartz, 1986)) is assumed
to be a single value, 0.2 (Tie et al., 2001;Martin et al., 2003). The-diagnesed impact of HO, uptake is lowered when using-a

parameterized equation of y,, is used without considering the influence of transition metal ions (TMIs){FFhernton-etal;2008))

(Thornton et al., 2008), andhowever, still, a significant impact on the calculated [OH] and Oz production rate aresuggestedare
775 sugoested for air masses over Chinese megacity areas{Macintyre-and-Evans2011) (Macintyre and Evans, 2011). A model

study (Xue et al., 2014) considering the aerosol uptake of HO, showed an impact on the simulated HO; concentrations and

local O3 production rates in Chinese urban regions: Beijing, Shanghai, and Guangzhou. Furthermore, researchers have peinted
outproposed that in the North China Plain (Li et al., 2019a;Li et al., 2019b), the reduced ef-HO; uptake en-owing to reduction

of aerosol is-a-surface area is considered to be the key reason for the increase-inincreased surface ozone concentration over the

780  last few years due-to-the-suppression-of- NOxHifetime-with-when a value of 0.2 was used for y,,,-fixed-at-0-2..

Previous studies show that the value of y,,, from the laboratory, field, and modeling studies spanspans several orders of

magnitude, ranging from <0.002 for dry aerosols_(Cooper and Abbatt, 1996; Taketani et al., 200832008;George et al., 2013) to
0.2 for neutralizedliquid deliquesced aerosols(Thernton-and-Abbatt;2005).. Much higher values of y,, have been measured
and calculated for Cu-doped aerosols_(Mozurkewich et al., 1987;Taketani et al., 2008b;TFhernten—and—Abbatt;
785 2005:2008;Thornton et al., 2008;Cooper and Abbatt, 1996;Lakey et al., 2016b;George et al., 2013). For fine particles, the

reactions of HO, with soluble Cu ions may be fast enough te—bethus the uptake coefficient is limited by the mass

accommodation coefficient a. Due to the widespread distribution of Cu?* ion in ambient particles, the absence of an accurate
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evaluation of y,,, is one of the largest uncertainties for the determination of the impact of HO- uptake on werriseme-and

pressing atmospheric issues such as ozone formation.
In this study, we reanalyzed variousresulis-enseveral datasets of the aerosol uptake of HO, from beth-laboratory and-field
studies reported in the literature-and-propese, a new dataset for HO, uptake coefficient onto Cu-dopped ammonium sulphate

aerosols at 43% relative humidity and proposed a novel parameterized equation for the prediction of y,, that best fits all the

lablaboratory results. Furthermore, for a field campaign, we also calculated 40, according to the novel parameterized equation
and the impact of HO; uptake on HOx (=OH + HO>) budget werewas evaluated.

2 Materials and Methods
2.1 The Model

A Multiphase Reaction Kinetic Model (MARK) is developed in this study for the simulation of y,, for both-the-lab-and

field-experiments-the laboratory experiments. The reaction mechanism and reaction rate constants are summarized in Table

S.1 — S.4in the Supplementary Information (SI). The MARK model is currently capable of simulating inorganic deliquescent

aerosol at ambient pressure and temperature. The model directly calculates the netquasi-first order gas phase uptake loss rate,
kpariknec (1), in Eq. (1). In this model, aerosol liquid water content (L JALWC) [g cm ] is more pertinent than surface density
because of the influence of the RH on the uptake process (Kuang et al., 2018;Bian et al., 2014).

d[HOz] _

P —kper X [HO,] (1)
k _{¢p+4\_4 3k _ R_d_l_ 4 _1X3ALWC 2

het \Qy ¥’ o (Dg Yo, P Rq ( )
where-x;-is-the-aerosol-particleradiusfem}+where R, is Count Median Radius of aerosols[cm] , v,,, is the mean molecular

speed of HO, [cms™] and D, is the gas phase diffusion coefficient [cm?s™], p_is the density of the aerosol particles [g cm™].

The units of aqueous reagents are converted to [molecule cm™®] in the model by k,,,;.

An approach to combine both gas phase molecular diffusion and liquid phase interface mass transport processes is through

one variable called k,,, (Schwartz, 1984;Schwartz, 1986), which is used in the calculation for gas-liquid multiphase
reactions in many modelling studies (Lelieveld and Crutzen, 1991:Chameides and Stelson, 1992:Sander, 1999;Hanson et al.,

1994). The definition of k,,; is:

L R4* 4Ry \_1

feme = 3Dy 3uy, Q)
k1S used to connect the gas phase reactions and the aerosol condensed phase reactions. The rate of gas phase reactants

(X) _diffusing and dissolving to the condensed phase can be calculated in the framework of agueous phase reactions as

kme x X ALWC (where X is the reactant molecule). Moreover, the conversion rate of aqueous phase reactants to gas phase

kme x

where H® is the effective Henry’s law constant [M atm™]. The unit of k,,,, is s, as k,,,,_contains
HCCXRT

can be calculated as
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the conversion from m,i® of the gas phase molecule concentrations to mag of the agueous phase molecule concentrations

and in the other direction. For larger particles (radius >1pm), k,,,_is mainly determined by gas phase diffusion of HO,. For

smaller particles (radius <1pm) k,,. is mainly determined by the accommodation coefficient (). The MARK model can

simultaneously simulate gas and liquid two-phase reaction systems in the same framework.

The aerosol particle condensed phase is not an ideal solution in which an effective Henry’s law constant H°¢ should be

applied in the model calculation, considering the effects of solution pH and the small gas phase molecule (such as HO,, OH,

03 ect.) “salting out” effect due to the existance of electrolytes in the solution (Ross and Noone, 1991). This study uses the
ISORROPIA 11 thermodynamic model (Fountoukis and Nenes, 2007) to calculate the ALWC and components

concentrations for metastable deliguescent aerosols. The effective Cu?* concentration in the aqueous phase, which is strongly

influenced by non-ideal solution ionic strength, is also calculated following Ross and Noone (Ross and Noone, 1991).

2.2 Corrections 6At0 y g, in MARKMthe MARK model

2.2.1 Henry’s law of gas phase reactants

Aeresol-bulkThe aerosol particle condensed phase solution is not an ideal solution- as commented before. The addition of

an electrolyte to water interferes with the gas dissolution and the organization of water molecules around the gas. This
frequently results in a decrease in the solubility, or a “salting out” effect. This salting out effect is frequently a linear function
of the molar ionic strength I. H°¢ is the effective Henry’s law constant of HO.[melem>[M atm™], H, is the physical Henry’s
law constant, estimated to be about 3900 M atm™ at 298K {Fhernten-etal2008) ) for HO, (Thornton et al., 2008;Golden

etal., 1990;Hanson et al., 1992) and its temperature dependence is given accordingly to the [IUPAC recommendation (Ammann

et al., 2013;IUPAC Task Group on Atmospheric Chemical Kinetic Data Evaluation, http://iupac.pole-ether.fr.). H, should be

corrected by the solution pH and the “salting out” effect. In the MARK model, these two corrections are incorporated as H*¢:

H = Hy X (1 + [I;ef]) X Apo, = 9.5X 107 exp (Siﬁ) X (1 + [I;Ef]) X Ao, (4)

K., is the solution equilibrium constant for HO; in the gas phase—Activity . The activity coefficient A for HO, and other
neutral small melectemolecules can be expressed as{Ress-and-Neene 1994} (Ross and Noone, 1991):

Hee — o (1.4 Ty A
= = 3 5

~
(€8]
=

T TR
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Apo, = 10702 (45)

HeeAccording to this correction, H°¢ of HO, increases with RH and decreases quickly after [Cu?**] reaches 0.1M in aerosol

liquid phase, which limits y,,, enat high CuCu?* concentration.

2.2.2.2 Aerosol bulkparticle condensed phase CuCu?* molality calculation

Inorganic species in ambient aerosol particles may be in the form of aqueous ions, or in the form of precipitated solids in
thermodynamic equilibrium with atmospheric gases and water vapor. The salts in the metastable aerosol are all dissolved in
the aqueous phase. For meta-stable aerosols, this paper uses thermodynamic models to calculate aereselproperties: ALWC and
aerosol particle condensed phase component concentrations. In this work ISORROPIA ll{Feunteukis-and-Nenes,2007Capps
etal2012)isa (Fountoukis and Nenes, 2007;Capps et al., 2012) thermodynamic equilibrium model for inorganic aerosol
systemsystems is used to take into account this.

In ambient aerosol, though the Fe concentration is about 10—100 times (Mao et al., 2013a) higher than that of Cu, for an

aerosol pH ranging from 3—6, the solubility of Fe (primarily Fe?") is rather small (Fang et al., 2017:Hsu et al., 2010a;Baker

and Jickells, 2006;0akes et al., 2012). The reaction rates of Fe/Mn for liquid phase HO, in aerosol is about 100 times slower

than it is for Cu. For these reasons, the influence of aerosol Fe and Mn on HO, uptake can be neglected compared to Cu or

scaled as equivalent [Cu®*]. Thus, in this paper, we only focused the crucial influence of aerosol coppper on HO, uptake.

At low relative humidity, the aqueous phase is highly concentrated (i.e. with a high ionic strength), and the solution is
strongly non-ideal-which-requires-the-activity-coefficient to-modify-the-ion-concentration—Therefore;, consequently the activity
coefficient and salting out effect must be taken into account for calculation of aerosol chemistry. lonThe ion activity coefficient

refers to the effective concentration of ions participating in an electrochemical reaction in an electrolyte solution.
i @3-S
legox—=—z2Based on Ross and Noone (Ross and Noone, 1991), for an ion (X;) of charge z;, the activity coefficient (¢,)

is

log (px = _Z)%D - Zy g(x! y, I)my (5§)
where D is given by equation (7):

__0.5109T
b= 1+1.5V1 0

Where-m, is the molality of an ion [mol Lkg™], I'is the irenicionic strength of a solution[mol ko], which can be calculated

as follows:
I=5-%m-2 (79)
e(x,y,1) is referred to as “interaction coefficients”, and the summation extends over all ions (y) in the solution at a molality

of m,,. For ions of similar charge, ¢ is set to zero. For ions of unequal charge, € may be calculated from the mean activity
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coefficient leglog (A,) (Clegget-al—1998) (Clegg et al., 1998) of the single electrolyte (feglog(AL)) at the same | where
according equation (9):

_ ogthnytarayD)artay)? o (10g(A+)+2x2yD) (Zx+2Zy)*
e(x, Y, I) - 41 (N 4l
(9)
In the butkcondensed phase of aerosol particle, the effective molality of an ion x; (|x;].,,,) can be calculated as:
[xi]equ = [xi] X ‘I”'x(o ("

(10)

In the aerosol bulkparticle condensed phase, an effective concentration rather than the total concentration of Cu ion should

be calculated in HO-catalytic aqueous reactienreactions with HO,. The effective concentration of Cu ion can be calculated

as-:
[Cu2+]—><—§9¢—.]equ = [Cu2+] X P2+ (11)
where [Cu?"] is the aerosol condensed phase soluble copper concentration.

2.2.3 The conversion formula of [HO;] and [HO ]

Gas phase HO, molecules dissolve in the particle condensed phase and diffuse from the surface of a particle toward

the center in parallel with aqueous phase reactions. We need to evaluate [HO,], the assumed averaged steady-state HO;

concentration over the volume of the particle. [HO, ] is HO, concentration at the surface of particles. The ratio of these two

concentrations can be calculated as (Schwartz, 1986;Schwartz, 1984):

[HOZ]
[HO2 ()]

=3x (COtZ(Q) _ q_lz) (4:92)

where g is given by equation (13):

keffyos
=2 R, X (—=
q pitd (Daq)

#1(13)
=
Where-the-r,-means-the geometer mean-radiusof the-particlefemland D, is the aqueous phase diffusion coefficient [cm?s}.],

k. _is the comprehensive reaction rate coefficient which encompasses both HO, dissolution equilibrium reactions and liquid

phase chemical-physical reactions during HO» uptake process. In the copper-doped aerosol particle, because of the high value
of k.rr and small equivalent-particleradivsCount Median Diameter (Rq) (usually smaller than 250am1pum), the ratio is
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approximately-equal-to-1(higher-than-0-95-at 200nmclose to 1. At a diameter particle-based-onof 1pum, and a relative humidity
between 40% and 90%, the condensed phase copper ion concentration varies from 105 to 1M, the ealeulation)-average ratio

of the surface HO, concentration and the condensed phase HO, concentration is 0.89. At 400nm diameter particles for RH =

40% to 90%, the ratio is larger than 0.95. The ratios are calculated by simulation of k., and the accordingly calculations by

Equation (12) and (13). Thus, in this model, we assume the surface concentration of HO, equals to the bulicondensed phase

average HO; concentration.

2.3 Laboratory results for the HO2 accommodation coefficient

For the uptake coefficients measured at Leeds for RH = 43% reported here, the aerosol flowtube laser-induced fluorescence

apparatus has been described in detail, for example in George et al. (2013) and Lakey et al. (2016b).

The accommodation coefficient of HO, used in the model was determined for copper-doped inorganic aerosol aparticles

using values taken from various previous lablaboratory studies. The accommodation coefficient & of HO, (ay,,) is

approximately 0.5 in sulfate aerosol and even higher for chlorine or nitrate aerosol because of the catalysiscatalytic effect of
Cu?* on aqueous HO»/-Oy (Table 1). In this situation, the aqueous reactions are fast enough thatfor the uptake process ishe
limited primarily by the mass transport process (accommodation).

With the wide distribution of Cu(H)Cu?" in aerosol particles, a high accommodation coefficient of HO, presents the
possibility of HO, uptake as an important sink of the-HOy radicalradicals. According to existing research results, the upper

limitation of a;, with agueous sulfate aerosol particles is around 0.5. Thus the MARK model typically selects the

accommodation coefficient e« as 0.5.

Table 1: yy, determined under fablaboratory conditions for Cu(H-copper-doped inorganic aerosols.

Aerosol type RH/% Estimation of [Cu] in &y, Ref.
aerosol/M (mol L)
NH;HSO, 75% 0.0059~ —0.067" 0.4040.21 Mozurkewich-et
1987} (Mozurkewich et al.,
1987)
(NH4)2S04 45% 0.385 0.53+0.1213  Taketani-etal{Taketani-etak;
2008b)(Taketani et al., 2008)
(NH4)2S04 42% 0.16 0.540.1 Fhornton-and-Abbat{Thoraton
and-Abbatt-2005)(Thornton and

Abbatt, 2005)
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(NH4)2S04 5553—-65% 0.345—-0.7" 0.54+40.3 bloopliicoanio
2018)(George et al., 2013)

(NH4)2S04 53--65% 0.5~0:757 0.426+0.202  George-etak(GeorgelLakey et
al., 20132016b)
(NH4)2S04 51% 0.0027 0.096+0.024 (Zou et al., 2019)
(NH4),SO4 43% 0.38 0.355+0.023 This work
NaCl 53% ~0.5 0.654+0.17 Taketani-et-al{Taketani-etak;
2008b)(Taketani et al., 2008)
KCI 75% 5% of KClI solution 0.5540.19 Taketani-et-al{Taketani-etak;
2009)(Taketani et al., 2009)
LiNO; 5% 0.03-—0.0630063" 0.944+0.5 Sozurlenrieh ot
a‘l‘éM’G‘ZH‘erM'eh—et—a. i I-u
1987)(Mozurkewich et al.,
1987)

Ne- Reactions Kaos Ea
R1 Cu* =+ HO0 6 —CU*+H,:000q) 2:2>40°

R2 Cur+2H* 40, —Cu?+Ho050q) 9:.4>40°

R3 Cu*+ OH G —Cu?*+ HoOopg 3x10°

R4 CU* 4 Oppq— O+ 0y 4.6>10°

BE Cu*+ H* 403504 —Cu?* 4000+ OHpg 3107

R6 Cu*+H000q—Cu?*+0H -+ OH" 7103

R7 Cu*+ S0, —Cu*+S0,* 3108

R8 CuP 4+ HO,pq—Cut+H* 4+ Oy 1>10%

R9 Cu?* -+ 0~ Cu*+00pq 8x10%*

Rig O+ O3y Oopagy+Os- 1.5x10% 2200*
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2HO20— H202ey + Ozgagy 8.3>10° 2720
HOuey+Oa~—HaOseey+ Oagaqy+OH 9.7>407
HOuey+ Oy —Oatagy 1>40%
O+ OHay—>Oaeey+OH 1.1>40% 2120
H2O ey -+ OHaey—HO2+H20eq) 3407 1680
HSOy+ OHqy—SOs 2.7>40°
OHuqy+SO*—> OH+SO5 4.6540°
HSOs+NOsgg—H*+NOs+SO5 1.3>40° 2000
NOsgy+ S0z —NOg +SO5 3408
HSO,+NOsg—H*+NOs+SO,; 2.654.0°
NOs(ag+S02—NOF+SO; 1408
NOz+ 50, —>NOysqy+ SO 7.254.0°
Ostacy+SOaaey—HSOs+H*+ Oopay 24540
HSOy + Osgey—H*+Oppaqy+ SOF 3.7>40° 5530
Oseey+SO5*— O+ SOF 1.554.0° 5280
HSO,~+OHq—SOs 3.554.0°
250, S$:04* 6.1>4.0°
HSOs+S0—H*+ 505+ 50> 5.854.0°
SO +50,—SO5+S0* 3.4540° 1200
HoOsgagy+ SO —HO e+ H*+SOZ 175407
HOuagy+SO4—>H*+ S0+ Oypaqy 3.5540°
O+ S0, —> Ogiaqy+SOF 3.5540°
NOs+ S0, —> NOgaqy+ SO/ 5540
OH—+ SO0, — OHg+SO& 145407
E.
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E5 H20 g+ NHagagy—> NHy —+ OH 117405
E6 H20(agy+ SOy HSO5—+H- 3.13>4.0
E7 H2Oogaq<>HOs+H* 165404 3700
E8 HSO, < H*+S0# 1.0254.0°

940
No- K08
L Kentro2 AEWE
R Kenion-ALEWE
3 Os—Ostee Keos ALWC
T4 Or—Ospagy Koz ALWC
5 H202—H2020 K202 ALWC
F6 HO—HO, Koo HHoRT)
7 OHugy—-OH Kont(HouRT)
¥8 Ospq—0O3 ketoaf(HosRT)
¥9 Ogpaqy—02 ketoof(Ho2RT)
T10 H2Osaq—H202 Kenzoat(HhiaosRT)
E ; ;
Table 5:-Henry's-Law-constant
No. Species Fioos [V-atm ] AR

1

2

3

4

5

945

"Cu concentration is in molality (mol kg™).
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3 Results and Discussion
3.1 Parameter sensitivity analysis of the MARK model

Hygroscopic inorganic particle-isparticles are one of the most important cempenentcomponents of PMy s in the-ambient air.
The annual average contribution of inorganic aerosol to PM is between 25% and 48% across China {Fae-et-al2017)(Tao
etal., 2017), especially NH4*, SO4%, NO3™ and other inorganic ions. In lablaboratory studies of radical heterogeneous reactions,
(NH,4)2S04 aerosol is most widely studied because of its simple components-and, easy way to generate-\A/ithoutthe interference
oforganic-matter-itis-convenient and as they are important component for urban aerosols (Cheng et al., 2012;Y'in et al., 2005).
A simplified approach was used to explore the mechanism of HO, heterogeneous uptake andin order to derive itsa

parameterized equation;-which-provides-a-goed-reference for the heterogenesus-uptake coefficient, y,;,,, and which did not

consider any potential role of organic matter present in the aerosol because of the reasons detailed below.

Using laboratory measurements of y,,,, for particles containing a single organic component (Lakey et al., 2016b;Lakey et

al., 2015), it was concluded that the organic content of an aerosol particle may affect several important parameters in the model.

For example, the aerosol pH, hygroscopic properties of the aerosol, the rate of diffusion of HO, inthe-actualwithin the aerosol

and a reduction in the concentration of Cu?* via the formation of complexes that could affect the ability of Cu to undergo redox

reactions with HO, and O". Hence, it is expected that the presence of organic material would change the value of y,, but

incorporation of terms in the parameterisation of y,,, from organic material is beyond the scope of this work, and should be

a focus of future studies. In fact, during a recent field measurement of the urban atmosphere envirenment-using a combined

laser-flash photolysis and laser-induced fluorescence (LFP-LIF) technique coupled with a versatile aerosol concentration

enrichment system (VACES) in Japan, Zhou et al. showed that the average value of y,, was 0.24 £ 0.20 (16) during the study

period (Zhou et al., 2020). Although conditions will be different between field locations, this “field measured” value is within

the broad range of our model output that does not include organic matter effects.

In this study, (NH4)>SO4 aerosol uptake HO is simulated by the MARK model, and good correlation between simulation

results and experimental results are obtained especially considering the influence of both [Cu]Cu?‘] and RH.
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980 Figure 1 shows the influences of factors including aerosol mass concentration and condensed phase pH on the heterogeneous

process of HO,. As the RH rises, the y,,, exhibits a logarithmic growth. Higher RH means a higher water content which

dilutes the bulk phase ions thus promotes the activity coefficients of reactant ions in the aerosol particle condensed phase and

the solubility of the gas phase reactant such as OH, HO, and H;O..

R S e L
(a) g .,.4—0-0- ke A-A-A-A-A 0.50 -(b) N 5 S
o eAAAAAA o4s|  RH=60%, [Cu*"]=0.025M o L aniion
A,A—‘ ore Particle radius = 50 nm /
0.1 A/A _.,.—.‘.‘.'._.—. 0.40
A _.f.'. - o ©
/ ° 4
A ® " 035 |- / °
% _g-m-E- /
& o - (T S —— e 440602 =
g o - 3 Yo, [/ &
= o /_,-’ S025F | _e—k j 5
ool / o L e v
. 0.20 |- /
—m— [Cu®]=0.0001M u/
—e— [Cu?'1=0.001M 0.15 - /. 4 2.0E-02
/ —A— [Cuz*]=0.01M 0.10 ]
o e [Cu¥]=0.1M '/'
610011 ./ 0.05 "/./ 1
1 " 1 n 1 " 1 n 1 0.00 ’T'_! ' i 1 " 1 L 1 " 005.',00
40% 50% 60% 70% 80% 0 2 4 6 8
RH pH

985

Figure 1. Parameter—analysisinfluence of various parameters upon y;,, predicted by the MarkMARK model. (a) yyo,

increases with the RH at different [Cu?']; (b)¥gzs V1o, irdenoted by black sauare-dotted-Hine-increases-with-aerosot-bulk-phase

pH-and-kzrrsquares and black line and k., in red circulardottedcircles and red line has-a-peak-value-at-about-pH=5-then
declines-guickhyxincrease with aerosol particle condensed phase pH.
990
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YHo, has-an-Spresents a sigmoid-shaped growth with aerosol butkphase pH-tezr-is-the comprehensive reactionrate constant
of HO, dissolutionegquilibrium-and-liguid-phase chemical-physical reaction-during- HO - heterogeneous-uptake reaction.particle

condensed phase pH. In the model, it is found that as the pH risingrises, the uptake coefficient rises rapidly because HO; is a

weak acid (pKa = 4.7) and has a low solubility in an acidic environment. The higher bulicondensed phase pH is favorable for
the dissolution equilibrium of the gas phase HO,. On-the-other-handThis trend is consistent with the observed second-order

rate constant of HO,/O," reviewed by Bielski et al. 1985 (Bielski et al., 1985). Moreover, aqueous phase reaction rates of
HO,/O2 and Cu?*-decrease’/Cu* increase with the increasing of bulk-phase-pH-condensed phase pH because in an alkaline

environment HO, is more dissociated to O, which has quicker reaction rate with Cu?*/Cu*. The pH of the ambient atmospheric

aerosol is measured generally below 5 even ferwhen the concentration of NHs is high NHs-cases-tikeas in Beijing and Xi’an
(Ding et al., 2019;Guo et al., 2017) with a range of 3=6-5. At this range, HO.-heterogenecusreactiony,;,, is highly affected

by aerosol condensed phase pH indicating-may mainly because of the significance-of this-fieldchange of studysolubility.

3.2 Model Merificatien\Validation

In-the-existingyo;-parameterized-equation|n this study, we used the MARK model to simulate the observed y, from all

the available laboratory studies, which were conducted with different ambient RH and Cu?* concentrations (Zou et al.,
2019;Lakey et al., 2016b;Thornton and Abbatt, 2005;Taketani et al., 2008:Hansen—et-al—1992:Hanson—et-al—1994:Jaceb;
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Existing parameterized expression
Moon, RIT=43%

Moon, RH=65%

Zou et al. RH=51%

Thornton et al. RH=42%

Taketani et al. RH=45%

tq4ome

10g(Ycae)-10g(Yops)

0 = RMSE=0.16

1E-5 1E-4 0.001 0.01 0.1 1 Error analysis of calculated vy,

and lab measurement results

—. In general, good agreement is achieved between the MARK model results and the results of the previous laboratory studies,

which were also classified based on a statistical parameter: root mean square error (RMSE) (Figure 2).
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Figure 2: Dependence of y,,,, on aerosol copper concentration. Red filled circles denote the results at 43% RH measured at
Leeds. Blue hollow circles at 65% RH (Lakey et al., 2016b). Yellow filled diamonds denote results at 51% RH (Zou et al.,
2019), filled purple triangle at 42% RH (Thornton and Abbatt, 2005) and filled green star at 45% RH (Taketani et al., 2008).

The grey dotted line denotes the current parameterized equation (Thornton et al., 2008;Hanson et al., 1992;Hanson et al.,

1994:Jacob, 2000;Kolb et al., 1995) and the solid grey lines represent the model results of the MARK model in this study at
various RH (two lines represent the range of RH from 64% to 66%, 50% to 52% and 42% to 44%). The root mean square

error (RMSE) between the MARK modelled values and the full dataset (0.23). The aerosol pH is set as 4.5 based on the

agion 7.0.8 interface considering the participation of Cu ion (for details please see https://www.agion.de/).

As shown in Fig. 2. when the aereselcondensed phase copper ion concentration is less than 1=-2>10*M10“ M, the
heterogeneous uptake of HO; is not significant. This threshold is consistent with the results of previos researches

(Mozurkewich et al., 1987;Lakey et al., 2016Db). As the copper concentration increases, yy,, rapidly rises to the Hmitslimit of

the accommodation andcoefficient determined by the HO; solubility. Many research studies have proposed that ambient RH
affects yyo, (Thornton and-Abbatt,—2005;Thernton—et al., 2008;Taketani et al., 200852008, 2009;Taketani and Kanaya,
2010;Taketani et al., 2012;Matthews et al., 2014;Thornton and Abbatt, 2005). For hygroscopic inorganic aerosols, RH

significantly affects the aerosol liquid water content, changing its ionic strength, aqueous reagent concentrations, and the

effective Henry’s coefficient.
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with-different-ambient RH-and-Cu**-concentrations The deviation of y,,, between the MARK model and laboratory studies is

smaller than the predicted results from the existing parameterized equation {Meeon-et-al—2018:Zou-etal—2019)(Thornton et
al., 2008;Hanson et al., 1992;:Hanson et al., 1994;Jacob, 2000;Kolb et al., 1995;:Ammann et al., 2013;IUPAC Task Group on

as shown in Figure 2. In order to reduce the overestimation of the existing parameterized equation, we used the effective

rate constant of HO, (O,) with Cu ions as 1.5x107 M-1s rather than the more commonly used value of 1x10° M-*s according

to the research by Bielski in 1985 (Bielski et al., 1985) considering the pH limitation (pH is about 3-5 in ambient aerosol

particle condensed phase as dicussed above). The prior value (1.5x107 M s?) reflects the rate of reaction between HO, and

Cu?*, more prevalent in acidic aerosol such as ammonium sulphate, and the latter between O, and Cu?* ions, which is more

prevalent in aerosols with a pH greater than the pK, of HO», such as NaCl (Bielski et al., 1985). This treatment within the

calculation can bring predictions more in line with experimental results compared to the high value of 1x10° L mol-s? used

in the existing parameterized equation. IUPAC (Ammann et al., 2013;IUPAC Task Group on Atmospheric Chemical Kinetic

Data Evaluation, http://iupac.pole-ether.fr.) proposed the effective rate coefficient for the reaction of HO, (O2) with Cu ions

as 5x10° M s to achieve the best fit based on the calculation results from Lakey et al. (2016b). This assumption is not in

accordance with the agueous reaction rate coefficient from other databases mentioned below, and needs further laboratory

measurements to confirm it. According to the agueous reaction rate coefficient from NIST and the latest measurement result
(Lundstrém et al., 2004;Huie, 2003), the rate coefficient of HO, with Cu?* is 1108 or 1.2x10° M s** at pH= 2 and pH=1,
respectively. These two rate coefficients were quantified in a low pH environment (pH=2 for 1.2x<10° M s** and pH=1 for
1108 M? s1). At the same time, the reaction rate of O,” with Cu?* is 810° M* s for pH in the range 3-6.5 (Huie, 2003). At

higher pH, the reaction rate of HO, with Cu?* may change, but it is unknown whether it will decrease by four orders of

magnitude. Further Kinetics experiments are needed at varying pH to verify the reaction rate coefficient of Cu?* ions with HO,

and Oy in aqueous solution. The rate constants used in the MARK model are shown in the Table S. 1 in the SI. The main

reason for the differences between the original parameterization and the MARK model is the effect of including the activity

coefficients of Cu ions and HO, and the effects of reactions of different valence states of copper ions. Considering the small

RMSE between the MARK model and the laboratory studies, we proposed a novel parameterized equation to better describe

the influence of [Cu?"] on yo,.
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3.3 A novel parameterized equation forof y g,

When the full reaction system reaches steady-state, the reaction of HO; in the aqueous particle phase can be expressed as
the following egquationreaction scheme (Schwartz, 1984;Schwartz and Meyer-1986;Schwartz-and-Freiberg, 1981;Schwartz,
1987)

ke
HOz(g) = H02(r) = HOZ(a) _fj; Products (—l—ZM)
Gas phase HO2g molecule transports onto the surface of the aerosol particles HO»(y then dissolves at the butkcondensed

phase to give HOyu). Because-thereactionThe reactions between [ Cu®}-"/Cu’and HO, is—a-can be seen as catalytic
reaction;reactions, because in the model simulations, the total amount of [Cu?}-concentration-in-the-system]+[Cu’] does not

change with reaction time. Therate-of HO,-aqueousreaction-with-copperionsisnoted-ask.-~—For fine particles, we can safely

assume that the interface concentration [HO-}[H0, .| is equal to the bulkcondensed phase average [HO,] concentration due

to rapid diffusion in the liquid phase (details have been dicussed above)\Within section 2.2.3). For the submicrometer aerosol

particles with which most uptake reaction occurs, the influence of the gas phase diffusion limitation can be neglected. Hanson

et al. (1994) proposed the definition of the uptake coefficient as y = a(1 —C“'S—’“’f)—,) where cq o p_is_the suface

HCCcg surf

concentration of the reactant, c, .., is the gas phase concentration. In the process of HO, uptake, we deduce the parameterized

equation of y,, in the framework of the resistance model-—For-the-submicrometer-Culth)-doped-particles-with-which-moest

1 _ 1 + 3Xvy, (15)
Y ano,  4AXRgXHcorrXRTkeff

kesr = f(ALWC,PM) X [Cu®*],q, (16)
F(ALWC, PM) = 10 x (5.87 + 3.2 X In(ALWC/[PM] + 0.067) x [PM]~°2 an
[Cu2+]equ — [Cu2+]<p — [Cu2+]0.65 (18)

From Eq. (15), it can be deduced that y,, can be calculated by optimizing k., under different ambient environmental
conditions. Fhe-MHRPE-medelThe MIPEIT model (Markwardt, 2009;Lewis et al., 2009) in the IDL software program is used

to optimize k. using the Levenberg-Marquardt algorithm. Because the equation is empirical, the initial value of ks is set

41



105

110

115

120

i (14)
P Ty
— 2+ (
keff = f(ALWC,PM) X [Cu**] 0 £45)
FOALWCE PMY =108 % (587 4+ 39 I ALWC/ITPMT 4 0-067) [PM1—6=2 (16)
F Vo P vh) 10 oo+ SR AWM+ 096X PV {63
[Cu“]equ = [Cu*]? = [Cu?*]oe €7

We further calculated the RMSE of the modeled data and parameterized equation (15) data under different RH conditions.

The range of values shows the difference between the modeled data and parameterized equation data at different Cu?*

concentration. At low RH and consequently relatively low ALWC, y,,,, is more sensitive to [Cu*"] expecially at low [Cu?*]

(<10*M). This sensitivity can not be fully represented in the parameterized equation. What is more, at low [Cu?] and low RH,

the value of y,, is smaller than in other conditions, so that the uncertainty of y,;,, becomes larger.

All the RMSE values are lesssmaller than 0.2, which indicates a minor deviation from the laboratory results in our yy,,

equation. Ynderln the typical ambient urban atmospheric environment, with an aerosol mass concentration of 10=-300 g m-
3, aqueous Cu?* concentration of 10°=-1M, and a relative humidity between 40%=%-90%, the parameterized equation can be
used-ba i
lab-and-medelstudies.. The HO; uptake under dry conditions needs further investigation in the future, but probably is not of

high priority because the effective reaction volume becomes 10% or less of the aerosol volume for dry conditions and the HO>
uptake may then be neglected for typical tropospheric conditions (Taketani et al., 200852008;Kanaya et al., 2009; Taketani and
Kanaya, 2010;Thornton et al., 2008; Fhernten-and-Abbatt;2005George et al., 2013).
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Figure 3: Comparison of the MARK modeled yy,, andto the corresponding calculated values from the new parameterized

equation—tegyy (15). [0 g, o(¥msaVmoa) 18 the logarithmic value of modeled yy,, and tog5l0 g, (earvca:) is the calculated
value from the new parameterized equation- (15).

3.4 hmpactEvaluation of the impact of the new HO: uptake evaluated—with—the—novel—parameterized
eguationparametrization in the Wangdu campaign

Many model studies (Lakey et al., 2015;Mao et al., 2013b;Martinez et al., 2003;Tie et al., 2001;\Whalley et al., 2015) suggest
that heterogeneous uptake of HO radical affects the global distribution of trace gases and the atmesphereatmospheric oxidant

capacity especially in regions with high aerosol loading or low NOx concentration. The importance of aerosol chemistry as a
sink for ozone precursors in North China Plain has been suggested in many model studies (Li et al., 2019b;Lou et al., 2014).
The competition of HO, with aerosol and gas phase reactants is crucial when evaluating the influence of heterogeneous
reactions on the atmospheric oxidant capacity.

Based on the results of a comprehensive field campaign performed in summer 2014 in a rural site (Wangdu) in the North
China PlainHO.-uptake-(Tan et al., 2020), the HO, uptake coefficient and the ratios of the HO, uptake loss rates (TRHozuptake)

to the sum of the ROx termination rates_(TRroxsinks) are calculated with direct measurements of the ROx radicals, trace gas

compoundsspecies, ALWC and the aerosol properties-condensed phase component concentrations (please see the Sl for
details). The experimental determined ROx termination rates include reaction channels from OH + NO»/, OH + NO, HO; +
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HO,, HO; + RO»; and RO, + NO. Considering the solubility and size distribution of aereselparticle metal copper (Fang et al.,
2017;Hsu et al., 2010a;Mao et al., 2013a) we can estimate yy,, in daytime and night. Effective-soluble-Cu™"-used-in-the

%W%%MMMMWW i i g

3.4.1 Average results of observed meteorological parameters and trace gases concentration in the Wangdu campaign

Wangdu is located in the center of the Beijing-Tianjin-Hebei area and is a regional site. The observation was carried out in

the summer with serious photochemical smog peHutiens(Fan-et-al;2017)The-tablepollution events (Tan et al., 2017;Tan et

al., 2020). Table 2 summarizes the meteorological and chemical conditions in this field campaign. In terms of parameters such

as temperature, pressure and humidity, the \Wandu\Wangdu area is a high-temperature and high-humidity stageenvironment

with a monsoon climate.

Table 62: Average daytime results of observed meteorological parameters and trace gases concentration in Wangdu
campaign_from June 10", 2014 to July 6 2014,

WangduParameters Average resulisvalues 1o Accuracy
Temperature /°C 2734 +0.05%
Pressure /hPa 100045 +0.05%
RH/% 5861418 10.05%
Os/ppb 55.6+9.0 +5%
NO,/ppb 10:413.6 +20%
HONO/ppb 0.840.24 +20%
CO/ppm 0.640.19 <5%
Isoprene/ppb 0.540.11 +15%-20%
HCHO/ppb 740.69 +5%
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34.3-Caleulatien-of-soluble copper ion concentration

For particle radius smaller than 2.5um, which are the most contributing bins of aerosols in HO, uptake, the mass fraction of

Cu is about 33%—100% in four size bins in ambient aerosols (<1um, 1-2.5 um, 2.5-10 um, >10um) (Mao et al., 2013a).

During this campaign, the total concentration of heavy metal ions in fine particles (smaller than 2.5um) was measured using a

commercial instrument based on non-destructive X-ray fluorescence technique (Xact 625, Cooper Environmental). Since the

concentration of soluble copper concentration rather than total copper concentration is used in the model, it is necessary to
analyze the ratio of soluble copper to total copper in the aerosol particles. According to theprevious research results, it-is-found

thatthe dissolution ratio of copper in aerosol particles varies from 4020% to 6070% in different regions, being solubility lower
in smaller particles (Fang et al., 2017;Hsu et al., 2004;Hsu et al., 2010b).

— Therefore, when using

the empirical formulaparaterization equation (Eg.15) to calculate the HO, heterogeneous uptake coefficient, it is necessary to

reduce the copper concentration by-40%-to-60%-—And-forparticleradius-smatlerthan-tpmwhich-are-the-mest-contributing
bins-efaeresobin-HO-uptake Cufractionis-about 25%~71%(Maec-etal2013a).considering the solubility and the distribution

in the accumulation mode of aerosol particles. We take 50% copper is soluble in the particle condensed phase and 50% copper

is in the accumulation mode. Thus we assume 25% of total aerosol metal copper concentration is soluble in the accumulation

mode when calculating y;;,, in Wangdu campaign. The aerosol liquid water content is divided by the hourly resolution total

copper concentration (ng m) and the atomic mass of copper (64) to obtain the total copper melamymolarlty in the aerosol
(mol L1H,
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3.4.43 Yo, estimated at Wangdu field campaign

By inputting the soluble copper concentration, aerosol mass concentration, aerosol particle geemetergeometric mean

diameter and the corresponding relative humidity and temperature into the empirical equation, we can obtain thean estimation

of yho, In Wangdu-suburban_\Wangdu, which is shown in Fig.6 4 (a) and (b). The valid-data-peints-are-224-with-a-time

resolution efis 1 hour. The aerosol pH is calculated using the thermodynamic model ISORROPIA-II (Fountoukis and Nenes,

2007). Average aerosol mass concentration is 67.2+39.7 ug m?3, the average Cu concentration is 35.8457.7 ng m=3. he
GaussAmpfitting-shows-the-median-The results of a fit to a GaussianAmp function results in a yy,, {smedian value of 0.109=%
+0.005045 in daytime and 0.13913040.007053 at night in the Wangdu campaign- (., will increase 1.57 times from
0.07520.031 at 10% solubility to 0.193240.079 at 70% solubility for the summary of day and night data).

Tan et al. (2017) had compared the measured and modelled OH, HO, and RO» radicals in the Wangdu campaign. However,

in this paper, they did not discuss the influence of HO, uptake. A very recent publication (Tan et al., 2020) calculated y 0, in

the Wangdu campaign based on the comparison of field measurement data for HO, and concentrations calculated by the box

model. The paper proposes that all y;,, calculated in this way from the Wangdu campaign can be fitted to a Gaussian

distribution around the value of 0.08 #0.13. This value is similar to our estimation in this paper considering the indirect

measurement uncertainty (please see the SI).

The experimentally determined ROx termination rates include reaction channels from OH + NO,, OH + NO, HO, + HO;,
HO, + RO,, RO, + NO. The ratio (R;) of HO uptake l0ss rate ( Lyozyptake_) 10 the whole ROy loss rate (Lo, ) is calculated
by Equation (20) and (21).

LHOZuptake = 0.25- Vho, {ASA]{HO,] (20)
_ LHo2uptake
Rl - Lrox (21)

[ASA] is the aerosol surface area [um?cm].
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Figure 4: Daytime and night values of the HO, uptake coefficient (y,,,) and R, calculated by the empirical equation

(Equation 15). A Gaussian distribution (red line) is fitted to frequency distribution of y,,,_(a) and (b) yielding a mean

uptake coefficient of 0.109 with a standard error of 0.045 in daytime and 0.130 with 0.053 at night. Pie charts show the

220

values of R, and the loss rates for ROx during daytime (c) and nighttime (d). The averaged daytime (08:00—16:00) ROx

radical loss rate is 6.5 ppbV/h and that for nighttime (16:00—08:00 (+1d)) is 2.9 ppbV/h.




230

235

240

245

250

255

coefficient-in-this-campaign—4 a and b), no significiant difference of y,,, is observed during daytime and night. The HO,

uptake coefficient is slightly higher at night due to the higher RH (57.6% at day and 67.4% at night). HO, heterogeneous

uptake reactions with aerosol particles have small impact on ROx radical termination at daytime as shown in Fig. (4 c).

However, HO, uptake may be important in the termination of ROx radicals at night shown in Fig. (4 d). The daytime ratio R,

is lower than it is at night because of the lack of photochemical reactions, thus a longer HO, lifetime at night. The high

proportion of RO,+NO during night is due to high [NO] at dawn.

The RO, concentration is also important when evaluating the impact of HO, uptake. Using the modeled value of RO,

concentration in Wangdu campaign, a higher proportion of HO, uptake to about 21% of ROX sinks in daytime can be

calculated. However, using the modified field measured RO, concentration in Wangdu campaign, HO, uptake is less

important in the budget of ROx as shown in Fig (4 c¢), which is in line with the results from Tan et al. (2020).

4 Summary and conclusions

The impact of HO, aerosol uptake on the ROx budget is complicated by large uncertainties in the HO, uptake coefficient

under _ambient conditions. The novel empirical parameterisation is _applicable under the assumption of steady-state

concentrations and with metastable or liquid aerosol particles (if the ambient RH over a completely liguid aerosol decreases

below the deliquescence RH, the aerosol may not crystalize immediately but may constitute a supersaturated aqueous solution

(i.e., in the metastable state) (Song et al., 2018)). The approximate calculation of HO, concentration gradients within the

aerosol particle condensed phase also cause deviations for larger particles. The bulk diffusion coefficient of HO, and other

reactive_molecules should be lower in the situation of semi-solid particles (Berkemeier et al., 2016;Shiraiwa et al.,

2010;Mikhailov et al., 2009) and would change with the water activity and the organic components (Price et al., 2015). This

aspect needs further studies. For crystalline or amorphous solid aerosol particles, HO, will undergo surface reactions and

diffuse across the surface rather than be accommodated within the aerosol bulk. The MARK model has limitations in the

calculation of y,, with semi-solid aerosol particles. In the Wangdu campaign, k., (optical aerosol hygroscopicity parameter)

ranges from 0.05 to 0.35 with an average of 0.22. The ambient RH during the Wangdu campaign shows significant diurnal

variations and varies greatly from 15% to 97%, with an average value of 61% (Kuang et al., 2019) indicating that the percentage

of solid aerosol particles is relatively low and hence do not significantly influence y ., .

The interaction between organics and soluble copper and the influence of organics on aerosol properties will lead to further
uncertainty in the calculation of the uptake coefficient. Lakey et al-. (Lakey et al., 2016a;Lakey et al., 2015;Lakey et al., 2016b)
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have also shown that the addition of aan organic compound to Cu{l)Cu?" doped aerosols; such as oxalic acid, which forms
oxalate ions (C204)* in the aerosol, results in a lower value of y,, as such ions forms a complex with the TMI.

Taketani et al.

collected the filter samples of aerosol in Mts. Tai and Mts. Mang, North China (Taketani et al., 2012) and re-

aeroselizeaerosolized from the water extracts of sampled particles. The measured uptake coefficients for Mt. Tai samples
ranged between 0.09 and 0.40, while those at Mt. Mang were between 0.13 and 0.34. Because-of the re-aerosel-dissolution-of

reason-of-overestimation-of the HO,-uptake-coefficient—i-et—alLi et. al (Li et al., 2019b) findsuggest that the rapid decrease
of PM2s in China witl-slewhas slowed down the reactive uptake rate of HO, radicals by aerosol particles may-be-a-very
important-and-pervasive-facterand could have been themain reason for the increase in ozone in the North China Plain-_in the
recent years. They takey4-asapply a value of the uptake coeffient of of 0.2 in their model ealeulationcalculations. However,

the results of the MARK model and of the empirical equation ealetatiens-in this paper suggest that the HO, uptake coefficient
is-ir-general-could be smaller and highly variable-—Fhusfurther for typical conditions in the North China Plain. Further research
is needed to study the effects of heterogeneous uptake of HO, on gas phase and heterogeneous physicechemicalphysico-

chemical reactions under different environmental conditions in different regions—and-when—thevariabilityof 5, s
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in_this paper provides a novel way for more detailed calculation of the effects of HO, heterogeneous reactions on the

atmospheric radical budget, ozone production and particulate matter generation. Overall, we can conclude that the HO, uptake

process needs to be considered in photochemical box models for the study of the HOx radical budget. The exact value is highly

variable with respect to the change of copper concentrations in the aerosol particle condensed phase and other factors. The

measurement of condensed phase soluble copper and other TMIs, as well as the aerosol liquid water should be added for future
field campaigns for the study of the HOXx radical budget.
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