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Response to the comments of reviewer #3:

Comment:

This paper describes a new parameterization for the reaction probability of HO2 on Cu-containing aerosol particles. The
reactive uptake of HO2 to aerosol remains an uncertain but potentially important component of atmospheric HOx fate, and has
gained renewed attention of late. There is thus a reasonable need for more evaluation of how HOZ2 reactive uptake is described
in  models and this paper therefore has scientific merit and is appropriate in scope for ACP.

We thank the reviewer for the 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 in order to avoid the confusion between the two parameterized equations mentioned in the MS, the
classical parameterization equation (proposed by IUPAC) is abbreviated as CEq., and the parameterization proposed in this

paper is abbreviated as NEq.. We have added these two abbreviations to make the language more concise in the revised MS.

Comment:

However, | have several concerns about the scientific quality and presentation in the manuscript that | think should be
addressed before the paper is published. | describe these concerns below.

1) Uncertainty - overview. There is little objective discussions of measurement uncertainty and about uncertainties regarding

application of the parameterization.

For the new experimental dataset included in the paper, the final uncertainty in the uptake coefficient is calculated via the
propagation of errors. The uncertainty of the averaged HO; signal is calculated as 1o of the average of the data points recorded
during the averaging period (20 s). The pseudo first-order loss rate coefficient (k') was obtained from the gradient of a plot of
In(HO; signal) against reaction time, the error for k' was 1o of the uncertainty of the gradient and was obtained from the
plotting software, Origin Pro (v.9.0). The uptake coefficient (y(HO2)) was obtained from the gradient of the plot of k' against
the surface area concentration of aerosols in the flow tube. The error given on all measurements of y(HO>) represents 2c of the
uncertainty of the gradient also calculated in Origin Pro. For all calculations, errors were propagated using the standard laws
of error propagation. The Brown correction calculation, used to correct k' for non-plug flow conditions in the flow tube, is
complex and is performed by a FORTRAN subroutine called ROOT. When propagating error through Brown correction
calculations the correction factor was determined by plotting the Brown corrected pseudo-first-order rate constant, k™, against
the uncorrected observed rate constant minus the rate constant observed during the wall loss run resulting in a linear plot. The
gradient of such a plot was the correction factor calculated by ROOT and was also applied to the uncertainty of k'. See further

discussion about uncertainties in the new experimental dataset in the response to the next referee s comment.
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This is only for the Leeds data, and does not necessarily apply to other experimental data from other groups. Although the
MARK model simulation results in this paper are not obtained by adjusting parameters to fit the experimental data points,
laboratory measurement uncertainties will directly influence the evaluation of the deviation between the modelled HO; uptake
coefficient and the measured results because all the parameters inputted in the MARK model are in reference to the
measurement conditions. However, it is difficult to calculate the detailed uncertainties from all factors that influence y,,
because of the nonlinear reaction system. What is more, uncertainties of the experimental conditions such as RH and particle
diameters are combined into the reported values of y;,,. Taking all these into account, we calculated an averaged uncertainty

for the experimental values of y,, in different ranges of Cu ions concentration.

1.1There is apparently a new data set on measured gamma_HO?2, but there is *very little* discussion of those measurements,
how they were made, how the uncertainty was determined etc. The relative uncertainty for the new data at high Cu is nearly

an order of magnitude lower than that reported for other measurements in the literature.

We agree with the referee that there is little discussion on the new measurements, the reason being that additional authors
for these new measurements were added to the paper at the revised stage, and the original paper had no description of the

experimental method. We have now included a brief description of the experimental set up used for these measurements.

With regards to the new measurements reported in this paper, the reason for the decrease in measurement uncertainty
compared with our previous measurements, was a series of improvements developed in the experimental methodology that
allow a better signal to noise ratio and more reproducible results to be obtained. For example, the sensitivity towards HO>,
quantified by calibration, was typically an order of magnitude better for these experiments, resulting in significantly smaller
measurement error bars at each point along the flow tube. The improved uncertainty on each data point resulted in a higher
quality decay of the HO; signal down the flow tube and a better linear fit of the plot of the natural log of the HO, FAGE signal
versus contact time, resulting in a lower degree of uncertainty on the fit and hence the derived pseudo first order rate constant,
k>, from it. Methodology included increasing the degree of averaging, allowing longer times for the stepper-motor to stabilize
the sliding injector for each of its positions in the flow tube, more frequent cleaning of the atomizer, cleaning the set up with
deionized water between different experiments, the use of longer times for the aerosol concentration to stabilize between
experiments. In addition, the aerosol flow tube was cleaned on a weekly basis with distilled water and a new coating of
halocarbon wax applied for each new aerosol system investigated. It was observed that this in-depth cleaning and longer
stabilization times between experiments (e.g. performed with different Cu concentrations) led to highly reproducible results
which translated into significantly reduced uncertainties in the uptake coefficients. All these factors promote a reduction in the

uncertainties of our measurements.
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The reason for the large uncertainties for Thornton et al. and Taketani et al. at the highest Cu concentrations is not clear. For
the Thornton et al. dataset this could be related to the use of a completely different set up for the detection of HO, radicals
which is less sensitive than FAGE. For the Taketani et al. dataset who used a very similar FAGE set up, it could be related to
some of the factors listed above related to the experimental procedure. Moreover, for the Taketani et al. dataset, the quoted
errors are given for two standard deviations from the least-squares fits (95% confidence limits), which is then combined with
the estimated systematic uncertainties in the measurements of aerosol surface concentration (5%) and flow speed (2%). Our
quoted uncertainties did not include any systematic uncertainties in our measurements as they are small compared to the

random, statistical error.

In the revised MS, we have added the following text related to the experimental set up in Section 2.3 in the revised MS:

“The experimental setup and methodology used to make the new measurements of y(HO,) reported here have been described
in detail elsewhere (Moon et al., 2018b; Lakey et al., 2016¢; George et al., 2013) and so only brief details are given here. In
summary, the experiments were performed by moving an HO: injector backwards and forwards along the concentric axis of a
laminar aerosol flow tube hence changing the contact time between HO; and the aerosols. Measurements of [HO,] were
performed using laser induced fluorescence (LIF) spectroscopy at low-pressure (the fluorescence assay by gas expansion
(FAGE) technique (Heard and Pilling, 2003)) and the total aerosol surface area was determined with a Size Mobility Particle
Sizer (SMPS) at the end of the flow tube. Aerosols were formed using a constant output atomiser (TSI, 3076) and the aerosol
concentration and hence surface area could be varied, being controlled using a high efficiency particulate air (HEPA) filter in
a bypass arrangement. Atomiser solutions were prepared by dissolving 0.01 moles of ammonium sulphate (AS) (Fisher
scientific, >99%) with varying amounts of copper (I1) sulphate (Fisher scientific, >98%) in 500 mL of Milli-Q water. The data
were analysed as described in George et al 2013. The pseudo first-order loss rate coefficient (k') was obtained from the gradient
of a plot of In(HO- signal) against the interaction time between HO; and the aerosol before sampling by the FAGE detector.
The uptake coefficient (y(HO2)) was obtained from the linear least-squares gradient of the plot of k' against the surface area
concentration of aerosols in the flow tube. The error given on all measurements of y(HO>) represents 2¢ of the uncertainty of
the fitted gradient. A correction to k' was applied to taking into account non-plug flow conditions in the flow tube using the

Brown method.”

Comment:

Given that the parameterization is developed by comparing a mechanistic model to multiple data sets from different
experiments - how each data point is weighted and the role of the relative uncertainty needs to be discussed. Best would be to
show some portion of the raw data from the new measurements and step through how the uncertainty propagates to the reported

gamma_HO2.
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We changed the Section 3.2 in the MS and discuss the uncertainties influence in the revised MS:
“What is more, laboratory measurement uncertainties will directly influence the evaluation of the deviation between the
modelled HO; uptake coefficient and the measured results because all the parameters inputted in the MARK model are in
reference to the measurement conditions. However, it is difficult to calculate the detailed uncertainties from all factors that
influence yy,, because of the nonlinear reaction system. Uncertainties of the experimental conditions such as RH and particle
diameters are combined into the reported values of y;,,. Taking all these into account, we calculated an averaged uncertainty
for the experimental values of y,,., in different ranges of Cu ions concentration. Laboratory measurement uncertainty has the

largest value of 35.1% in the range of 110 to 0.01 M soluble copper concentration, 14.9% below 1104 M and 9.3% higher
than 0.01 M.”

We used the weighted average values of each datapoint uncertainty when calculating RMSE as the following equation.
RMSE is now changed to 0.13 considering the relative uncertainty of measured data.
We add the following statement in section 3.2 in the revised MS:

“In this paper, the relative error of each measured data point is considered to calculate the weighted average in RMSE:

u, u,

. . 2
2:1:1((loglomeasured _ loglomodel) (wi)Z)

?zl(wi)z n

RMSE =

u;, .. 15 the MARK model result at each Cu?* concentration and RH, ;. is the central value of each measurement result

and w; is its corresponding relative error.”

Comment:

1.2 It seems to me that little can be concluded about the effects of RH given the spread of measurement values at the same RH.
While the model has a RH dependence built in through activity coefficients and Cu concentrations, etc, there is no real
comparison of the modeled predicted RH dependence with the measurements where a plot of gamma_HO?2 for a given Cu

mass fraction would be shown versus RH.

The MARK model simulation results in this paper are not obtained by adjusting parameters to fit the experimental data

points. At present, there are experimental measurements of y,,, at different RH but there is no experimental systematic study
of this dependence where only RH is changed and no other parameters. Many researches proposed that y,, is higher for

aqueous inorganic aerosol than for dry inorganic aerosol. Although the previous experiments did not directly measure the RH™S

dependence, the change of the experimental uptake coefficients met the simulation trend (see Figure 2). Ambient RH would
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affect 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,. The MARK model was presented to simulate the change of the uptake coefficient with
RH in Figure 1. Moreover, we also did simulations in the MARK model of HO, uptake with dilute solution droplets with no

consideration of RH and update the Figure 2 in the revised MS.

0.7

= MARK model results for aerosol
~~~~~~~~ MARK model results for droplet
= = ExsEquation results for droplet

0.6

@® This work RH=43%
O Lakey et al. RH-65%
0.5 © Zouetal. RH=51%
A Thornlon ctal. RI1 42%
% Taketani et al. RH-45%
0.4
S 0.8
T - =
>= 0.3 E RMSE=0.13
o 04 |-
=
0.2 g 0.0 freeeeene-a.. NN ........
0.1 2 04 -
=
0.0 0.5

e e oo boranalysis of lab measurement
k6 r2 = 0.00 0.0 0. results and model vy,

[Cu™T (M)

Figure 2: Dependence of y,, on aerosol copper concentration. Red filled circles denote the results at 43% RH measured at
Leeds included in this paper. Blue hollow circles at 65% RH (Lakey et al., 2016c). Yellow filled diamonds denote results at
51% RH (Zou et al., 2019), filled purple triangle at 42% RH (Thornton and Abbatt, 2005a) and filled green star at 45% RH
(Taketani et al., 2008). The grey dashed line denotes the results of the existing parameterized equation (named as CEg. in this
paper) yyo, with dilute solution droplets (Thornton et al., 2008; Hanson et al., 1992; Hanson et al., 1994; Jacob, 2000; Kolb
et al., 1995), which was confirmed by researches of reactive gas molecular uptake on dilute solution droplets (Hu et al., 1995;
Magi et al., 1997) and on aqueous surfaces (Utter et al., 1992; MUler and Heal, 2002). 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%) and the short dotted line represents the result in the MARK model of HO, with dilute solution droplets. The
root mean square error (RMSE) between the MARK modelled values and the full dataset is 0.13. 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/).

Comment:
1.3 Application of the parameterization (more about the parameterization below): There is a brief discussion of "soluble Cu"
in ambient aerosol - but clearly this is the biggest source of uncertainty in using the parameterization. The author's choice of

20% of total Cu being soluble seems rather arbitrary. Really, this issue has been discussed already many years ago - there may
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well be enough Cu measured in ambient aerosol but whether it is in a soluble form (and also in a "free ion™) form remains
poorly understood. This uncertainty is compounded by the affect of organic aerosol and its morphology relative to an aqueous
phase, the potential for externally mixed aerosol in an urban atmosphere (i.e. the Cu is contained in only a fraction of the total
surface area), etc. The authors could show the impact of the various assumptions on the predicted gamma more clearly. Were
the Cu measurements size resolved? If so, how does the Cu mass distribution compare to the total aerosol surface area
distribution?

Soluble copper concentration is a large source of uncertainty in using the novel parameterization (NEg.). There is no
measurement of soluble copper concentration in aerosol in the Wangdu campaign. According to the research of Fang et al.
(2017), the solubility of Cu across all size ranges of urban aerosol is related to pH. At aerosol pH from 2 to 6, the solubility is
about 20%-30%. Based on the previous work mentioned in the MS section 3.4.2, we assume 25% rather than 20% (mentioned
as the comments above) of total aerosol metal copper concentration is soluble in the accumulation mode when calculating
Yro, IN Wangdu campaign.

We added the statement in Section 3.5.2 last paragraph in the revised MS: “yy0, rather depends on copper concentration so
we also evaluate the influence of copper solubility and mixing state of copper in aerosols on the uptake coefficient (details in
the SI).”

We test the relation of y0, to copper solubility from 10% to 70% already in the Response to comments at Interactive
Discussion. We now added the discussion in the revised Sl section 3. We also added the discussion of the mixing state of

copper influence on y,, in this part:

83 Discussion of the y,,, uncertainty when using the NEq. in the Wangdu campaign.

S3.2 The uncertainty from the effective copper concentration

We tested the sensitivity of PM.s soluble copper ion concentration in the Wangdu campaign between the value of 10% to 70%
(Fang etal., 2017; Hsu et al., 2004; Hsu et al., 2010a). y4,, will increase from 0.06540.051 at 10% solubility to 0.19640.142
at 70% solubility for the summary of day and night data based on the Gaussian fitting. The calculation is under the assumption
that aerosols are completely internally mixed.

The influence of externally mixed aerosol copper on yy,, is illustrated below. Since there is no data of copper mixed state in
the Wangdu campaign, we assumed a 12 bins distribution of copper concentration to evaluate the influence of Cu mixed state
on HO, uptake process. The average concentration of Cu is the same as the internally mixed one, in which case, 25% copper
is soluble in the aerosol particle condensed phase. Cu distributes in the aerosol particles at different concentrations, and the
uniformity of the distribution is measured by the Standard Deviation (SD) of its concentration ratio to the averaged Cu

concentration. Higher SD means more uneven distribution of Cu in the particles.
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This calculation is only valid for particles smaller than 2.5um (which is the most important size bins for HO, uptake), and Cu

size distribution in aerosol particles is not considered here. Four modes of external mixtures states were tested as shown in the
185 Table S.6.

Table S.6 Four modes of external mixture state of unbar aerosol copper and corresponding Gaussian fitted y 0, .

Gaussian fitted y0,(10)

Square Deviation (SD) of the copper distribution

0.110+0.079
0.105+0.073
0.089+0.065
0.079+0.056
0.051+0.033

0
0.35
1.18
1.71
6.24

With the increase of the Square Deviation of copper distribution in aerosol, the uptake coefficient becomes smaller and more

centralized. Aerosol particles morphology relative to an aqueous phase will influence the uptake coefficient of HO,. The

uptake process would vary with mixing state and size distribution of the particles, thus the predicted y,, values here may be

biased as a result, but represents an average over bulk aerosols. The estimation value of y,,, under the assumption that HO,

reacting with completely internally mixed aerosol in the Wangdu campaign is the upper limit value. The uneven distribution

of copper in aerosol particles would lead to a further decrease in the HO, uptake coefficient. Another source of uncertainty

comes from the lack of information about the copper size distribution in Wangdu campaign. This aspect needs further

studies.
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Figure S. 4 The statistical relative frequency distribution of averaged v, in different modes of copper mix state.”

200 Comment:
What is the organic aerosol mass to inorganic mass ratio? If there was a core-shell morphology and the maximum gamma was
similar to the impact of organics on HO2 uptake reported by Lakey et al, what would the current parameterization predict?
We added the following discussion in the revised SI:
83 Discussion of the y;0, uncertainty when using the NEg. in the Wangdu campaign.

205 S 3.3 The uncertainty from the core-shell morphology of aerosol particles

The presence of organic material would change the value of y,,. We revised the NEq. based on the research of Anttila et al.

(2006) who treated the organic fraction in the aerosols as a coating, as given below:

4RTH,rgDorge
yorg,coat - UHOZI
1 1 1
210 = +

Yu 02 _corr Yu 0, in yorgfcoat

Here, the H,,, is the Henry’s law constant of HO, for organic coating. D,,, is the solubility and diffusivity of HO; in the
organic coating, the value is corrected by Lakey et al. (2016b) using the Stokes—Einstein equation resulting a factor of 1.22

decrease in the diffusion coefficients of HO, compared to the diffusion coefficients of H,O on the sucrose aerosol particles. ¢
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is the ratio of the radius of the aqueous core (R,) and the particle (R;). The particle radius R, was the measured Count Median
Radius of the aerosols [cm]. [ is the coating thickness [cm] of the organic matters which is calculated from the volume ratio of
the inorganics to total particle volume with the assumption of a hydrophobic organic coating (density, 1.27 g cm ) on the

aqueous inorganic core (with a density of 1.77 g cm™3).
YHo,_in @ Yho, ., are the uptake coefficients calculated by the NEq. and the corrected value under the assumption of organic

coating, respectively. We tested the influence of the OM ratios in the range of 20%-70% for HO, uptake onto PM s due to the

lack of direct measurement data in the Wangdu campaign.
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Figure S.5 The ratio of 40, ... and Y40, in @ a function of the relative coating thickness in the Wangdu campaign.

The ratio of yo, ., and Yy, in decreasing with the ratio of OM denotes the influence of particle core-shell morphology on
HO, mass transfer process in aqueous organic solvent. Although the diffusion coefficient changes by more than 3 orders (3-7
orders) of magnitude over the investigated range of relative humidity, modeled averaged mean relative difference of HO,
uptake coefficients change by only 3 times when the [/R, changes by an order of magnitude. One possible reason for this it
is that the uptake coefficient being proportional to the square root of the diffusion coefficient when the uptake is controlled by
reaction and diffusion of HO in the bulk (Davidovits et al., 2006; Berkemeier et al., 2013; Lakey et al., 2016a). OM (organic
matter) usually accounts for 20-50% mass of PM. s in Beijing and other urban areas (Wang et al., 2017; Sun et al., 2012).
Thus, we proposed a possible range of HO, uptake coefficient in the Wangdu campaign as 0.62-0.74 times lower than values

without correction for organic matter.”

Comment:
Aerosol pH is likely rather uncertain, the authors should discuss a reasonable estimate of uncertainty in the ambient aerosol

pH and its size dependence and how this uncertainty would impact the predicted HO2 gamma.
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Aerosol pH is an important uncertainty in the implication of the NEq.. Aerosol pH size distribution is not measured in the
Wangdu campaign; thus we used the estimated PM,s pH using a thermodynamic equilibrium model as aerosol acidity.
ISORROPIA 11, was the model used to predict aerosol pH. The averaged aerosol pH is 3.41 £0.69 (1c). The averaged diurnal
profiles of aerosol pH are given by Liu et al. (2017). The relative error of measured NH4*-Na*-Cl*-K*-HNO3-NH3-HCI inputted
in the ISORROPIA Il model is 10%. The uncertainty caused by aerosol pH is already considered in the estimation of y, in
the revised version. We add the following statements in section 3.5.3 in the revised MS:

“...The aerosol pH is calculated using the thermodynamic model ISORROPIA-II (Fountoukis and Nenes, 2007) and the
averaged value is 3. 41 +=0.69 (10).”

And in the Sl section S3:

«“...and aerosol liquid water content (#9.1%). Measured aerosol NHs*-Na*-CI*-K*-HNO3z-NH3-HCI concentrations cause 10%

uncertainty.”

Comment:
2) Parameterization development. The discussion of how the parameterization was developed is awkward and could at least

use a different organization and in some cases more precise language.

After the last major revision, the manuscript does have local structural confusion and language coherence problems in origin
section 3.2. We now rewrite this part and added a new section (section 3.3) to discuss the different applications of the classical
equation and the MARK model in the revised MS:

“The classical parameterized equation (CEq.) (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.) has been proved to provide good estimation of reactive gas molecular uptake coefficient on dilute
solution droplets (Hu et al., 1995; Magi et al., 1997) and on aqueous surfaces (Utter et al., 1992; MUler and Heal, 2002):

1 1 VHO,
S — (15)
YHO, HO> 4HcorrRT~/DaqkTMI [TMI) [COth(G—(ﬁ))]
-

_ Dagq
bra = NG (16)

When the classical parameterized equation (CEq.) is applied to the calculate HO, uptake coefficient with aerosol, CEq has
higher deviation of y,, between the measured results compared to the MARK model. All input parameters are the same
except that the MARK model involved more liquid phase reactions instead of only considering the second order rate coefficient
(krpyp) of HO2 and Oz with transition metal ions as the CEq. did. k4, is the most important parameter in the calculation of
uptake coefficient. Based on the research by Bielski in 1985 (Bielski et al., 1985), we used the effective rate constant of HO> otal

(=HO2(aq)*+ Oz (agy) With Cu ions as 1.5x107 Mt s rather than the more commonly used value of 1x10° M s considering the

10
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pH limitation (pH is about 3-5 in ambient aerosol particle condensed phase as discussed above). The prior value (1.5x107 M-
1s1) reflects the rate of reaction between HO, and Cu®*, more prevalent in acidic aerosol such as ammonium sulphate, and the
latter (1x10° M s™) 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 in the CEq. as shown in the dashed line in Figure 2.

IUPAC (Ammann et al., 2013;IUPAC Task Group on Atmospheric Chemical Kinetic Data Evaluation, http://iupac.pole-
ether.fr.) proposed the effective rate coefficient k* for the reaction of HO; total (FHO2(aqy+ O2(ag)) With Cu ions as 5x10% M s!
to achieve the best fit based on the calculation results from Lakey et al. (2016c¢). 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 1.2x10° M st at pH= 2 and pH=1, respectively. These two rate
coefficients were quantified in a low pH environment (pH=2 for 1.2><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 O, in aqueous solution.

The rate constants used in the MARK model are shown in the Table S. 1 in the SI. The reaction rate of Cu?* with HO,/O,
is 1x108 and 8x10° M s in the MARK model. We also test the MARK model with dilute solution droplets as shown in
Figure 2 the short-dotted line.

The classical parameterized equation (CEq.) is more applicable to calculate uptake coefficient of reactive gas molecular
with diluted solution droplets such as cloud or rain droplets. The MARK model uses the same framework with the CEq. and
considered more parameters influencing uptake process such as the activity coefficients of reactive reagents and the effects of
valence states in aerosol particle condensed phase. Considering the small RMSE between the MARK model and the laboratory

studies, we proposed a novel parameterized equation (NEg.) to better describe the influence of [Cu?*] and RH on yy,, .

tR)

The authors should focus on the conditions and parameters which have the biggest effect first. For example, the authors do not
mention the rate coefficients used to determine "keff" until the results section! In fact, the entire paragraph on the rate constants
needs to be rewritten - | couldn't understand it. The authors open the paragraph saying: "The deviation of yHO2 between the
MARK model and laboratory studies is smaller than the predicted results from the existing parameterized equation (Thornton
etal., 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.) as shown in Figure 2. " But, it turns out to be
closer to the measurements because the authors appear to have chosen a much smaller reaction rate coefficient? Please make

that clear - what is the default prediction of the MARK model without any changes to achieve better agreement?? That

11
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prediction should be shown on the figure somehow. Then the discussion of what the rate constants are in the literature and
what the recommended values are should be discussed clearly - please distinguish HO2(total) from HO2(aq) and O2-(aq). |
assume the dissolved forms are treated separately in the model. Basically - it seems the authors are arguing the rate coefficient
for various forms of HO2 in a concentrated aqueous solution are different from previous values, and they should present that
clearly and why they think those rate constants are actually two orders of magnitude slower and not that the measurements of
gamma-HQO?2 are biased low or low for some other reason (e.g solubility or diffusion limitation, etc). The authors then state at
the end: "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 HO2 and the effects of reactions of different valence states of copper ions."
This doesn't seem right if you changed the rate constant by two orders of magnitude - | would say that is the main difference
between the original parameterization - please demonstrate that the change in this rate constant is not what affects the difference
between the MARK and original parameterization (which I assume refers to the dashed line on figure 2).

We change the relative statement in the revised MS to make it clearer that we did not choose a smaller reaction rate
coefficient in the MARK model calculations. All the reactions used in the MARK model is presented in the supplementary
materials Section 1 Reaction mechanism and reaction rate constants. The reaction rate of Cu?* with HO,/Oy is 1x108 M st
and 8x10° M s, All input parameters are the same except that for the MARK model involved more liquid phase reactions
instead of only considering the second order rate coefficient (k,,,;) for the reaction of HO2 and O, with transition metal ions
as the CEq. did. Based on the research of Bielski in 1985 (Bielski et al., 1985), we reduced the input rate constant to 1.5x107
M1 st rather than the more commonly used value of 1x10° M-t s (relative discussions are in the MS). This treatment within
the calculation can bring predictions more in line with experimental results in the CEq.. The CEq. can provide good estimation
of reactive gas molecular uptake coefficient on dilute solution droplets (Hu et al., 1995; Magi et al., 1997) and on aqueous
surfaces (Utter et al., 1992; MUler and Heal, 2002), while may overestimate the uptake coefficients with ambient aerosol

(please see the previous response).

Comment:
The authors compare the model predictions of gamma HO?2 to the data measured on ammonium sulfate aerosol doped with Cu.
What was the assumed pH for the model predictions of the laboratory data? What is the basis of that prediction and could the
pH vary between the different laboratory experiments if it wasn't explicitly measured? A flow tube that isn't regularly cleaned
could develop and NH3 background which makes the pH possibly higher than estimated for ammonium sulfate in the absence
of excess ammonia.

The main components of the aerosols used in the laboratory measurements of y,;, shown in Figure 2 are ammonium sulfate
with 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

12
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1M Cuion at 25<C. In the MARK model, we set aerosol pH as 4.5 when calculating y;0,. We also input pH as 4.5 in the CEq..
The MARK model and the CEq. results have no uncertainty from pH in the calculations. The accurate measurement or
calculation of aerosol pH is an important factor in the implication of the novel parameterization (NEq.) proposed in this paper
as described above.

In the experimental measurements included in this paper a careful procedure for cleaning the aerosol flow tube was used as

mentioned above that could also avoid a NH3 background.

Comment:
The authors discuss that they assumed only HO2 was reacting with Cu in these experiments (at least that is what | discerned -
but the language in this section is very unclear as it mentions pH of ambient aerosol being typically 3-6 and so they used the
HO2 + Cu rate constant which is two orders of magnitude smaller than O2- + Cu).

The CEq. is assuming that only HO,/O;" are reacting with Cu?* ions rather than the MARK model. The MARK model is a
box model with lots of other reactions described in detail in the SI Section 1. The MARK model considered other factors such
as the activity coefficient and effective Henry’s constant. A low reaction rate constant is used in the calculation of the CEq.

but not in MARK model. Please see response above.

Comment:

The authors mention that the "model selects a mass accommodation coefficient of 0.5 - but this is an input to the model,
correct? Is the model prediction iterated for each measurement or how is it that the model selects? The mass accommodation
coefficient alone is another source of significant uncertainty - the authors could better illustrate the true uncertainty of the

model predictions based on mass accommodation and pH assumptions.

The HO, mass accommodation coefficient (ay,) is chosen as 0.5 based on the previous work mentioned in Section 2.4. This
is an input value to the MARK model as well as in the CEq. calculations of y,,, with copper-doped ammonium sulfate aerosol.

An important reason for choosing 0.5 as the fixed value is that for the copper-doped ammonium sulphate aerosol, when the
concentration of copper ion is high enough, the heterogeneous uptake process of HO is mainly limited by mass transfer rate

rather than liquid phase chemical reaction rate, which shows the effect of a;,,. On the other hand, according to the resistance
model theory ay, does not influence the liquid phase reactants’ reaction rates. In the process of optimizing the comprehensive
liquid phase reaction rate coefficient k., the influence of a,, on the uptake coefficient can be embodied in the term of
l/ay,,, thus there is no correlation between k.¢r and ayo, -

The uncertainty of ay,, mainly manifests in the implication of the NEg.. We modified the original text and set three

gradients of &y, to simulate the uptake coefficient: 0.2, 0.5 and 0.8. We added the following part in the revised SI:

13
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“S3 Discussion of the y;0, uncertainty when using the NEg. in the Wangdu campaign.

S3.1 The uncertainty from the HO, mass accommodation coefficient (ay,).

The HO, mass accommodation coefficient (ay,,) is influenced by many factors including the aerosol organic component,
particle size distribution, RH and temperature, etc. There is no direct measurement result of @, in the Wangdu campaign or
any other field campaign currently due to experimental difficulties. ay,, is a source of significant uncertainty when using the
NEq. to estimate y0,. Here we set five gradients of aj,, to simulate the mean y,,, and the results of the fit to a Gaussian

function result in y;;,, median values of 0.088 +0.022 (1c) at ay,= 0.2 and 0.125+0.041 (10) at aye,= 0.8.

80%

....... r,'HO.= ()2
Oy = 0.5
= =00,=08
>
2 60%-
o : : 5 :
3, G Amp median value of yHO2 in Wany
3] 02 0.5 0.8
=~ 0.088 0.110 0.125
g =0.022 +0.033 =0.041
s 40%
o)
=4
=
Q
=]
8 20%-
w2
0% = T
0.4

YHO2

Figure S.3 Gaussian fitting results of y,, under different a4, in the Wangdu campaign, estimated by the NEq..”

Comment:

3) Presentation - as noted in the above comments, more clarity is needed in what assumptions are made, under what conditions,

and what the impact of those assumptions is on the main conclusions.

I find little need to show the distribution of gamma values for day and night - the two distributions look essentially the same.

The only different is that HO2 reactive uptake becomes a larger fraction of the total HOx loss (because RO2 + NO goes towards

zero). This seems a minor distinction to make given the bigger uncertainties in the applicaiton of the parameterization as

discussed above that would be better to communicate to the broader community that might want to employ the parameterization.
We deleted the panel (a) and (b) in Figure 4 now and give the Gaussian fitted value of HO, uptake coefficient for the

summary of day and night data.
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A new section “3.5.4 Discussion of uncertainties of y;;,, estimated at Wangdu field campaign” in the revised MS has been
included that discussed the uncertainties of the NEq. proposed by this paper.

The value estimated by the NEq. represents the upper limitation of y,, in the Wangdu field campaign considering the large
uncertainties mainly from the aerosol properties. More work needs to be done to evaluate the true value of y,,,. The NEg.

proposed by 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.

Reference

Ammann, M., Cox, R. A., Crowley, J. N., Jenkin, M. E., Mellouki, A., Rossi, M. J., Troe, J., and Wallington, T. J.: Evaluated kinetic and
photochemical data for atmospheric chemistry: Volume VI - heterogeneous reactions with liquid substrates, Atmos. Chem. Phys., 13, 8045-
8228, 10.5194/acp-13-8045-2013, 2013;IUPAC Task Group on Atmospheric Chemical Kinetic Data Evaluation, http://iupac.pole-ether.fr.
Anttila, T., Kiendler-Scharr, A., Tillmann, R., and Mentel, T. F.: On the Reactive Uptake of Gaseous Compounds by Organic-Coated
Aqueous Aerosols: Theoretical Analysis and Application to the Heterogeneous Hydrolysis of N20O5, The Journal of Physical Chemistry A,
110, 10435-10443, 10.1021/jp062403c, 2006.

Berkemeier, T., Huisman, A. J., Ammann, M., Shiraiwa, M., Koop, T., and Poschl, U.: Kinetic regimes and limiting cases of gas uptake and
heterogeneous reactions in atmospheric aerosols and clouds: a general classification scheme, Atmos. Chem. Phys., 13, 6663-6686,
10.5194/acp-13-6663-2013, 2013.

Bielski, B. H., Cabelli, D. E., Arudi, R. L., and Ross, A. B.: Reactivity of HO2/O radicals in aqueous solution., Journal of physical and
chemical reference data, 14, 1041-1100, 1985.

Davidovits, P., Kolb, C. E., Williams, L. R., Jayne, J. T., and Worsnop, D. R.: Mass accommodation and chemical reactions at gas-liquid
interfaces, Chemical Reviews, 106, 1323-1354, 10.1021/cr040366k, 2006.

Fang, T., Guo, H., Zeng, L., Verma, V., Nenes, A., and Weber, R. J.: Highly Acidic Ambient Particles, Soluble Metals, and Oxidative
Potential: A Link between Sulfate and Aerosol Toxicity, Environ. Sci. Technol., 51, 2611-2620, 10.1021/acs.est.6b06151, 2017.
Fountoukis, C., and Nenes, A.: ISORROPIA 11: a computationally efficient thermodynamic equilibrium model for K*-Ca?*-Mg?*-NH4*-Na*-
S04>-NOz-Cl--H20 aerosols, Atmos. Chem. Phys., 7, 4639-4659, 2007.

George, I. J., Matthews, P. S. J., Whalley, L. K., Brooks, B., Goddard, A., Baeza-Romero, M. T., and Heard, D. E.: Measurements of uptake
coefficients for heterogeneous loss of HO2 onto submicron inorganic salt aerosols, Physical Chemistry Chemical Physics, 15, 12829-12845,
10.1039/c3cp51831k, 2013.

Hanson, D. R., Burkholder, J. B., Howard, C. J., and Ravishankara, A. R.: Measurement of OH and HO: radical uptake coefficients on water
and sulfuric-acid surfaces, J Phys Chem-Us, 96, 4979-4985, Doi 10.1021/J100191a046, 1992.

Hanson, D. R., Ravishankara, A. R., and Solomon, S.: Heterogeneous reactions in sulfuric-acid aerosol: A framework for model calculations,
J. Geophys. Res.-Atmos., 99, 3615-3629, 10.1029/93jd02932, 1994.

Heard, D. E., and Pilling, M. J.: Measurement of OH and HO: in the troposphere, Chemical Reviews, 103, 5163-5198, 10.1021/cr020522s,
2003.

Hsu, S.-C., Wong, G. T. F., Gong, G.-C., Shiah, F.-K., Huang, Y.-T., Kao, S.-J., Tsai, F., Candice Lung, S.-C., Lin, F.-J., Lin, I. I, Hung,
C.-C., and Tseng, C.-M.: Sources, solubility, and dry deposition of aerosol trace elements over the East China Sea, Marine Chemistry, 120,
116-127, https://doi.org/10.1016/j.marchem.2008.10.003, 2010.

Hsu, S. C,, Liu, S. C., Lin, C. Y., Hsu, R. T., Huang, Y. T., and Chen, Y. W.: Metal compositions of PM1o and PM2s aerosols in Taipei
during spring, 2002, Terrestrial Atmospheric and Oceanic Sciences, 15, 925-948, 10.3319/ta0.2004.15.5.925(adse), 2004.

Hu, J., Shi, Q., Davidovits, P., Worsnop, D., Zahniser, M., and Kolb, C.: Reactive uptake of Clz(g) and Brz(g) by aqueous surfaces as a function
of Br-and Iion concentration: The effect of chemical reaction at the interface, The Journal of Physical Chemistry, 99, 8768-8776, 1995.
Huie, R. E.: NDRL/NIST Solution Kinetics Database on the WEB, Journal of Research (NIST JRES)-, 108, 2003.

Jacob, D. J.: Heterogeneous chemistry and tropospheric ozone, Atmos. Environ., 34, 2131-2159, 10.1016/s1352-2310(99)00462-8, 2000.
Kolb, C., Worsnop, D., Zahniser, M., Davidovits, P., Keyser, L., Leu, M.-T., Molina, M., Hanson, D., Ravishankara, A., and Williams, L.:
Laboratory studies of atmospheric heterogeneous chemistry, in: Progress and problems in atmospheric chemistry, World Scientific, 771-875,
1995.

15


http://iupac.pole-ether.fr/
https://doi.org/10.1016/j.marchem.2008.10.003

440

445

450

455

460

465

470

Lakey, P. S. J., Berkemeier, T., Krapf, M., Dommen, J., Steimer, S. S., Whalley, L. K., Ingham, T., Baeza-Romero, M. T., Poschl, U.,
Shiraiwa, M., Ammann, M., and Heard, D. E.: The effect of viscosity and diffusion on the HO2 uptake by sucrose and secondary organic
aerosol particles, Atmos. Chem. Phys., 16, 13035-13047, 10.5194/acp-16-13035-2016, 2016a.

Lakey, P. S. J., Berkemeier, T., Krapf, M., Dommen, J., Steimer, S. S., Whalley, L. K., Ingham, T., Baeza-Romero, M. T., P&chl, U.,
Shiraiwa, M., Ammann, M., and Heard, D. E.: The effect of viscosity on the HO2 uptake by sucrose and secondary organic aerosol particles,
Atmospheric Chemistry and Physics Discussions, 1-25, 10.5194/acp-2016-284, 2016b.

Lakey, P. S. J., George, I. J., Baeza-Romero, M. T., Whalley, L. K., and Heard, D. E.: Organics Substantially Reduce HO2 Uptake onto
Aerosols Containing Transition Metal ions, Journal of Physical Chemistry A, 120, 1421-1430, 10.1021/acs.jpca.5b06316, 2016c.

Liu, X., Qu, H., Huey, L. G., Wang, Y., Sjostedt, S., Zeng, L., Lu, K., Wu, Y., Hu, M., Shao, M., Zhu, T., and Zhang, Y.: High Levels of
Daytime Molecular Chlorine and Nitryl Chloride at a Rural Site on the North China Plain, Environ. Sci. Technol., 51, 9588-9595,
10.1021/acs.est.7b03039, 2017.

Lundstrén, T., Christensen, H., and Sehested, K.: Reactions of the HO2 radical with OH, H, Fe2+ and Cu2+ at elevated temperatures,
Radiation Physics and Chemistry, 69, 211-216, 2004.

Magi, L., Schweitzer, F., Pallares, C., Cherif, S., Mirabel, P., and George, C.. Investigation of the uptake rate of ozone and methyl
hydroperoxide by water surfaces, The Journal of Physical Chemistry A, 101, 4943-4949, 1997.

Moon, D. R., Taverna, G. S., Anduix-Canto, C., Ingham, T., Chipperfield, M. P., Seakins, P. W., Baeza-Romero, M. T., and Heard, D. E.:
Heterogeneous reaction of HO2 with airborne TiOz particles and its implication for climate change mitigation strategies, Atmos. Chem. Phys.,
18, 327-338, 10.5194/acp-18-327-2018, 2018.

Mdler, B., and Heal, M. R.: The mass accommodation coefficient of ozone on an aqueous surface, Physical Chemistry Chemical Physics,
4, 3365-3369, 2002.

Sun, Y., Wang, Z., Dong, H., Yang, T., Li, J., Pan, X., Chen, P., and Jayne, J. T.: Characterization of summer organic and inorganic aerosols
in Beijing, China  with an  Aerosol Chemical Speciation Monitor, Atmos. Environ., 51, 250-259,
https://doi.org/10.1016/j.atmosenv.2012.01.013, 2012.

Taketani, F., Kanaya, Y., and Akimoto, H.: Kinetics of heterogeneous reactions of HO2 radical at ambient concentration levels with
(NH4)2S04 and NaCl aerosol particles, The Journal of Physical Chemistry A, 112, 2370-2377, 2008.

Thornton, J., and Abbatt, J. P. D.: Measurements of HO2 uptake to aqueous aerosol: Mass accommodation coefficients and net reactive loss,
J. Geophys. Res.-Atmos., 110, 10.1029/2004jd005402, 2005.

Thornton, J. A., Jaegle, L., and McNeill, V. F.: Assessing known pathways for HO2 loss in aqueous atmospheric aerosols: Regional and
global impacts on tropospheric oxidants, Journal of Geophysical Research: Atmospheres, 113, 2008.

Utter, R. G., Burkholder, J. B., Howard, C. J., and Ravishankara, A. R.: Measurement of the mass accommodation coefficient of ozone on
aqueous surfaces, J Phys Chem-Us, 96, 4973-4979, 10.1021/j100191a045, 1992.

Wang, J., Zhao, B., Wang, S., Yang, F., Xing, J., Morawska, L., Ding, A., Kulmala, M., Kerminen, V.-M., Kujansuu, J., Wang, Z., Ding,
D., Zhang, X., Wang, H., Tian, M., Pet§& T., Jiang, J., and Hao, J.: Particulate matter pollution over China and the effects of control policies,
Sci. Total Environ., 584-585, 426-447, https://doi.org/10.1016/j.scitotenv.2017.01.027, 2017.

Zou, Q., Song, H., Tang, M., and Lu, K.: Measurements of HO> uptake coefficient on aqueous (NH4)2SO4 aerosol using aerosol flow tube
with LIF system, Chinese Chemical Letters, https://doi.org/10.1016/j.cclet.2019.07.041, 2019.

16


https://doi.org/10.1016/j.atmosenv.2012.01.013
https://doi.org/10.1016/j.scitotenv.2017.01.027
https://doi.org/10.1016/j.cclet.2019.07.041

475

480

485

490

495

500

505

Influence of aerosol copper on HO: uptake: A novel parameterized
equation

Seng-Huan*Huan Song*?, Xiaorui Chen'?, Keding Lu'?*, Qi Zou'?, Zhaofeng Tan?3, Hendrik Fuchs??,
Alfred Wiedensohler®, Daniel R. Moon>®, Dwayne E. Heard®, MariaMar #a-Teresa Baeza-Romero’, Mei
Zheng!, Andreas Wahner?3, Astrid Kiendler-Scharr?3, Yuanhang Zhang'?

1. State Key Joint Laboratory or Environmental Simulation and Pollution Control, College of Environmental Sciences and
Engineering, Peking University, Beijing, China

2. International Joint Laboratory for Regional Pollution Control, JUich, Germany, and Beijing, China

3. Institute of Energy and Climate Research, IEK-8: Troposphere, Forschungszentrum Jdich GmbH, JUich, Germany

4. Leibniz Institute for Tropospheric Research, 04318 Leipzig, Germany

5. School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK

6. LISA, UniversitéParis-Est Créeil, Universitéde Paris, Facultédes Sciences et Technologie, 61 avenue du Géné&al de
Gaulle, 94010 Créeil Cedex, France

7. Universidad de Castilla-La Mancha, Escuela de Ingenier & Industrial y Aeroespacial de Toledo, 45071, Toledo, Spain

Correspondence to: Keding Lu (k.lu@pku.edu.cn)

Abstract. Fhe-heterogenesusHeterogeneous uptake of hydrexylperexyhydroperoxyl radicals (HO2) en-aereselonto aerosols
has been proposed to be a significant sink of HOx-thus-could-influence and-hence taffeetsimpacting 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 changes in aerosol

properties, especially these-ef-aerosol soluble copper (Cu) concentration and aerosol liquid water content (ALWC). In this

study; we developpresent a state-of-the-art model_called MARK to simulate both gas and aerosol phase chemistry—A-novel
parameterized-equation- 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-available-tab-experiments—using previously
published laboratory and new laboratory data included in this work. This new parametrization would be applicable to wet

aerosols and it would complement current [IUPAC recommendation for cloud droplets. The new parameterization is as follows:
1 L 3 xw
¥ & 6 - . i —02 241065

1 1 3 X vy, Upo, !

= —+4 +
Yio, @no, 4 X 10°X RyHorRT X (5.87 + 3.2 X In(ALWC/[PM] + 0.067)) X [PM]=02 X [Cu2*]%65 * 4RTH gD oy g€

All parameters used in the paper are summarized in Table Al. }}-PMRHrelative-humidity (0-1)ymass-coneentration-of particles

5 o ol fHO,f . gDy lubili iffusivity_of HO in
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the-impact-of HO,-uptake-on-the ROX{=0OH+HO,+ RO,)}-budget-was-assessed-Using this new equation, field data from

Wangdu campaign were used to evaluate the impact of the HO, uptake onto aerosols on the ROx (=OH + HO,+RO,) budget.

Highly variable values for HO, uptake were obtained for North China Plain (median value <0.1).

1 Introduction

The atmospheric cleansing capacity of the troposphere is largely determined by the concentrations of the hydroxy! radical,
which are closely linked with the concentrations of the hydrexyperexyhydroperoxyl (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) (Seinfeld, 1986). The reactivity from aerosol uptake
cannot compete with 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{Fang-et-ak—2017) (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 HOx 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 %%
(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 y40, (the heterogeneous uptake coefficient(Schwartz-and-Meyer,-1986) (Schwartz, 1984; Schwartz, 1986)) is
assumed to be a single value, 0.2 (Tie et al., 2001; Martin et al., 2003). The-diagresed 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-et

ak—2008)) (Thornton et al., 2008), andhowever, still, a significant impact on the calculated [OH] and Oz production rate

aresuggestedare suggested for air masses over Chinese megacity areas{Macintyre-and-Evans—2011) (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 Oz production rates in Chinese urban regions: Beijing, Shanghai, and Guangzhou. Furthermore,
researchers have pointed-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 inerease-inincreased surface
ozone concentration over the last few years due-te-the-suppression-of- NOx-lifetime-withwhen a value of 0.2 was used for y,

Previous studies show that the value of y,,, from the laboratory, field, and modeling studies spans several orders of
magnitude, ranging from <0.002 for dry aerosols_(Cooper and Abbatt, 1996; Taketani et al., 2008; George et al., 2013) to 0.2
for neutralizedliquid deliquesced aerosols(Thornton and Abbatt, 2005b)-. Much higher values of y,,, have been measured and

calculated for Cu-doped aerosols_(Mozurkewich et al., 1987; Taketani et al., 2008; Thornton et al., 2008; Cooper and Abbatt,
18
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1996; Lakey et al., 2016c; George et al., 2013). For fine particles, the reactions of HO, with soluble Cu ions may be fast enough

to-be-, thus 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 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 variousresults-on-several 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_(abbreviated as NEg. in the paper) for the

prediction of y,,, that best fits all the fablaboratory results. Furthermore, for a Wangdu field campaign, we also calculated

Yno, according to the NEq.nevelparameterized-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 beth-the lab-and

fieldlaboratory experiments. The reaction mechanism and reaction rate constants are summarized in Table S.1 — S.4 in 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, kpee5k e (S°
1), in Eq. (1). In this model, aerosol liquid water content (ALWC) [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[HO

%] = —kpee X [HO,) )
_ ("pRd | A\-1 4 -1, 3E3ALWC

knee = QL2 4507 ) 7 x 220 ©)

[molecule cm®] in the model by k,,,.. Ar-appreachteTo combine both gas phase molecular diffusion and liquid phase interface

mass transport processes the approach adopted is using is-threugh-one variable called k., (Schwartz, 1984; Schwartz, 1986),
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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,,,,_isis given by equation (3):

R4 4Ry \_q
3Dy 3uyo,@

3)
ionsThe rate of gas phase reactants (X)

kme =

diffusing and dissolving to the condensed phase can be calculated in the framework of agueous phase reactions as

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

kmt,X

be calculated as .
HCCXRT

The unit of k,,._is s?, as k,,,_contains the conversion from m.i of the gas phase molecule

concentrations to my,2 of the aqueous 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 eoefficient-process{e)-):.. 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. Consequently, ir-which-an effective Henry’s law constant H¢¢
should be applied in the model calculation, that takes into account eensidering-the effects of solution pH and the-smat-gas
phase-melecule{such-as- HO,-OH-O2-ect)-“salting out” effect in the small gas phase molecule (such as HO,, OH, O, ect.) due
to the existence 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 agueous 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 ento ygg, 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 |. H&is-the-effective Henry'slawconstantof HO2fmelem—3-atm—1} H, is thephysical
Henry’s-law-constant-estimated to be about 3900 M atm* at 298K (Fhernton-etak;-2008)-+%- for HO, (Thornton et al., 2008;

Golden et al., 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 equitibrium-constant-for HO.-inthe-gasphase—-Activity coefficient-A-for HO.pH and ether
~the “salting out” effect. In the MARK model, these two

corrections are incorporated as H “H<€:
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He = H, x{—l—%(l + [’;Ef]) X Ao, (3 =9.5x 10" exp (@) x(1+ [’;Ef]) X Ao,
(4)
The activity coefficient A for HO, and other neutral small molecules such as H,O, and O, can be expressed as (Ross and
Noone, 1991):
A= 1070 (45)

eguations-According to this correction, H°® of HO; increases with RH and decreases quickly after [Cu?**] reaches 0.1M in

aerosol liquid phase, which limits y;,, erat high Cu?* concentration.

2.2.2 Aerosol bulkparticle condensed phase Cuzt 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 aeresotproperties: ALWC and
aerosol particle condensed phase component concentrations. In this work ISORROPIA Il(Fountoukis and Nenes, 2007; Capps

et al., 2012)-is-a_(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, theugh-since 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; Oakes 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-whichreguires, consequently the activity coefficient to-medify-the-lon-concentration—Therefore,activity
coefficient-and “salting out” effect must be taken into account for calculation of aerosol chemistry. tenThe ion activity

coefficient refers to the effective concentration of ions participating in an electrochemical reaction in an electrolyte solution.

¢x)-is-Based on
Ross and Noone (Ross and Noone, 1991), for an ion (x;) of charge z; (i=x.y.z...), the activity coefficient (¢,.) is
logox=—zzlog o, = —z;D — ¥, e(x,y,)m, (56)
where D is given by equation (7):
-5 &
Where-#y-is-the-molality-of-an-ienfmel-=1-I is the ironic strength of a solution_[mel-*M], which can be calculated as

following equation:
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where-¢(x, y, I) 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, e(x,y,I)_is set to zero. For ions of unequal charge, e(x,y, ) may be calculated from the logarithm solution mean

activity coefficient log(A+)_(Clegg et al., 1998) of the single electrolyte at the same | according equation (9):
HoglAs) a2y DY Ex+25)% (109 (A+)+2xZyD) (Zx+2y)? (89)

41 41

e(x,y,) =
In the butkcondensed phase of aerosol particle, the effective molality of an ion x; ([x;].4.,) can be calculated as:

[xi]equ = [xi] X \/)x(g Py
(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 reactionreactions with HO,. The effective concentration of Cu ion can be calculated

as-:

[Cu2+]equ = [Cu2+] X Pzt 2+ (11)
[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 butkparticle condensed phase and diffuse from the surface of a particle toward the

center eeupledin 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 HO2 concentration at the surface-_of particles. The ratio of these two
concentrations can be calculated as{Sehwartzand-Meyer-1986) (Schwartz, 1986; Schwartz, 1984):

H6=} [HO, th 1

{'#9?} [ 2] — 3 X (CO (q) _ q_z) (;:OQ)

HOzey} [HO2 ()] q
where ¢ is given by equation (13):

k
q =R x (=

eff)O.S
aq
(1%3)
Where-the-ry-means-the-geometer-mean-radius-of the-particlefem}and D, is the aqueous phase diffusion coefficient [cm?si}],

k.sr_is the comprehensive liquid phase 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-particle—radiusCount Median Diameter (Rq) (usually smaller than
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250amlpm), the ratio i&appmximatel%equal&ﬂ] is close to 1-(higher. At a diameter of 1pm, and a relative humidity

[HO2(r)

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-at-200nm-diameterparticle-based-on-the-caleulation)—. The ratios are calculated by simulation of

k. r-and the accordingly calculations by Equation (12) and (13). Thus, in this model, we assume the surface concentration of

HO; equals to the bulkcondensed phase average HO, concentration.

2.3 Laboratory results for the HO2 accommodation coefficient

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

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 catalystisc effect of Cu?* on
aqueous HO,/-Oy (Table 1). In this situation, the aqueous reactions are fast enough thatfor the uptake process isbe 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 radicals. According to existing research results, the upper limitation

of ay0, With aqueous sulfate aerosol particles is around 0.5. Thus, the MARK model typically selects the accommodation

coefficient eay,, as 0.5. We also tested the influence of the accommodation coefficient on calculated HO, uptake coefficient

in a field campaign, details please see the Supplementary Information.

Table 1: yy0, determined under fablaboratory conditions for Cu(H)-copper-doped inorganic aerosols.

Aerosol type RH/% Estimation of [Cu] in @yo, Ref.
aerosol (mol L-1)
NH4HSO4 75% 0.0059-0.067* 0.4040.21 (Mozurkewich et al., 1987)
(NH4)2S04 45% 0.5 0.5340.13 (Taketani et al., 2008)
(NH4)2SO4 42% 0.16 0.540.1 (Thornton and Abbatt, 2005a)
(NH4)2SO4 53-65% 0.5-0.7* 0.440.3 (George et al., 2013)
(NH4)2SO4 65% 0.57 0.2640.02 (Lakey et al., 2016c)
(NH4)2S04 51% 0.0027 0.0960.024 (Zou et al., 2019)
(NH4);S04 43% 0.38 0.35540.023 This work
NaCl 53% ~0.5 0.6540.17 (Taketani et al., 2008)
KCI 75% 5% of KCI solution 0.55#0.19 (Taketani et al., 2009)
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LiNOs 5% 0.03—-0.0063* 0.9440.5 (Mozurkewich et al., 1987)
Aerasoltype RH/% Estimation—of [Cul-in @ Ref.
aerosoliM
ation of [Cu] in
)sol (mol L)
059—0.067" 0.
0.5 0.
0.16 0
0.5-0.7" 0
0.57 0.1
0.0027 0.0¢
0.38 0.3
~0.5 0.6
f KCI solution 0.t
J3—0.0063" 0.
NH/HSO, g Co00E0- 05y 0.40+£0.21 Mozurkewich-et
{NH4).S0, D4 0.38 0.53+0.12 Taketani-et-al.(Taketani-et-al;
2008)
INH4)2S04 42% 016 05+0:1 Fhernton-and-Abbatt(Thornton
and Abbatt, 2005b; Thornton
and Abbatt, 2005a)
{NH4)2SO4 55% 0:34 0:5+0.3 Meen(Moon et al., 2018a;
George et al., 2013)
{NH4)S04 53~65% 05~0.7 04402 George-etal(Lakey et al.,
2016¢)
2008)
2009)

“Cu concentration is in molality (M).
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2.4 Reaction-mechanismThe experimental setup and reaction+ate-methodology of the latest results of y 0, ¥gos

In this study, we alsoe conclude the latest results which measured at Leeds. The experimental setup and methodology used

to make the new measurements of y(HO) reported here have been described in detail elsewhere (Moon et al., 2018b; Lakey

et al., 2016¢; George et al., 2013)_and so only brief details are given here. In summary, the experiments were performed by

moving an HO, injector backwards and forwards along the concentric axis of a laminar aerosol flow tube hence changing the

contact time between HO; and the aerosols. Measurements of [HO,] were performed using laser induced fluorescence (LIF)

spectroscopy at low-pressure (the fluorescence assay by gas expansion (FAGE) technique (Heard and Pilling, 2003)) and the

total aerosol surface area was determined with a Size Mobility Particle Sizer (SMPS) at the end of the flow tube. Aerosols

were formed using a constant output atomiser (TSI, 3076) and the aerosol concentration and hence surface area could be varied,

being controlled using a high efficiency particulate air (HEPA) filter in a bypass arrangement. Atomiser solutions were

prepared by dissolving 0.01 moles of ammonium sulphate (AS) (Fisher scientific, >99%) with varying amounts of copper (1)

sulphate (Fisher scientific, >98%) in 500 mL of Milli-Q water. The data were analysed_as described in George et al 2013. The

pseudo first-order loss rate coefficient (k') was obtained from the gradient of a plot of In(HO; signal) against the interaction

time between HO; and the aerosol before sampling by the FAGE detector. The uptake coefficient (y(HO,)) was obtained from

the linear least-squares gradient of the plot of k' against the surface area concentration of aerosols in the flow tube. The error

given on all measurements of y(HOy) represents 2¢ of the uncertainty of the fitted gradient. A correction to k' was applied to

taking into account non-plug flow conditions in the flow tube using the Brown method.

Ne- Reactions Kaos Ea
R1 Cu*+HO 46— Gt +H 20004 2:2>40°

R2 Cy*+2H* +0,—Cu**+H:00(q) 9:4>10°

R3 Cy*+ OHpy—Cu?*+ HoOopg 3x10°

R4 Cu* 4+ O —Cu?*+ 0y 4.6>10°

R5 Cy* 4+ H* 40300 —Cu?* 4004+ OHag 3107

R6 Cu*+H0opq—Cu?*+OH g+ OH 103

R7 Cu*+ S0, —Cu**+S0,> 3108
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CuP* + HO gy — Cu* + H* + Oy
CuP*+ 0 Cu* 40200
O+ Osagy— O agy+Os-

2HO2aq—H202(aqy+O2(aq)
HOsaay+ O~ HoOsaay+ Ooacy+ OH"
HOeey+OHaqy— Oy
Oy + OHay—>Ooay+ OH"
H20se+OH ey —HO 20+ HaOaey
HSOy -+ OHeqy—SOs"
OHaqy+SOs*— OH+SO5
HSO5 -+ NOgeq—H*+ NOg+SO5
NOg(q+SO0s*—NO;+S0;5
HSO 4+ NOgg—H*+ NOg + SO,
NOsgieaqy+SOF—>NOg+ SO,
NO. -+ S04 —>NOyaqy+SO>
Osaey+SOsaqy—HSOs + H* + Ozg)
HSO4+ Oggaqy—H*+ ey +SO&
Osaay+SO* — O+ SO
HSO,+OHag—>SOs
250,/ —S,0¢*

HSO;+ S0,/ —H*+ S0+ S0
SO*+S0,—SOs+S0*
H2O0ogy+SOs—> HOpq+ H* + SO
HOjgaqy+ SO —>H* + SO,> + Doy
O+ S04 —> Oppaqy+ SO
NO3+ 8Os —> NOgieey+ SO
OH -+ S0, —> OHy+SO&

=N
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E2 HOzqy - H'+On 16=10°

E3 Cu?* -+ OHagyCuOH* 1.17540°

E4 HOgaqy<> H*+-Oy 5510

E5 H2O g+ NHiagy<>NH.* -+ OH- 1.17540°

E6 H2Oaey+-SO 2y« HSO+-H- 31340

E7 HoOopq—-HO +H* 1610+ ~2-700

=21 HSO,«—H*+S0,* 1.02x40°
No. Reactions Kagg
T HO>— HO Kror ALWC
T2 OH—OHgg) Ko ALWC
3 Os—>Ogaey Ko ALWG
T4 Or—Ozaey Ko ALWC
5 H20:—H2O0pq) Kentr2o2 ABWE
¥6 HO2aqy—HO2 kentno2f{HuoRT)
¥z OHq—OH knonHHouRP)
¥8 Ogtaq—O3 keostHoaRTY
F9 Oopg—02 keootfHo2RTY
T10 HaOoaq—H202 Kemirao2f(Hu20RT)

"The-data-is-from-Schwartz,1986(Schwartz-and-Meyer,1986)
1 1
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3 Results and Discussion
3.1 Parameter sensitivity analysis of the MARK model

Hygroscopic inorganic particle-is-particles are one of the most important components of PM; s in the-ambient air. The annual
average contribution of inorganic aerosol to PM;s is between 25% and 48% {(Fae-et-al—206%7)across China (Tao et al., 2017),
especially NH4*, SO4%, NOs™ and other inorganic ions. In fablaboratory studies of radical heterogeneous reactions, (NH4)2SO4

aerosol is most widely studied because of its simple components-and, easy way to generate—Witheut the-interference-oforganic
matter—it-is-convenient and as they are important component for urban aerosols (Cheng et al., 2012; Yin et al., 2005). A

simplified approach was used to explore the mechanism of HO; heterogeneous uptake andin—order—toto derive itsa
parameterized equation-which-provides-a-good-reference for the heterogeneous-uptake coefficient, y,, .—and-which-did-not

In this study, (NH4)2SO4 aerosol uptake_reactions of HO, are is-simulated by the MARK model, and good correlation

between simulation results and experimental results are obtained especially considering the influence of both [Cu%] and RH.

Figure 1 shows the influences of both factors- :RH and condensed phase pH together with inchuding-Cu*? aerosel-mass

concentration and-condensed-phase-pH-on the heterogeneous process of HO,. As the RH rises, the y,,, exhibits a logarithmic
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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,0..
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(a) * *.4—«0—0%0-0-0*‘::_: (b) RH=60% , | Cu’"|=0.025M o
e g "A_‘_A—A—A* 0.45 Aerosol Mass = 150ue/m? m”
e 'A_‘_A'A"(A‘ €roso ass He/m {l
aA a0 040 | /
0.1k A o000 " ). o L.SF+05
A _o-®" 03s | e
g P Y A =
2 f d
e e 030 F i
. il /
g o n 8 " Vho: /i é ° ®
I / - 025 L \ + LOE+05 |5
o s = ° kc”. /S L“‘, Az
0.01 | ./ o 020 | Fal | Y
—=— [Cu®"]=1E-4M . 3
—e— [Cu? 1=0.001M A8 s
Vs 5 O - o ® - 5.0L+04
w —A— [Cu”"]=0.01M 010 gopmm-m" o
o e [CutT0.1M G
ol - 0051 o 0-0-0-0-0°®
1 L L 1 L 0.00 L L L o.on+00
40% 50% 60% T0% 80% 2; 4 6
RH pH
RPN *o00000 L
@) o L ad M A-A-A-A-A-A 9B 2+ nu
P A-A-A-A-A- RH=60% , [Cu”]=0.025M m— o
Pe aA-A 0.45 i L - 4 6.0E-02
A,AJ _eie Particle radius = 50 nm /
OLF at o000l 0.40 F /
A o-*® B e
oA .,r‘ 035 /
g o —l’.'-_- /
o ot 030 | / o 440802 —
P . = -a— u D
= o . 3 Tho, / 2
_m ] 2 —_—
= '/ /.,l S 025+ seong kl / 3
0.01 o 7 /./I 020 het /,/ 4 ~
—m— [Cu>*]=0.0001M ’ .
—e— [Cu®']=0.001M 0.15 - // © 4 2.0E-02
l/ —A— [Cu:‘]=0.0[M 0.10 ._ .’
W —e— [Cu?']=0.1M s /8
woi L/ 0.05 - _"/l
- [ g=u-u=u=8
1 " 1 " 1 " 1 n 1 0.00 n 1 1 n 1 " U.UE+OO
40% 50% 60% 70% 80% 0 2 4 6 8
RH pH

Figure 1: Parameter—analysisinfluence of various parameters upon yy,, predicted by the MarkMARK model. (3) yyo,
increases with the RH at different [Cu®*]; (b)¥o5#0 V10, denoted by black square-dottedsquares and black line irereasesand
kpee in red circles and red line increase with aerosol bulkparticle condensed phase pH-and-kqrrin-red-circulardotted-line-has

YHo, has-an-Spresents a sigmoid-shaped growth with aerosol butkparticle condensed phase pH. kzrris-the-comprehensive
reaction-rate-constant-of HO,-dissolution-equilibrium-and-liguid-phase-chemical-physical reaction-during-HO,-heterogeneous
uptake-reaction—In the model, it is found that as the pH risinges, the uptake coefficient rises rapidly because HO; is a weak
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acid (pKa = 4.7) and has a low solubility in an acidic environment. The higher bulkcondensed 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,/Oy

and Cu®*-deerease’/Cu’* increase with the increasing of bulkcondensed 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 NHjs is high NHs-cases-tikeas in Beijing and Xi’an_(Ding et al., 2019;
Guo etal., 2017) with arange of 3=6-5. At this range, HO -heterogenesusreactiony ,, is highly affected by aerosol condensed

phase pH indicatingmay-mainly because of the sighificance-of thisfield-efstudychange of HO, solubility.

3.2 Model Veralificdation

In-the-existingy4o-parameterized-equationAlthough the MARK model simulation results in this paper are not obtained by

adjusting parameters to fit the experimental data points, the MARK model fitted well with these results under different ambient

RH and Cu?* concentrations.

At present, there are experimental measurements of y,;,, at different RH (Thornton et al., 2008; Taketani et al., 2008, 2009;

Taketani and Kanaya, 2010; Taketani et al., 2012; Matthews et al., 2014; Thornton and Abbatt, 2005a);-the-guasi-first-order

but there is no an experimental systematic study of this dependence where only RH is changed and not other parameters.

Many researches proposed that y,,_is higher with-for aqueous inorganic aerosol than for dry inorganic aerosol. Although the

previous experiments did not directly measure the dependence of RH, the change of the uptake coefficient met the simulation

trend-efoursimulation (see Figure 2). For hygroscopic inorganic aerosols, RH significantly affects the aerosol liquid water

content, changing its ionic strength, agueous reagent activity coefficients, and the solubility of the gas phase reactant such as
OH, HO» and H,0..
Aerosol condensed phase copper ion concentration is another important factor of HO, uptake by adjusting the aqueous

reaction rates between HO,/O, and Cu. As shown in Fig. 2. when the condensed phase copper ion concentration is less than

1-2x10* M, the heterogeneous uptake of HO; is not significant. This threshold is consistent with the results of previesprevious

researches (Mozurkewich et al., 1987; Lakey et al., 2016c). The tshreshold is also consist in different heterogeneous media of

aerosol and droplets. As the copper concentration increases, yy;,, rapidly rises to the limit of the accommodation coefficient

determined by the HO; solubility.

What is more, laboratory measurement uncertainties will directly influence the evaluation of the deviation between the

modelled HO, uptake coefficient and the measured results because all the parameters inputted in the MARK model are in
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reference to the measurement conditions. However, it is difficult to calculated the detailed uncertainties from all factors that

influence y,,,, because of the nonlinear reaction system. Uncertainties of the experimental conditions such as RH and particle

diameters are combined into the reported values of y,,. Taking all these into account, we calculated an averaged uncertainty
for the experimental values of y,, in different ranges of Cu ions concentration. Laboratory measurement uncertainty has the
largest value of 35.1% in the range of 1>10* to 0.01 M soluble copper concentration, 14.9% below 110 M and 9.3% higher
than 0.01 M.

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). In this paper, the relative

error of each measured data point is considered to calculate the weighted average in RMSE:

u; y; 2 2
Zinzl((loglomeasured _loglomodel> (mi) )

Zinzl(“’i)z'“

RMSE = (14)

u; is the MARK model result at each Cu?* concentration and RH, u; is the central value of each measurement
model measured

result and w; is its corresponding relative error.
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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 included in this paper. Blue hollow circles at 65% RH (Lakey et al., 2016c). Yellow filled diamonds denote results at
51% RH (Zou et al., 2019), filled purple triangle at 42% RH (Thornton and Abbatt, 2005a) and filled green star at 45% RH
(Taketani et al., 2008). The grey dashed line denotes the results of the classical parameterized equation existing-parameterized
equation_(named as CEq.ExsEquation_in this paper) y,, with dilute solution droplets (Thornton et al., 2008; Hanson et al.,

1992; Hanson et al., 1994; Jacob, 2000; Kolb et al., 1995), which was confirmed by researches of reactive gas molecular uptake

on dilute solution droplets(Hu et al., 1995; Magi et al., 1997) and on agueous surfaces (Utter et al., 1992; Mler and Heal,

2002). 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%) and the short dotted line represents the result in the MARK

model of HO, with dilute solution droplets. The root mean square error (RMSE) between the MARK modelled values and the

full dataset is 0.13. 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/).

3.3 Comparison of the classical parametetizedparameterized equation and the MARK model

2005b; Thornton et al., 2008; Taketani et al., 2008, 2009; Taketani and Kanaya, 2010; Taketani et al., 2012; Matthews et al.,

2014)-Forhygroscopic-inorganic-aerosels RH-significantly-affe he aerosolliauid-water content_chanaina-its-ion eng

with-different-ambient RH-and-Cu**—concentrations(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,
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3-3_has been proved to provide good estimation of reactive gas molecular uptake coefficient on dilute solution droplets (Hu

et al., 1995; Magi et al., 1997) and on aqueous surfaces (Utter et al., 1992; Mdler and Heal, 2002):

1 1 VHO,
=14 e (15)
YHO, HO> 4HcorrRT /DaqkTMI[TMI][COth(G_(E))]
T’

— / Daq
bra = krpi[TMI] (e

When the classical parameterized equation (CEQ.) is applied to the calculate HO, uptake coefficient with aerosol, CEqg has

higher deviation of y,, between the measured results compared to the MARK model. All input parameters are the same

except that the MARK model involved more liquid phase reactions instead of only considering the second order rate coefficient

(k) of HO, and Oy with transition metal ions as the CEq. did. k4, is the most important parameter in the calculation of

uptake coefficient. Based on the research by Bielski in 1985 (Bielski et al., 1985), we used the effective rate constant of HO» otal

(=HO2(aq)+ Ozag)) With Cu ions as 1.5x10” M s rather than the more commonly used value of 1x10° M s considering the

pH limitation (pH is about 3-5 in ambient aerosol particle condensed phase as dicusseddiscussed 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 (1x10° M1s?) 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 in the CEg. as shown in the dashed line in Figure 2.
IUPAC (Ammann et al., 2013;IUPAC Task Group on Atmospheric Chemical Kinetic Data Evaluation, http://iupac.pole-

ether.fr.) proposed the effective rate coefficient k* for the reaction of HO> otal (EHO 2+ O2aq)) With Cu ions as 5x10° M1 st

to achieve the best fit based on the calculation results from Lakey et al. (2016c¢). This assumption is not in accordance with the

agueous reaction rate coefficient from other databases mentioned belew-andbelow and needs further laboratory measurements

to confirm it. According to the agueous reaction rate coefficient from NIST and the latest measurement result (Lundstr&m et
al., 2004; Huie, 2003), the rate coefficient of HO, with Cu?* is 1x108 or 1.2x10° M s at pH= 2 and pH=1, respectively.
These two rate coefficients were guantified in a low pH environment (pH=2 for 1.2x10° M s and pH=1 for 1<108 M ).
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 O," in aqueous

solution.
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The rate constants used in the MARK model are shown in the Table S. 1 in the SI. The reaction rate of Cu?* with HO,/O5
is 1x108 and 8x10° M s? in the MARK model. We also test the MARK model with dilute solution droplets as shown in
Figure 2 the shert-dottedshort-dotted line.

The classical parameterized equation (CEq.) is more applicable to calculate uptake coefficient of reactive gas molecular

with diluted solution droplets such as cloud or rain droplets. The MARK model uses the same framework with the CEg. and

considered more parameters influencing uptake process such as the activity coefficients of reactive reagents and the effects of

valence states in aerosol particle condensed phase. Considering the small RMSE between the MARK model and the laboratory

studies, we proposed a novel parameterized equation (NEg.) to better describe the influence of [Cu**] and RH on yq, .

3.3-4 A novel parameterized equation ferof y o,

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

HOy gy = HOy(ry = HOy(q) ’ﬁ Products (£2174)

Gas phase HOzg molecule transports onto the surface of the aerosol particles, HO») then dissolves at the butkcondensed
phase to give HOq). Because—the—reactionThe reactions between—f Cu?*}-*/Cu*and HO; is—a—can be seen as catalytic
reaction;reactions, because in the model simulations, the total amount of [Cu?*}-cencentration-in-the-system*]+[Cu*] does not

change with reaction time. The rate of HO, agueous reaction with copper ions is noted as k.. For fine particles, we can safely

assume that the interface concentration {HO2}[HO, ] is equal to the bulkcondensed phase average [HO,] concentration due

to rapid diffusion in the liquid phase_(details have been dicussed—above)—\Withdiscussed in 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 — %) where

cc
Hcg sur

Ca,surriS the suface concentration of the reactant, ¢, ¢ is the gas phase concentration. In the process of HO, uptake, we
deduce the parameterized equation_(NEq.) of y,,, in the framework of the resistance model—Fer-the-submicrometer-Cu(H)-

1oL 4 o, (185)
14 AHO, 4XRqXHcorrXRTKeff
Kepr = f(ALWGC, PM) X [Cu?*] g, (196)
F(ALWC, PM) = 10° x (5.87 + 3.2 x In (2%< 4 0.067)) x [PM]~2 (2017)
PM]
Cu2+ cau = Cu2+ » — Cu2+ 0.65 (214:8)_
q

From Eq. (185), it can be deduced that y,,, can be calculated by optimizing k., under different ambient environmental

conditions from the MARK model results. The MIPFIT model(Markwardt, 2009; Lewis et al., 2009) (Markwardt, 2009; Lewis
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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 k. is set as 1. Frem-Eg—(14)—

==

ey is related to the aeresel-butkcondensed phase soluble
copper concentration [Cu?*] with an exponential relationship to the parameterization of the catalytic reactions, which is denoted
in Eq. (17196). The exponent of [Cu?] is globally fitted using the MIPFIT method. It is found that the overall R? is higher
than 0.97 and the residual is minimized when the exponent is 0.65. f (ALWC, [PM]) has a negative exponential relationship to

[PM], and has a positive linear relationship to RH. [Cu?*],q,, = [Cu?*]? = [Cu?*]*®5 a7

We further calculated the RMSE of the modeled data and_NEq.(Eq.15) -parameterized-equation{185)-data under different
RH conditions. The range of values shows the difference between the modeled data and NEq. parameterized-equatiodata at

different Cu®* concentration. At low RH and consequently relatively low ALWC, YHo,_iS_more_sensitive to [Cu®

expeciallyespecially at low [Cu?*]«<10“M):*]. This sensitivity ean—-netcannot be fully represented in the parameterized
equation. What is more, at low [Cu®*] and low RH, the value of Yro,is smaller than in other conditions, so that the uncertainty

of y1o, becomes larger.

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

equation. YnderIn the typical ambient urban atmospheric environment, with an aerosol mass concentration of 10=-300 g mr

3, aqueous Cu?* concentration of 10°=1M-1 molar concentrationM, and a relative humidity between 40%=%-90%, the

may cause a large deviation. The HO, uptake under dry conditions needs further investigation in the future, but probably it 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., 2008; Kanaya et al., 2009; Taketani
and Kanaya, 2010; Thornton et al., 2008; George et al., 2013).
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Figure 3: Comparison of the MARK modeled y;,, ardto the corresponding calculated values from the rew-parameterized

equation—teggNEQ-. (15109, (¥msa¥moa) 1S the logarithmic value of modeled y 0, and logzslo gy o (¥earycai) i the calculated
value from the rew-parameterized-equation-NEQ.-(15)

3.4—tmpactd Evaluation of the impact of the new HO: uptake evaldated—with—the—hovelparameterized
equationparametrization 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 atmosphereic 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 Plain-HO.-uptake-(Tan et al., 2020), the HO, uptake coefficient and the ratios of the HO, uptake loss rates (TRuozuptake)

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

compoundsspecies, ALWC and the aerosol preperties.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- +

HO2, HO; + ROy 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 y,,, in daytime and night. Effective-soluble-Cu**-used-in-the

3.45.1 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 it is a regional site. The observation-wass wereas
carried out in the summer with serious photochemical smog peHutiens(Fan-etal;2017)—TFhe-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 relative humidity, the 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 resultsvalues 1o Accuracy
Temperature /°C 2744 +0.05%
Pressure /hPa 10005 +0.05%
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commercial instrument based on non-destructive X-ray fluorescence technigue (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. 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% compared with other two

size bins in ambient aerosols (2.5-10 um, >10um) (Mao et al., 2013a). According to previous research results, the dissolution

ratio of copper in aerosol particles varies from 20% to 70% in different regions, being solubility lower in smaller particles

(Fangetal., 2017; Hsu et al., 2004; Hsu et al., 2010b). Therefore, when using the NEqg.empirical-paraterization-equation{Eg-15)

to calculate the HO, heterogeneous uptake coefficient, it is necessary to reduce the copper concentration 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.— Fhe-aerosel-tiquid-water

contentThe- hourly resolution total copper concentration (ng m3) -is divided by the aerosol volume concentration the-hourhy

resolution-total-copper—concentration{nrg-m=)-and the atomic mass of copper (64) to obtain the total copper melaritymolar

concentration in the aerosol (mol L). yy,, Since-the-concentration-ofsoluble-copperconcentrationratherthan-total-coppe

rather depends on copper concentration so we also evaluate the influence of copper solubility on the uptake coefficient. What

is’s more, the unequally distribution of copper ions will also influence the HO; uptake coefficient (details in the SI).

3.4:45.3 Yo, estimated at Wangdu field campaign

By inputting the soluble copper concentration, aerosol mass concentration, aerosol particle geometeric mean diameter and
the corresponding relative humidity and temperature into the NEqg.empirical-equation;, we can obtain thean estimation of y0,

in Wangdu-suburban Wangdu, which is shown in Fig.6 4 (a) and (b). The valid-data-points-are-224-with-a-time resolution ef1
hoeuris 1 hour. The aerosol pH is calculated using the thermodynamic model ISORROPIA-II (Fountoukis and Nenes, 2007)
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and the averaged value is 3.41+ 0.69 (1c). Average aerosol mass concentration is 67.2+39.7 ug m?3, the average Cu
concentration is 35.8+57.7 ng m3. he-GaussAmpfitting-shows-the-median-of- The results of a fit to a GaussianAmp_function
results in a yy,, is-value of 0.10920.005-116 +0.045-086 (10) in-daytime-and-0-139040.007053-at-hight-in-the Wangdu
campaign-_(y o, Will increase-1-57times-from 0.075065+40.031-051 (1) at 10% solubility to 0.2931960.079-142 (1c) at 70%

solubility for the summary of day and night data).

properties-will-lead-to-further-uncertainty-of uptake-coefficient-Lakey-etal-(Lakey et al., 2016b; Lakey et al., 2015; Lakey et

al., 2016c)-have-also-shown-that the-addition-of a-organic-compound-1o doped-aeroso h-as-o d-whichform
oxalate-ions{Co0)* ,

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,_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 (1c). This value is

similar-in the range of to—our estimation in this paper considering the influence of aerosol morphology and the indirect

measurement uncertainty- (please see the SlI).

The experimentally determined ROx termination rates include reaction channels from OH + NO,, OH + NO, HO; + HO»,
HO, + ROz, RO, + NO. The ratio (R,) of HO, uptake loss rate ( Lyozuptake ) 10 the whole ROy loss rate (Lgo,) is calculated
by Equation (226) and (23%).

LHOZuptake = 0.25- Uno, '[ASA] '[HOZ] (229)
_ LHOZuptake
Ry = T lrow (231)

[ASA]is the aerosol surface area [um?cm].
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Figure 64. Daytime-and-night-values-of-the HO,-uptake—coefficient-(yzo)and-R, calculated based-enby the rew-empirical
equation-NEQ. —(Eqaauen—l—S) M—W&%Mﬂ%ﬁ%ﬁ

Fhomermontodotormiped ROsc o inalion-[0ss rates tncludereactonchannele o O PO MO Hon L HO-_HO,

+RO,;- RO+ NO-Considering-the-selubitityfor ROx during daytime (e_) and S%M%Wm#eeppe#(&ng
et al., 2017; Hsu et al., 2010a; Mao et al., 2013a)-w i

Averaged daytime (08:00~—16:00) ROx radical sinks-turneverloss rate is 6.5:9 ppbV/h and that for nighttime (16:00~
—08:00 (+1d)) is 4-72.9 ppbV/h.

In-Fig—{4-a-and-b)-he-No significiantsignificant difference of y4¢,.is observed during daytime and night. 3-4-5Fhe
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The HO, uptake coefficient is slightly higher at night due to the higher RH (57.6% at day and 67.4% at night). However,

because of the high uncertainty of the uptake coefficient, such a high trend cannot be concluded to other cases. HO,

heterogeneous uptake reactions with aerosol particles have small impact on ROx radical termination at daytime as shown in

Fig. (4 ea). However, HO, uptake may be important in the termination of ROx radicals at night shown in Fig. (4 db). 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.
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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 eaa), which is in line with the results from Tan et al. (2020).

3.5.4 Discussion of uncertainties of yy, estimated at Wangdu field campaign

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

under ambient conditions. The NEg. 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 deliguescence 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.

Organic content of an aerosol particle may affect several important parameters in the uptake model (Lakey et al., 2016c;

Lakey et al., 2015). 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 matter would change the value

of y1o,-We tested the core-shell morphology of aerosol particles influence on HO, uptake in the Wangdu campaign (details in

the S1). Organic matter will lower the uptake coefficient about 25% to 40% under the assumption of 20%-50% PM,.s mass

is organic matter.
Another uncertainty comes from aerosol particles morphology. 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). 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,,. Anyway, aerosol particles morphology relative to an aqueous phase will

influence the uptake coefficient of HO,. The uptake process would vary with mixing state of the particles, thus the predicted

YHo, values here may be biased as a resubtbutresult but represents an average over bulk aerosols.

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., 2016b; Lakey et al., 2015; Lakey et al., 2016c¢)

have also shown that the addition of an organic compound to Cu?* doped aerosols such as oxalic acid, which forms oxalate

ions (C,04)* in the aerosol, results in a lower value of 4, as such ions forms a complex with the TMI.
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As noted above, the value (0.116 + 0.086 (1o)) estimated by the NEg. represents the upper limitation of y;,,_in the Wangdu
field campaign.

4 Summary and conclusions

Taketani et al. collected the filter samples of aerosol in Mts. Tai and Mts. Mang, North China (Taketani et al., 2012) and
re-aerosolized 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. %mpa%e#H@,wptak&en—R@x—b%get—is

FRuo2uptake 1543+ %—0F Ris2#59-4%}—-A-fixed-value-of Li et. al (Li et al., 2019b) suggest that the rapid decrease of PMys in

China has slowed down the reactive uptake rate of HO, radicals by aerosol particles and could have been the main reason for

the increase in 0zone in the North China Plain in the recent years. They apply a value of the uptake coeffientcoefficient of of
0.2 in their model calculations. However, the results of the MARK model and of the NEg. empirical-equation-in this paper
suggest that the HO, uptake coefficient could be smaller and highly variable 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 physico-

chemical reactions under different environmental conditions in different regions.
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The -new-novel parameterized equation proposed in this paper provides an effective way for more detailed calculation of

the effects of HO, heterogeneous reactions on the atmospheric radical budget, ozone production and particulate matter

generation. This is the first attempt to parameterize the heterogeneous uptake coefficient of HO, with aerosol particles in China

campaign. This equation estimates the y,,, in a comprehensive field campaign which is in agreement with the simulation

results from the comparison of gas phase radical concentrations (Tan et al., 2020). Overall, we can conclude that the HO»

uptake process needs to be considered in photochemical box models for the study of the HOXx 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, organic content, as well as the aerosol liquid water

should be added for future field campaigns for the study of the HOx radical budget.y .,

Appendix A

Table Al Description and units of parameters used in the MARK model and the parameterized equations

Parameter Description Unit
Used in the parameterized equation
YHo, HO» uptake coefficient -
®Ho, Mass accommodation coefficient of HO, which is the probability that a HO» -

molecule colliding with the aerosol surface leads to dissolution, reaction or

Vo, Mean molecular speed of HO, cms!

Ry Count Median Radius of the aerosols cm

R, radius of the aqueous core cm
Horr Henry’s constant corrected for solution pH mol cm™ atm’!

K,
H,ppr = Hy X (1 + e")

[H*]

H, physical Henry’s law constant mol cm™ atm’!
He¢ effective Henry’s law constant mol cm™ atm™!
Horg Henry’s law constant of HO, for organic coating mol cm™ atm™!

R gas constant cm’ atm K™ mol™!

T temperature K

RH relative humidity ranging from 0.4 to 0.9 0-1

ALWC aerosol liquid water content gom?
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[PM] Mass concentration of PM s pg cm-

Dy gas phase diffusion coefficient of HO» cm’s’!
Dyq aqueous phase diffusion coefficient cm’s’!
Dyyrg solubility and diffusivity of HO; in the organic coating cm’s’!

£ ratio of the radius of the aqueous core (R,) and the particle (R). -
l Thickness of organic coating which is calculated from the volume ratio of cm
the inorganics to total particle volume with the assumption of a hydrophobic
organic coating (density, 1.27 g cm ) on the aqueous inorganic core (with a
density of 1.77 g em™).
Used in the corrections in the MARK model or the classical parameterized equation
p density of the aerosol particles gom?
1 Solution molar ionic strength M

A activity coefficient for gas phase HO, and other neutral small molecules -

Oy activity coefficient of ion in solution -
my, molality of an ion in solution M

e(x,y,1) “interaction coefficients”, the summation extends over all ions () in the -
solution at a molality of m,,

[xilequ effective molality of an ion x; M

[1—1_02] averaged steady-state HO, concentration over the volume of the particle M

[HO )] HO; concentration at the surface of particles M

Keq solution equilibrium constant for HO, in the gas phase M!g!
kerr comprehensive liquid phase reaction rate coefficient which encompasses M!g!

both HO» dissolution equilibrium reactions and liquid phase chemical-
physical reactions during HO, uptake process

ke second order rate coefficient (ky;) of HO; and Oy” with transition metal M'g!

ions used in the classical equation

k' effective rate coefficient used in the classical equation proposed by IUPAC M'g!
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