Dear Reviewer,
We appreciate your careful consideration of our manuscript. We have carefully
responded to all of your point-by-point comments and issues and have revised the

manuscript accordingly. These revisions are described in detail below.

Reviewer #2
This paper presents an analysis of measurements of gas-phase nitrous acid (HONO),
and related air pollutants/atmospheric chemical species, performed in the boundary
layer in Beijing prior to and during the Covid-19 lockdowns in early 2020. The variation
in abundance of HONO, its precursors and related species are used to quantify different
chemical source and sink terms for HONO, and from their diurnal variation and change
across the start of lockdown, inferences drawn re their relative importance — in
particular direct vehicle emission.
The abundance and sources of HONO are very much a current topic in urban
atmospheric chemistry/air pollution, as besides being a pollutant in its own right HONO
is usually the major precursor to (reservoir for) the key oxidant OH. Lockdown presents
a unique near-step-change opportunity to explore these processes. This paper adds to
the developing understanding of these sources, and in that respect is a valuable
contribution to the literature.
The measurements appear to have been carefully performed and are clearly presented,
and the analysis is interesting, with clear signal in the change in mean diurnal variations
(which are used to develop qualitative arguments).
However, I have substantial reservations about several key assumptions/aspects of the
quantitative analysis approach, which in my opinion do not allow the authors to draw
the conclusions they reach. These are:

Response: Thanks for your positive comments and good suggestions. We will

reply to your concerns point-by-point below.

Major comments

1. Meteorology. Obviously, weather changes affect pollutant advection, import,



dispersion, chemical processing, etc. The paper presents “before” vs “after”
comparisons of concentrations either side of the start of lockdown, without
consideration (beyond a basic vertical dispersion parameterization) of these effects.
There is significant literature on the importance of correcting for meteorology—for
example applying de-weathering approaches — several using the specific example of air
pollutant abundance in Beijing across lockdown (e.g. Jiabo et al., 2021; Shi et al., 2021;
Lv et al., 2022). How much of the observed change (or lack of change) in each species
is due to changes in the weather between the two time periods P1 and P2? It would be
interesting to repeat the analysis using deweathered concentrations.

Response: Thank you for your good comments and suggestions. We agree with
you that meteorology is always one of the important factors affecting the concentration
of air pollutants. As you suggested, we performed the de-weather analysis using a
Random Forest model with a deweather module.

In lines 345-369 in the revised manuscript, we added a paragraph “It is worth
noting that changes in atmospheric pollutant concentrations are affected by both
emissions and meteorology. Especially, during the lockdown period, meteorological
conditions in Beijing were not conducive to the dispersion of pollutants, thus the impact
of meteorological conditions on the concentration of these pollutants needs to be
assessed. We use the random forest algorithm of machine learning to remove the
influence of meteorology from air quality time series data by a deweather method. The
details are present in Text S1 in the SI. The model performs well in predicting the
concentrations of pollutants compared to the observations in both the training and test
datasets (Table S5). The concentrations and relative changes of each pollutant after
deweather are recorded in Table S6. After deweather, the mean concentration of PM2 5
increased significantly from 45.22+28.56 in P1 to 67.92+57.97 ug m> in P2 at a
confidence level of 0.05, with an increase of 50.2%; The mean concentration of HONO
was 0.89+0.37 ppb in P1, while it decreased to 0.514+0.25 ppb in P2, with a drop of
42.70%; The concentrations of NO and NO:z significantly decreased from 15.444+18.40
and 23.28+7.28 ppb in P1 to 3.24+2.05 and 16.43+5.98 ppb in P2, respectively, which
decreased by 79.02% and 29.42% respectively; SOz decreased from 2.27+0.69 in P1 to



1.48+1.18 ppb in P2, a decrease of approximately 34.8%; CO increased from
823.604+318.92 in P1 to 896+488.29 ppb in P2 (an increase of 8.79%) and O3 increased
from 16.98+5.62 to 22.60+4.10 ppb, an increase of about 33.1%, which was much
lower than the change range of observed values (75.08%). As shown in Table S6,
meteorological conditions have a significant impact on O3 concentration. The impact
was +39.64% and +6.15% in P1 and P2, respectively. The impact of deweather on NO
in the two periods was -16.18% and +32.79%, respectively. It was -13.75% and -4.81%,
respectively, for NO2. However, the changes of other species in the two periods after
deweather fluctuated between 2.3% and 7.8%. This implies that meteorological
conditions have an important impact on the concentrations of NO and O3, while
meteorological factors have little impact on HONO, SOz, CO and PM25s.”

In lines 421-423 in the revised manuscript, we added the sentence “After
deweather, the HONO concentration decreased significantly from 0.89+0.37 in P1 to
0.51%0.25 ppb in P2 at a confidence level of 0.05, with a decrease of 42.7%. This means
that meteorology has little impact on HONO.”

In the revised SI, we added the details about the random forest model to correct
the influence of meteorology, including an introduction to the algorithm, a flow chart,
and a model evaluation. The added content is as follows:

Text S1 De-weather model

Changes in atmospheric pollutant concentration are affected by emissions and
meteorology. Machine learning models, including boosted regression trees and random
forest (RF) algorithms, often exhibit higher predictive accuracy because of their
advantages in modeling complex relationships between response variables and
predictor variables (Zhan et al., 2018). By reducing the variance/bias and error of high-
dimensional data sets, it has better performance compared to traditional statistical and
air quality models. The algorithm resolves the relationship between air pollutant levels
and their predictors, including meteorological parameters and time variables such as
the day of the year (Julian Day), day of the week (Monday to Sunday), and hour of the
day (0-23) (Grange et al., 2018). The input data set was randomly divided into a training

data set for building the RF model (i.e., 70% of the input data set) and a testing data set



(30% of the input data set) for testing the performance of the RF model using unseen
data sets. The RF model is an ensemble model composed of many individual decision
tree models (Breiman, 2001).

In the RF model, the bagging algorithm is utilized, which involves randomly
selecting samples from the training dataset, with replacement, along with their
respective predictor features. Each decision tree is grown based on various decision
rules that optimize the fitting between observed pollutant concentrations (response
variable) and their predictor features. The selection of predictor features for each tree
node is performed randomly to achieve the best possible split. The predicted pollutant
concentrations are determined by aggregating the outcomes of all individual decision
trees through a weighted average. The bagging process, by averaging predictions from
bootstrap samples, helps reduce variance and mitigates overfitting issues in the model.
As shown in Figure S1, the entire data set is randomly divided into two groups, one is
the training data set, used to build the random forest model; the other is the test data set,
used for testing without seeing the data set. The training data set accounts for 70% of
the total data, and the rest is test data. Grange et al. (2018) built the RF model using the
R “normalweather” package.

In our study, the parameters of the RF model are as follows: hourly concentrations
of HONO, NO, NO2, O3, PM2s, SOz, and CO as dependent variables, meteorological
parameters (wind direction, wind speed, air temperature, humidity, and atmospheric
pressure) and Time predictors (weekdays, hours) served as independent predictors. The
training set uses randomly selected 70% of the data, and the remaining 30% is used as
the test set. Random forest models were developed using the rmweather R package
(Grange et al., 2018; Grange and Carslaw, 2019). The number of trees is 300, and the
number of variables split in each node is 3. For each weather normalization, the
explanatory variables are resampled (excluding the time variable) without replacement
and randomly assigned to the dependent variable observations. The 1000 predicted
values are then aggregated using the arithmetic mean to obtain the deweathered

concentration.



Training data set: subsct a data set randomly
Input variable: temporal and meteorological variables

Subset data

70% \

bag

bag

Out-of-

15t ) tree ond ) free e nt ) tree

228 328 828

I——' Predlctlon
+

Observed data set

Random forest model

30%

Testing data set Model
validation
Random
meteorological data
L Weather normalization

Weather-normalized
levels of pollutants

Fig. S1. The flowchart of the machine learning based RF algorithm.

Model performance evaluation

Evaluation metrics for the model can be found in Table S5. The random forest model
showed good performance in predicting the data compared to the observations in the
training and test datasets. Specifically, the R values range from 0.93-0.98. These
extremely high correlation values indicate a strong relationship between the predicted
values and the observed values, indicating that the characteristics of the established
model are excellent. The FAC2 of each indicator is very small, indicating that our model
meets the conditions for predicting scores. Likewise, lower NMB and NMGE values
indicate that our model performs well. Through the verification of various indicators, it

is believed that the model has good prediction ability.

Table SS. RF model performance for testing data set (in hourly time resolution).

Pollutants RMSE R FAC2 MB MGE NMB NMGE

HONO 0.21 0.93 0.86 0.01 0.15 0.02 0.21
NO 7.30 0.93 0.34 -0.21 3.76 -0.03 0.50
NO2 4.38 0.94 0.93 -0.04 3.12 0.00 0.16



O3 4.04 0.95 0.84
SO2 0.63 0.93 0.68
CO 164.55  0.96 1.00
PM2s 12.88 0.98 0.88

0.12 291

0.01 0.38
4.22 114.60
0.83 8.70

0.01
0.01
0.00
0.01

0.16
0.27
0.13
0.15

Note: FAC2 (fraction of predictions with a factor of two), MB (mean bias), MGE (mean

gross error), NMB (normalized mean bias), NMGE (normalized mean gross error),

COE (Coefficient of Efficiency), IOA (Index of Agreement).

In the revised SI, we have added Table S6(Table R2). After deweather, the

concentration changes of different pollutants in the two time periods will be introduced

in detail in the subsequent replies.

Table R2. Periods and concentration after deweather (mean + standard deviation) of

PMaz.s, HONO, trace gases in field observation, and the percentages in parentheses are

concentration changes after deweather. Relative change in observed values and

deweather values in different periods.

BCNY (1.1-1.24)

COVID (1.25-3.6)

Relative change

Category
Deweather Observed Deweather  Observed Deweather Observed
PM3 5 45.224+28.56 67.92+57.97
47.23+44.50 69.86+67.26 +50.20%  +47.91%
(ng/m?3) (-4.26%) (-2.28%)
0.89+0.37 0.51+0.25
HONO (ppb) 0.97+0.74 0.53+0.45 -42.70% -45.36%
(-8.25%) (-3.77%)
15.44+18.40 3.24+2.05
NO (ppb) 18.42429.24 2.44+5 .40 -79.02% -86.75%
(-16.18%) (+32.79%)
23.28+7.28 16.43+5.98
NO: (ppb) 26.99+13.41 17.26+11.34 -29.42% -36.05%
(-13.75%) (-4.81%)
823.60+318.92 896+488.29
CO (ppb) 907.72+499.16 954.87+624.04 +8.79% +5.19%
(-9.27%) (-6.17%)
SO: (ppb) 2.27+0.69 2.09+1.36 LASLLIS 1.47+£1.95 34.80% +29.67%
2 (PP (+8.61%) B (+0.68%) R e
16.98+5.62 22.60+4.10
O3 (ppb) 12.16+10.79 21.29+11.78 +33.10%  +75.08%
(+39.64%) (+6.15%)

2. Chemical lifetimes. The paper in effect performs a steady state analysis on HONO,



assuming any rate of change of concentration can be related to an imbalance in the in-
situ source and sink terms. You can do this for short-lived species — such as OH — but
only with care for species such as HONO, with lifetimes (these are midlatitude winter
measurements) of tens of minutes. The measured HONO reflects the integrated
chemical variability over the sampled airmass trajectory prior to its arrival at the
measurement point. This will be heterogeneous — especially at ground level in the
middle of a city (i.e. the OH and NOz2, etc will have varied a lot over the period of time
— given by the HONO lifetime — that the airmass has traveled to the measurement point
within the city). See arguments developed by Lee et al, JGR 2013, and related papers.
Response: Thank you for your good comments and suggestions. We agree with
you that the measured HONO reflects the integrated chemical variability over the
sampled airmass trajectory prior to its arrival at the measurement point. This might
introduce uncertainty about the budget analysis using a steady state analysis. To confirm
the possible affected areas, we carefully checked the representativeness of the dataset.
Firstly, a potential source contribution function (PSCF) of HONO has been analyzed.
Given a 10 min lifetime of HONO, the spatial distribution of HONO in the P2 is highly
similar to that when compared with that in the P1 as shown in Figure R2. This means
air mass should have a similar impact on the HONO budget during these two periods.
Secondly, we carried out deweather analysis using a random forest algorithm combined
with a machine learning model. The details are shown in the SI. We found meteorology
has little influence on HONO concentration during the whole observation period. This
means HONO concentration is dominated by primary emissions and secondary
formation. Thirdly, we compared the concentrations of HONO at BUCT and Institute
of Atmospheric Physics (IAP) from Jan. 5" to Mar 24™ when the data are available
(Figure R3). The linear distance between these two sites is ~8 km. The HONO
concentrations are comparable at these two sites. Thus, even though the concentration
changes represent the integrated chemical variability over the sampled airmass
trajectory prior to its arrival at the measurement point, it still represents the local feature
in urban Beijing. Finally, the instrumentation time resolution of LOPAP was 6 s. We

calculated the variation coefficient for the datasets with different time resolution, i.e., 1



h vs 6 s. A small variation coefficient of ~0.02-0.05 implies that a small uncertainty of
HONO budget might be resulted from the lifetime of HONO. Thus, we think the
possible uncertainty should not have a large influence on our conclusions when the
budget is compared at a fixed site between two different periods.

In lines 206-215 in the revised manuscript, we added a short paragraph to clarify
this possible uncertainty as “Given that the result of potential source contribution
function (PSCEF, Fig S2), the source distribution of HONO between BCNY and COVID
was highly similar and the trend of HONO was similar (Pearson’r=0.78) between
BUCT and Institute of Atmospheric Physics (IAP, 8 km away from BUCT), the steady
state analysis on HONO is appliable and reasonable even though the lifetime of HONO
is several minutes in the atmosphere. In addition, the instrumentation time resolution
of LOPAP was 6 s. We calculated the variation coefficient for the datasets with different
time resolutions, i.e., 1 h vs 6 s. A small variation coefficient of ~0.02-0.05 implies that
a small uncertainty of the HONO budget might result from the lifetime of HONO. Thus,
we think the possible uncertainty should not have a large influence on our conclusions
when the budget is compared at a fixed site between two different periods”. And we

have added Figure R2 as Figure S2 in the revised SI.
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Figure R2. The potential source contribution function (PSCF) maps for the
concentration of HONO (a and b are BCNY and COVID, respectively). The trajectory

of the air mass is 12 hours.
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Figure R3. The comparison of HONO concentration between IAP and BUCT from Jan.

5% to Mar 24,

3. Statistical significance/precision/uncertainty. The paper does not consider
sufficiently the uncertainty in the (many) source and sink terms considered, and their
propagation together (beyond the Monte Carlo result, which I can’t believe includes the
uncertainty in the individual inputs, e.g. OH concentrations). Is there any statistical
power resulting from their combined uncertainties? Are the uncertainties given in the
paper 1 or 2 standard deviations? Are differences statistically significant? The + ranges
— even assuming these are 1 sd — suggest not (e.g. HONO/NO:z ratio — changing from
0.038 + 0.035 to 0.042 + 0.034 — this is not a meaningful (statistically significant)
change). There are several examples.

Response: Thank you for your comments and suggestions. As for your questions,
we will reply one by one.

In our calculation, ten key parameters including source terms and sink terms were
considered, and their respective fluctuation ranges were input, and then Monte Carlo

was used to calculate the respective sensitivity distributions and uncertainties. In



addition, through comparison with field observations in the Beijing area, we found that
our OH fitting performance is good. Of course, it should be noted that when the
fluctuation range of various parameters were input, this may still bring some deviations
although we have given full consideration and optimized based on existing research.
Considering that the sources and sinks of HONO are complex and the selection of
parameters in different studies may even differ by several orders of magnitude, our
results should generally perform well.

For the comprehensive uncertainty, the uncertainty given in the paper is 1 standard
deviation. In the revised manuscript, we added a description where it first appears
“During P1, the measured concentration of PM2 s varied between 0.2-288 pg m™ and
the mean concentration was 47.2 + 44.5 (mean = lo) ug m>.” in lines 318-319. And we
added the sentence “The relative standard deviation is 27.2% for the HONO budget
(details are in SI)” in line 624. In the revised SI, we added an introduction to the Monte
Carlo algorithm. The added content is as follows:

Text S2 Monte Carlo algorithm

The Monte Carlo algorithm is a method of estimating numerical values through random
sampling. It can be used to estimate the overall uncertainty of the numerical value. A
large number of samples are generated by random sampling from a probability
distribution and the required numerical indicators are calculated based on these samples.
Due to the limited number of samples, there is a certain error between the estimated
value and the true value. We increase the number of sampling times to 10,000 to reduce
statistical uncertainty.

When establishing the simulation model, the respective change ranges of the
variables that affect HONO intensity are input, and the uncertainty of the modeling is
evaluated by sampling from the probability distribution of the parameters to obtain the
overall uncertainty. In addition, the uncertainty of the model parameters is propagated
to the model output through Monte Carlo sampling, and the uncertainty distribution of

the results can be obtained. The formula for overall uncertainty can be expressed as:



o = \/%Zivl(xi—f)z

o represents the standard deviation of the overall uncertainty; N is the number of
samples; x; is the value of the i-th sample, and X is the mean of the sample.

T-tests have been performed to confirm the significance of the differences
mentioned in the manuscript and to the differences are statistically significant. For the
+ range that exists in the manuscript, such as “The HONO/NO: in the P2 period was
higher than that in the P1 stage, especially in the daytime, although the values of
HONO/NO:z in both stages (P1: 0.036 = 0.016; P2: 0.041 £+ 0.038) were lower than that
(0.052-0.080) reported by Cui et al (Cui et al., 2018). Subsequently, we further analyzed
HONOcor/NO2 (details shown in Sect. 2.2). The HONOcor/NO2 attributed to secondary
formation via heterogeneous reactions changed obviously after subtracting the
interference of other HONO sources. As shown in Fig. S5, the daytime peak of
HONOcor/NO2 in P2 became more prominent compared with that in Fig. 3e. At the
same time, the HONOcorr/NO2 (0.038 + 0.035) in P1 was slightly lower than that in P2
(0.042£0.034)” in the lines 471-479 of the manuscript, it's still a statistically significant
change at 0.05 level according to the T-test result.

Minor comments

I’ve noted some more points below but the authors need to address the points noted
above vs the overall approach, to have confidence that the results of their analysis allow
them to draw the conclusions presented in the paper.

1. Introduction — reviews different sources for HONO and their contribution, but this
mixes together very different environments (i.e. the relative importance of different
sources will vary for the measurement site vs a road tunnel vs a bare soil location vs
the marine boundary layer vs livestock). Suggest distilling this to assess the key factors
at the measurement location, ie city center.

Response: Thank you for your good suggestion. In lines 67-135 in the revised
manuscript, we revised the description as you suggested.

In the revised SI, we have added Table R2 as Table S1 and updated the sentence

“The sources of atmospheric HONO consist of direct emissions and secondary



formation in the atmosphere. Direct emissions include soils, biomass burning, vehicles,
indoor air, and livestock farming. Soil emissions, which depend on soil types,
microorganisms, water content, temperature, and pH (Kulmala and Petdjd, 2011; Weber
et al., 2015; Kim and Or, 2019), are important sources of HONO. Biomass burning,
often occurs in the summer and autumn when wheat/corn is harvested and wildfires are
common (Zhang et al., 2019b; Sun et al., 2017; Sun et al., 2018; Peng et al., 2020).
Vehicle emissions are considered an important source of HONO in traffic-intensive
areas (Kramer et al., 2020; Li et al., 2021a). This source is more important at nighttime
compared with daytime (Zhang et al., 2016; Fu et al., 2019; Liu et al., 2020c). Recently,
indoor emissions have also been proposed as a potential HONO source (Xue, 2022),
which is related to the ventilation from high HONO concentrations in indoor air to low
HONO concentrations in outdoor air (Zhang et al., 2019b). Livestock farming is a
previously overlooked source of HONO, especially in agricultural areas.

Secondary formation of HONO includes gas-phase reaction between NO and OH
radicals, photolysis of particulate nitrate, and heterogeneous reaction of NO2 on ground
and particulate matter surfaces, including photochemical heterogeneous reaction of
NOsz. Gas phase reaction between NO and OH, photolysis of nitrate particles, and light-
enhanced conversion of NO: are the main daytime sources of HONO (Liu et al., 2019b;
Liu et al., 2020c; Zhang et al., 2022). Furthermore, acid replacement processes may be
a non-negligible source of daytime HONO in locations affected by soil-borne mineral
dust deposition (Vandenboer et al., 2014). The heterogeneous reaction of NO2 on
various surfaces is widely regarded as an important source of HONO (Han et al., 2016;
Liu et al., 2020a).

We summarized the sources of HONO and the locations of observation sites in the
literature (Table S1). The type of observation site often has a great impact on the source
intensity and contribution proportion of each source of HONO. In natural ecological
areas or Antarctic stations with little human activity, the photolysis of nitrate is the main
source of HONO during the day, and its contribution is much higher than the
homogeneous reaction of NO and OH (Bond et al., 2023; Tang et al., 2024). In the

ocean or areas close to the sea, the heterogeneous transformation of NO2 becomes the



main source of HONO, and the transformation on the aerosol surface may be more
important than that on the ground (Xing et al., 2023). In smoke collected near wildfires,
it was found that the heterogeneous conversion contribution of NO2 can reach 85%,
making it the most important source of HONO (Chai et al., 2021). Emissions from soil
and biological soil crusts are important in some areas where vegetation and soil are
exposed (Meusel et al., 2018). For three different types of observation sites: rural,
suburban, and urban, the relative importance of sources is also obviously different. In
rural areas, there are usually no traffic activities, and are mainly affected by agricultural
activities and animal husbandry, so traffic emissions can be ignored. During periods of
intensive agricultural activity, soil emissions are the main source of HONO, accounting
for up to 80% (Liu et al., 2019b). When there is little agricultural activity, the reaction
of NO and OH and the heterogeneous transformation of NO:z on the ground become the
two main sources in rural areas (Xue et al., 2020; Song et al., 2022), accounting for up
to 70%. In rural areas with developed animal husbandry, its direct emissions can
contribute 39-45% of HONO (Zhang et al., 2023). Suburbs are mostly covered by
vegetation, with a small number of villages nearby. The heterogeneous conversion of
NO:z is the main source of HONO, which can reach 70% of HONO sources (Fu et al.,
2019; Ye et al., 2023). For highways, tunnels, and urban areas with heavy traffic, traffic
emissions usually dominate HONO sources, accounting for 40% to 80% of HONO
sources (Xu et al., 2015; Zhang et al., 2019c; Liu et al., 2020c; Kramer et al., 2020). In
some ordinary urban areas where traffic activities are not so intensive, the
heterogeneous conversion of NO2 and the reaction of NO and OH are also the main
sources of HONO in addition to traffic sources. It can be seen that the relative
importance of different sources is often affected by the type of emission source near the
observation site.

Although intensive studies have been performed on HONO sources, the
contributions of different sources are still controversial (Zhou et al., 2011; Liu et al.,
2014; Wu et al., 2019; Kramer et al., 2020; Meng et al., 2020). For the same type of
observation area, the contribution of each source still diverges in different studies. For

example, in mixed residential, commercial, and traffic areas, the importance of traffic



emissions varies greatly. In some studies, it accounts for as much as 50% (Liu et al.,
2020c; Zhang et al., 2019a; Tong et al., 2016), while in some studies, it can be ignored
(Zhang et al., 2020). A similar situation exists for the heterogeneous conversion of NOx.
Some studies suggest that this process is not important (Tong et al., 2015; Zhang et al.,
2019c; Zhang et al., 2022), while some studies believe that it can contribute at least 70%
of HONO (Meng et al., 2020; Zhang et al., 2020; Jia et al., 2020). It should be noted
that the contribution of NO2 heterogeneous reaction to HONO greatly depends on the
choice of NO2 uptake coefficient (yno2), which varies from 10® to 10 in different
studies (Meng et al., 2020; Liu et al., 2020a; Ge et al., 2019; Liu et al., 2015; Liu et al.,
2020c). Vehicle emissions also have similar characteristics because the HONO
emission rate strongly depends on the emission factor, i.e. the ratio of HONO/NOx
(Kramer et al., 2020; R. Kurtenbach et al., 2001; Zhang et al., 2019c), which ranges
from 0.03% to 2.1% (Liao et al., 2021). For other HONO sources, the relative
importance is affected by many parameters, such as reaction kinetics for photolysis of
nitrate, OH concentrations for homogeneous reaction between NO and OH, emission
fluxes for soil emissions, and so on. Thus, the HONO budget still has a large uncertainty.
In particular, it is an open question of how to prove the importance of a specific reaction

pathway or a source of atmospheric HONO.”



Table R2. Summary of HONO observation sites and source contributions

Location Measurement
Date Site situation Source contribution
(References) area
. .. Photolysis of nitrate i i i tant, and it
Antarctica Research Clean area, covered with ice © 9 y51‘s O. o r? © I show IS vely 1mpor o and e
2022.01 . contribution is 10 times greater than the reaction between NO
(Bond et al., 2023) Station and snow
and OH.
Shenzhen natural Along the coast, there are Photolysis of large amounts of nitrate in coarse particles
2019.10  ecological fewer human activities and completely compensates for unknown sources during the
(Tang et al., 2024) . .
area more vegetation. daytime (66%).
China In inland areas, the NOz heterogeneous reaction on the ground
. 2018.05 seaedge coastal is more important; in coastal and ocean cases, the contribution
(Xing et al., 2023) .
of aerosol surfaces is greater.
Idahg 2018.08  wildfire zone S@oke collected near five In the e%gmg smoke during the daytime, the heterogeneous
(Chai et al., 2021) wildfires conversion of NO2 reaches 85%, followed by NO+OH.
Guangzhou 2006.07  rural area Close to farmland, low traffic The main source at night is NO+OH and the heterogeneous
(Lietal., 2012) ' emissions conversion of NO:z on the ground, and traffic can be ignored
Cyprus
Al th t lot of . . . . . .
(Meusel et al., 2016.04 rural area ons : e. c0ast, a0t O g issions from soil and biological soil crusts are important.
vegetation is exposed
2018)
Melpitz Nearby are meadows, Nocturnal HONO: Heterogeneous conversion of ground NO2
2018.04  rural area ) i P
(Ren et al., 2020) agricultural areas, and forests ~ dominates, and traffic emission is a secondary source.
Wangdu Intensive agricultural activities . .
. 2014.06 1 . Noonday HONO: Soil t for 80%.
(Liu et al., 2019b) rurat area and no traffic emissions oonday oil emissions account for 80%
Wangdu 2017.12  rural area No traffic emissions, Noonday HONO: The heterogeneous conversion of NO2 on



(Xue et al., 2020)

Wangdu
(Song et al., 2022)

Wangdu
(Zhang et al., 2023)

Hongkong
(Zhang et al., 2016)

Hongkong
(Xu et al., 2015)

Heshan
(Fuetal., 2019)

Taizhou
(Ye et al., 2023)

Beijing
(Tong et al., 2015)

2020.06-
2020.09

2020.09-
2021.08

2011.08

2011.08-
2012.05

2017.01

2018.06

2014.11

rural area

rural area

suburbs

suburbs

suburbs

suburbs

urban area

suburbs

surrounded by farmland

No traffic emissions,
surrounded by farmland

Seriously affected by
agriculture and animal
husbandry

Near the airport, surrounded by
vegetation and close to the
South China Sea

Areas airports
highways are mostly covered
by vegetation.

near and

Lots of vegetation and
farmland, with some scattered
villages

Borders farmland and fish

ponds

Densely populated and busy
with traffic
By the lake, with farmland

the ground is 36%, NO+OH is 34%, and the others can be
ignored.

Noonday HONO: The heterogeneous conversion of NO2 on
the ground is dominant (43-62%), followed by NO+OH 12-
38%, and the rest are less than 5%.

Direct emissions from rural including animal
husbandry, account for 39-45% and cannot be ignored.

areas,

The heterogeneous conversion of NO2 on the ground is 42%,
soil emission is 29%, marine source is 9%, NO+OH is 6%,
aerosol surface conversion is 3%, and traffic is 2%.
Nocturnal HONO: Traffic dominates in the first half of the
night (59%), and the heterogeneous conversion of NO2 on the
ground dominates in the second half of the night.
Heterogeneous conversion of NOz2 is 72%, traffic is 8%, and
NO+OH is 3%.

Noonday HONO: Photolysis of nitrate accounts for more than
50%.

Noonday HONO: The heterogeneous conversion of NO2 on
the ground is 71%, followed by NO+OH, traffic, and aerosol
surface conversion.

Nocturnal HONO: Heterogeneous conversion of NO2 on the
ground is dominant (55%).

Nocturnal HONO: Traffic emission is 40%, NO+OH is 42%,
and others are 18%.

Nocturnal HONO: Traffic emission is 8%, NO+OH is 11%,



Beijing
(Tong et al., 2016)

Beijing
(Zhang et  al,
2019a)
Beijing
(Zhang et al.,
2019¢)

Beijing
(Meng et al., 2020)

Beijing
(Guetal., 2021)

Beijing
(Liu et al., 2020c)

2014.12

2006.08

2016.12

2016.12

2017.05

2018.01

2018.02-
2018.07

urban area

suburbs

urban area

urban area

urban area

urban area

urban area

nearby

Densely populated and busy
with traffic

By the lake, with farmland
nearby

Mixed residential, commercial,
and transportation area

Densely populated and busy
with traffic

Mixed residential, commercial,
and transportation area, 325m
vertical observation.

Mixed residential, commercial,
and transportation area

Mizxed residential, commercial,
and transportation area

and others are 81%,

Nocturnal HONO: Traffic emission is dominant (49%), and
the reaction of NO and OH is also important.

Nocturnal HONO: Heterogeneous conversion of NOz is the
main source, and traffic is 10%.

Nocturnal HONO: Traffic is 41%, ground heterogeneous
conversion is 27%, and aerosol surface conversion is 20%.
Noonday HONO: ground heterogeneous conversion is 66%,
and aerosol surface conversion is 19%.

Nocturnal HONO: Traffic emission is dominant, reaching
52%, and heterogeneous conversion is not an important
pathway.

High altitude during haze: HONO is dominated by
heterogeneous conversion on the aerosol surface;

Near the ground: Heterogeneous conversion of NO2 on the
ground is dominant, followed by traffic, accounting for 29%
Noonday HONO: The light-induced heterogeneous
transformation of NO2 on the ground is dominant, and aerosol
surface conversion can be ignored.

Noonday HONO: NO+OH is dominant.

Nocturnal HONO: Traffic emission is dominant, reaching
50%, and heterogeneous conversion is not an important
pathway.

Noonday HONO: Nitrate photolysis and NO+OH are
important.



Beijing

(Zhang et al., 2020)

Beijing

(Jia et al., 2020)

Beijing

(Liu et al., 2021)

Beijing

(Zhang et al., 2022)

Beijing

(Lietal., 2021Db)

Shijiazhuang

(Liu et al., 2020b)

Beijing-Tianjin-

Hebei
(Zhang
2019b)
Xi'an

et

al.,

2018.04

2018.08

2018.06

2018.12

2019.01

2019.06

2019.12-
2020.03

2017.12

2015.08

urban area

urban area

urban area

urban area

urban area

urban area

urban area

urban area

Mixed residential, commercial,
and transportation area, 325m
vertical observation.

Mizxed residential, commercial,
and transportation area

Mixed residential, commercial,
and transportation area

Densely populated and busy
with traffic

Mixed residential, commercial,
and transportation area

mixed traffic and residential
area

Less traffic emissions and
intensive agricultural activities

Mixed residential, commercial,

At different altitudes, the heterogeneous conversion of NO2 is
the most important source, accounting for more than 70%.
Among them, the aerosol surface is dominant.

Traffic is 18%, NO+OH is 31% (clean) and 7% (haze), and
the aerosol surface conversion can reach up to 88%, which is
very low on the ground. Nitrate photolysis is 15%,

Noonday HONO: NO+OH is 22%, traffic is 19%, and

Heterogeneous conversion on the aerosol surface is 19%.

Noonday HONO: Heterogeneous conversion on the aerosol
surface is 30%, Heterogeneous conversion on the ground is
25%, and traffic is 20%.

Traffic is 28%, Heterogeneous conversion on the ground is

27%, and aerosol surface conversion is 15%,

Nocturnal HONO: The heterogeneous conversion of NO2 is
the main pathway, followed by NO+OH. Traftic is 30%.
Nocturnal HONO: The heterogeneous conversion of NO2 on
the ground is dominant, followed by aerosol surface
conversion.

Nocturnal HONO: Traffic and heterogeneous conversion of
NO:z are the main sources.

Nocturnal HONO: The heterogeneous conversion of NO2 is



(Huang et al., 2017)

Shanghai

(Cui et al., 2018)

Nanjing

(Zheng et al., 2020)

Nanjing

(Liu et al., 2019a)

Changzhou

(Shi et al., 2020)

Guangzhou

(Yuetal., 2022)

Birmingham

(Kramer
2020)

et

al.,

2016.05

2015.12

2017.11-
2018.11

2017.04

2018.10

2016.11

urban area

urban area

urban area

urban area

urban area

urban area

and transportation area
Mixed residential, commercial,
and transportation area
To the west of the steel plant
and petrochemical refinery, 15
kilometers from the city center

Mixed residential, commercial,
and transportation area
and

Mainly residential

commercial areas, with no

roads and industrial activities,

mixed traffic and residential
area

road tunnel

the main pathway, followed by NO+OH. Traftfic is 19%.
Nocturnal HONO: Heterogeneous conversion of NOz is the
main source.

The heterogeneous conversion of NO2 is dominant,

accounting for 50%, and traffic is 11%.

Traffic is 23%, heterogeneous conversion on the ground is
36%, Soil emissions can reach 40% in July and August.

The aerosol surface conversion reaches 40% (severe haze
periods).

Nocturnal HONO: Heterogeneous conversion of NOz is 54%,
traffic is 32%, and NO+OH is 14%.

Noonday HONO: Nitrate photolysis is important.

HONO: The three main
heterogeneous conversion of NO2 on the ground, traffic, and
NO+OH. The aerosol surface conversion and soil emissions
are not important.

Nocturnal sources are the

Traffic is dominant, accounting for 66% (up to 86%), the
heterogeneous conversion of NOz is only 5%,




2. L174 — NO2 measured by 421 — selectivity for NO2, the NO2 data will include other
NOy species (including HONO).

Response: Thank you for your good comments. This is taken into account in our
observations, so in the calculations, the NO2 concentration has been subtracted from
the HONO concentration. In lines 174-175 in the revised manuscript, we added a
sentence “Notably, the NO2 measured by 42i includes HONO. Thus, it has been

corrected”.

3. L257 how was jmono) calculated

Response: Thank you for your comments. jono) is simulated in MCM using jiNo2)
data observed at our site. The details are as follows: In each case, variation of photolysis
rate with solar zenith angle can be described well by an expression of the following
form,

J=1(cos y)" exp(-n.sec y)

by optimizing the values of the three parameters, /, m, and n are the parameters of the
reaction respectively, y is the solar zenith angle (Saunders et al., 2003). In line 257 in
the revised manuscript, we added a sentence “Juono is simulated in a box model using

JNo2 data observed at our site”.

4. L190 heterogeneous reactions of NO2 have been accounted for — I didn’t follow this
section, may need rewording.

Response: Thank you for your suggestion. I am sorry for confusing you. In the
revised manuscript, we made changes and deleted the “have been accounted for” in
“The sources including vehicle emissions (E,picre), SOil emissions (Es,;;), the reaction
of NO and OH (Pyg_gp ), the photolysis of particulate nitrate (Pyjtrqte ), and the

heterogeneous reaction of NO2 (Pgerosor and Pyroyng)” in lines 190-192.

5. L218 what is the conversion factor alpha?
Response: Thank you for your good suggestion. It is a unit conversion factor of
emission flux from g m s to ppb h™!. In lines 218-219 in the revised manuscript, we

update the “conversion factor (&, from g m™ s to ppb h'!)”.

6. L227 using NO2 and CO — NO2 concentrations will vary with a lifetime of a minute



or so (with respect to the NOx-O3 PSS) and 6-12 hours our so (with respect to NOx
removal). CO concentrations will vary with a lifetime of several weeks. Is it valid to
use both in the same in situ emission analysis?

Response: Thank you for your good suggestion. When calculating kner, equation 3
does not consider the impact of the boundary layer on the concentration of pollutants.
CO is considered to be a relatively stable substance and is usually used for partially
eliminating the variation of the boundary layer height. Thus, equation 4 corrects the
boundary layer variation by normalizing to CO concentration. This method has been
widely used to calculate the heterogeneous uptake kinetic of NO2 on aerosol in previous
studies (Zhang et al., 2020; Zhang et al., 2019c; Li et al., 2012). It is expected to get a
more accurate knet because the influence of the variation of boundary layer height has
been accounted for. It is worth noting that during a year of HONO observations in
coastal cities in southeastern China (Hu et al., 2022), the author compared the results
of balancing NO2, CO, and BC and found that CO performed well, and finally selected
CO as the parameter for krer calculation.

In lines 233-235 in the revised manuscript, we have pointed out that “To decrease
the contribution of boundary layer height variation on the kner calculations, we
normalized HONO concentration to CO concentration as the same as reported in the

literature (Zhang et al., 2019c; Li et al., 2012)”.

7.1.257 / table 1 — what is the estimated OH concentration & how does it compare with
measurements — the values in L436 (presumably 24 hour mean, around 4-7e5) seem
much lower than those observed in wintertime Beijing (2.7¢6 as 24-hour mean; Slater
et al., 2020).

Response: Thank you for your good suggestion. The article by Slater et al. in 2020
describes it as follows: “Averaged over the full observation period, the mean daytime
peak in radicals was 2.7x10%, 0.39x108, and 0.88x 10® cm ™ for OH, HO2, and total RO2,
respectively”. Our estimated 24-hour mean concentration of OH ranges from 1.1x10°
to 2.5x10°, which is very close to the daytime peak observed in Beijing in winter
(2.7x10°) (Slater et al., 2020). The daily mean value (4-7x10°) is therefore lower than
the maximum value at noon. As shown in Figure R4 or S3, the estimated OH

concentrations are in good agreement with the observations in Beijing.
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Figure R4. Diurnal variation of OH concentrations observed in different areas of the
North China Plain (a-d) (Tan et al., 2017; Tan et al., 2018; Ma et al., 2019; Tan et al.,
2020) and parameterized fitting in this study (e).

8. L270 Parameterisation of OH concentrations. We might expect that the main source
of OH in Beijing is HO2 + NO, the main sink for OH is OH + NO, and the main primary
source of OH is HONO photolysis (one can then argue about if HONO is acting as a
primary source or a reservoir). The parameterization given was developed for rural sites
(as the authors note), where NO levels would be much lower, and was developed prior
to more recent understanding of HONO abundance (it is over 20 years old). Is it valid
to use? L286 — considering these above I do not agree that we can be optimistic about
the estimated OH concentrations.

Response: Thank you for your good suggestion. Notably, this parameterization
scheme was developed based on measurements at rural sites (Ehhalt and Rohrer, 2000),
where NOx concentrations were lower than in urban environments. Alicke et al. (Alicke,
2002) found OH concentrations estimated with this scheme were in good agreement
with those calculated according to a pseudo-steady state method during the pollution

period in urban environments (such as Milan) although some uncertainty was expected.



In our previous study (Liu et al.,, 2020d), we also found that the estimated OH
concentrations using this method were comparable with those observed values in the
North China Plain (Tan et al., 2019). Thus, daytime OH concentrations estimated using
this method should be overall credible although the uncertainty is inevitable. Fig R2
(Fig S2) summarizes the observed OH concentrations in the North China Plain. The
results estimated in this study are slightly lower than those observed in Wangdu, but
almost consistent with those in Beijing and Huairou. In summary, although the
parameterization was developed many years ago, judging from the performance results,
it still has excellent performance in fitting OH.

In lines 284-287 in the revised manuscript, we have highlighted the points “The
results estimated in this study are slightly lower than those observed in Wangdu (Rural),
but almost consistent with those in Beijing (Urban) and Huairou (Suburb). In summary,

we should be optimistic about the estimation of OH concentration.”

9. L370 — PM2.5 components increased obviously in P2 vs P1 — from the plot it is not
obvious to me that they do: is there a statistically significant change? What about
changes in the meteorology?

Response: Thank you for your comment. The increasing trend in Figure 1 is not
very obvious, and we further summarize their concentrations in P1 and P2 in Table S4.
In the revised manuscript, we added the sentence “It can be seen from Figure | and
Table S4 in SI. All the major components of PMozs, including sulfate, nitrate,
ammonium, chloride, and organic aerosol, increased obviously in P2 compared to P1.”
in lines 370-372. The difference in PM2s between the two periods is statistically
significant (P<0.05). In the revised manuscript, we added the sentence “The PMas
concentration after deweather increased significantly from 45.22+28.56 in P1 to
67.92+57.97 ug m in P2 at a confidence level of 0.05, with an increase of 50.2%.” in
lines 353-355.

10. L410 the traffic index data are useful. Consider showing P1/P2 on these plots.
Consider changing the box/whisker plot to linear (not log) — this will assist the reader
to follow which differences are statistically significant.

Response: Thank you for your good comment. We have changed the logarithmic

plot of Figure 2b into a linear plot.
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Figure R2. (a) Times series of HONO, traffic index, and HONO/NOz, (b) Box plots of
HONO, HONO/NO, and the traffic index in Beijing during different periods
(BCNY=P1, LOCK=P2).

11. concentrations of NO changed: You cannot conclude this without a statistical test,
esp for NO2 and HONO.

Response: Thanks for your suggestion. Regarding the decrease in NO
concentration, we did a T-test and found that there was a significant difference in the
concentrations between the two time periods (P<0.05). In lines 588-589, it has been
pointed out as “This can be explained by the significant decrease (P < 0.05) in NO and

direct emissions of HONO from traffic.”

12. L449 Figure 3 the shift in diurnal profiles is interesting, explore further (esp panel
5, HONO/NO2)?

Response: Thanks for your suggestion. The daily variation curves can provide us
with a lot of information. For example, HONO, NOx, SOz, and O3 show similar diurnal
variations, while the concentrations of HONO, NOx, and SO: decrease obviously
during the COVID lockdown when compared to that before the COVID lockdown and
O3 concentrations increase. However, the diurnal curves of HONO/NOz2 and PM2.5xNO2
show obvious daytime peaks during the COVID lockdown, which are different from
those before the lockdown. In addition, their nocturnal values are comparable between
the two periods, while their daytime values are higher during the COVID lockdown
than those before the lockdown. Because both HONO/NO: and PM2s5xNO2 are
indicators for the heterogeneous reaction of NO2 on aerosols to form HONO, these

results imply that the heterogeneous reaction rate during the COVID lockdown should



be higher than that before the lockdown. However, the absolute concentrations of
HONO during the COVID lockdown are lower than those before the lockdown. It
suggests that heterogeneous reactions should be an unimportant source of HONO in
Beijing.

In lines 485-487 in the revised manuscript, we emphasize this point “In summary,
we propose that during our observation period, heterogeneous reactions of NO2 should

have a relatively minor contribution to HONO production”.

13. L479 contribution (not interference) of other HONO sources. This matters vs
literature discussion of interferences in some HONO measurement approaches.

Response: Thanks for your good suggestion. In our HONOcorr calculation method,
primary and other secondary sources of HONO not attributing to heterogeneous
reactions have been subtracted. Thus, the obtained value is more reasonable to present
a heterogeneous conversion of NOx.

To make it clearer, we revised the sentence in lines 478-479 in the revised
manuscript as “The HONOcor/NO:2 attributed to secondary formation via heterogeneous

reactions changed obviously after subtracting other secondary HONO sources”.

14. L403 ifs there any info on changes in fleet composition? Big change in total traffic,
but the greatest change may be in discretionary journeys (private cars) while deliveries
etc(potentially much greater per-vehicle emitters) may have continued.

Response: Thanks for your suggestion. Unfortunately, changes in fleet
composition are unavailable. The situation you mentioned may exist, that is, some
delivery trucks still have continued. It should be noted that if the HONO emissions by
trucks along with the heterogeneous reaction sources increase during the lockdown, an
increase in HONO concentrations should be observed. Thus, we ascribe the reduction
of HONO concentrations to the decrease in total emissions of HONO from vehicles as
supported by the decreases in the traffic index. Therefore, even if the emissions of
trucks increase due to the load, this increase is still insignificant compared to the overall

emissions of vehicles before the lockdown.

15. L612 the agreement is good to see but is there really confidence in the combined
uncertainty of the terms entering the calculation — especially [OH] — to have confidence?

L625 same point.



Response: Thanks for your good suggestion. Your opinion is very reasonable.
Although we have calibrated each parameter strictly and as accurately as possible, we
still cannot guarantee 100% accuracy. For example, for the fitting of OH radicals,
although our fitting agrees well with the observations in Beijing, this still does not mean
that our results are 100% correct. Considering the complex sources of HONO,
uncertainty in the calculation is inevitable, while it is acceptable. In particular, the
estimated hourly HONO concentrations are well in agreement with the observed ones.
There are 27.2% in total. This means that the simultaneous equations (6 sources and 4
sinks) have been verified 10,000 times. To our best acknowledgment, this is the first
time to constrain the parameterization for HONO source budget analysis based on

steady-state analysis.

16. L638 plus — these changes must be considered in the context of (potential) changes
in meteorology between the two periods — it can be very misleading to simply compare
means calculated from two different, fairly short, date periods.

Response: Thanks for your good suggestion. Your suggestion is great. Changes in
atmospheric pollutant concentration are affected by emissions and meteorology. The
concentrations and relative changes of each pollutant after deweather are recorded in
Table R2 (Table S6).

In the revised manuscript, we added the sentence “After removing meteorological
factors, the change proportions of PM2 s concentration in the two stages were -4.26%
and -2.28% respectively. The HONO changes were -8.25% and -3.77% respectively,
the CO changes were -9.27% and -6.17% respectively, and the SOz changes were +8.61%
and +0.68% respectively. The change proportions are all less than 10%, which means
that the impact of changes in meteorological factors on PM2.s, HONO, CO, and SO: is
very weak. However, the change proportions of NO in the two stages were -16.18% and
+32.79%, respectively, and O3 was +39.64% and +6.15% respectively. The change ratio
is greater than 30%, indicating that NO and O3 are greatly affected by meteorology. In
addition, the changes in NO2 were -13.75% and -4.81% respectively, implying that NO2
is also affected by meteorological factors. From the entire observation period, except
for O3, the changes of other species in the two periods fluctuated between 2.3% and
7.8% after deweather, all less than 8%. In general, after removing the meteorological
effects, NO increased by 79%, NOz increased by approximately 29%, HONO decreased
by approximately 43%, and PM2.s increased by approximately 50%. It is worth noting



that O3 increased by about 33%, which is much lower than the change in observed

values (75.08%) (as shown in Table S6).” lines 639-653.
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