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General comment:

Qiu et al. further developed a widely-used regional chemical transport model, CMAQ,
to include several heterogeneous reactions related to chlorine species and applied the
revised model in Beijing to estimate the effect of these heterogeneous reactions on the
formation of nitrate aerosol in the summertime.

The paper is generally well written and has the potential to contribute to the growing
body of the studies on tropospheric halogen chemistry and its impact on air quality.
However, there are several major issues and some minor comments that should be
addressed before it can be accepted for the publication in Atmospheric Chemistry and
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Physics.

One of the major concerns is that the authors omitted several important papers re-
lated to chlorine and nitrogen chemistry, e.g., Brown and Stutz (2012), Osthoff et al.
(2008), Sarwar et al. (2012), and Sarwar et al. (2014). These papers should be in-
cluded in Section 1 (Introduction and Research background), in Section 2.2 (model
development), or Section 3.3 and 3.4 (model results and discussion). See the specific
comments below.

The second major issue is that the current manuscript does not include any information
related to NO2, O3, and PM2.5, which are the precursors of N2O5, ClNO2, and nitrate.
No emission of these pollutants is described. No model evaluation. No simulation
results. Without this information, it is difficult to assess the model performance and
therefore the outcome of the simulation.

The last main problem is that there are too many errors and typos throughout the
manuscript, e.g., citing the improper reference, citing the reference that is not in the ref-
erence list, the reference list is not organized according to the alphabet, wrong spelling,
etc. Please refer to the technical comments. I suggest that the authors carefully read
through and thoroughly revise their manuscript.

Specific comment:

1.Line 26-28. These descriptions are redundant to line 33-36.

2.Line 37-39. The ClNO2 production decreases nitrate during nighttime and increases
nitrate during the daytime. Does it mean that the chlorine chemistry changes the tem-
poral pattern of the nitrate formation and therefore the spatial pattern? Does it have
any implication to the air quality control? I would love to see a discussion on this
implication.

3.Line 50-57. The authors only introduced two production pathways of the secondary
nitrate. However, the other pathways, e.g., those in Table 2, also play non-negligible
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roles. Should add those pathways in the introduction.

4.Line 54. A reference is needed for the ‘enhancement effect of NH3-NH4+ gas-particle
equilibrium on the nitrate formation’.

5.Line 57. These papers are not the proper reference for the nitrate formation mecha-
nism, e.g., Brown and Stutz (2012) is a better one for the N2O5 (NO3) chemistry.

6.Line 63-72. The authors only introduced three previous works here, and all of them
were conducted in China, in the Northern China Plain to be exact. What about similar
modeling studies in other regions, e.g., the southern part of China, Northern America,
and Europe? For example, Sarwar et al. (2012, 2014) developed the same model,
CMAQ, to evaluate the effect of ClNO2 production on air quality, including the total
nitrate, in the US and the Northern Hemisphere. However, these two critical papers
are not discussed anywhere in the current manuscript.

7.Line 73. This statement might be true, but the authors did not provide any evi-
dence/reference to support it.

8.Line 77-80. This statement is not correct. For example, Wang et al. (2016) and
Brown et al. (2016) reported extremely high N2O5 mixing ratios at a site in Hong
Kong (a coastal city) of up to 8âĂL’ppbv (1âĂL’min average) or 12âĂL’ppbv (1âĂL’s
average). This brings up another issue. Should include the average time when report
observational results, e.g., 1 s average, 1 min average, or 1h average.

9.Line 79-80. There is no Li et al. (2017) in the reference list. Are you referring to Li
et al. (2016)? That is not a proper reference here, because that paper is a modeling
study that used the measurement results from Wang et al. (2016).

10.Line 82. These references are not the right ones here. The first measurements of
ClNO2 in the real atmosphere, Osthoff et al. (2008) and Thornton et al. (2010), are
better ones.

11.Line 102. This is not entirely true. For instance, Hossaini et al. (2016) developed a
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global chemical transport model (TOMCAT) and included several heterogeneous reac-
tions of chlorine species on chloride-containing aerosol.

12.Line 107-111. I assume the replacement is only in Beijing city but not in the sur-
rounding areas. Is that correct?

13.Line 117-118. This sentence is a bit out-of-blue. The following sentence makes
more sense to me.

‘Thus, it is important to compile an updated emission inventory for Beijing (and its sur-
rounding areas) to include the emissions from cooking and other sources (coal burning,
solid waste burning, biomass burning, etc.).”

14.Line 128-130. Should add some reference here. Also, ‘NH3’ should also be consid-
ered as a common species.

15.Line 136. Should mention the number (from 2000 Mt in 2014 to 490 Mt in 2017)
here.

16.Line 142. Should list the emission factors for different sectors, at least in the sup-
plement. Also, give the reference.

17.Line 156-157. Should provide reasons why you chose this number of hours. Three
hours of cooking time seem to be a bit long for me. Also, ‘restaurant’ should be ‘social
cooking’, is that correct?

18.Line 160. Any reason that you chose ‘150’?

19.Line 173-174. A brief description is needed for other emissions, which are the
precursors of N2O5, ClNO2, and nitrate aerosol.

20.Section 2.2. The authors added several reactions to the CMAQ model, and this
seems to be one of the major contributions of this study. However, what is the difference
between the mechanism in the current study and that in Sarwar et al. (2012, 2014)?
I notice that one of the co-authors in the present study is also a co-author of Sarwar
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et al. (2014). I strongly advise the authors to carefully review the previous works and
identify the advantage of the current work, instead of avoiding the comparison between
the current study with the previous ones.

Besides, did you compare your scheme with Zheng et al. (2015)?

21.Line 178. What do you mean by ‘current CMAQ model’? Is ‘Zheng et al. (2015)’ a
proper reference for ‘current CMAQ model’?

22.Line 182. Li et al. (2016) is not a proper reference for this equation. Should refer to
Bertram and Thornton (2009) or Roberts et al. (2009) with a very similar formula. This
brings up another persistent issue that you should use ‘Bertram and Thornton (2009)’
instead of ‘Bertram et al. (2009)’. There are only two authors to that paper. Please
check the manuscript for this error.

23.Line 177. H2O means water vapor. Is that right?

24.Line 220-22. This part is a bit confusing. Why did you call the values ‘preliminary’?
Did you get these data from the reference (Keene et al., 1999)? Or did you make a
guess on these values? I see that you made some sensitivity cases later. Perhaps you
should mention that here.

25.Line 229. Just out of curiosity, is the gas-phase chemistry of chlorine the same as
that in Sarwar et al. (2012)?

26.Section 3.1. What about the model performance on the simulation of NO2, O3, and
PM2.5? These are particularly important to the formation of nitrate aerosol, the sole
focus of the current work.

27.Line 251-252. This treatment artificially amplifies the heterogeneous reaction rate
by 5 and 10 times. Is it logical to do that based on the comparison with one measure-
ment data set? How does the CMAQ model perform in general in the simulation of
surface area? Is it a common issue? Or did it only happen in your simulation? How is
the simulation of PM2.5? This highlights the need for the evaluation of the routine air
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pollutants, e.g., PM2.5.

28.Line 255. ClNO2 is underestimated in your cases. Does it mean that nitrate aerosol
is over-predicted?

29.Line 258. The O3 will increase or decrease if you change the uptake coefficient of
O3. This also calls for the model evaluation on O3.

30.Line 260. Several studies have been reported that the parameterization used in the
present study (Bertram and Thornton, 2009) has some uncertainty, including Tham et
al. (2018), McDuffie et al. (2018a), McDuffie et al. (2018b) and the references therein.
How these uncertainties affect the conclusions should be discussed.Âă

31.Line 277-278. The underestimated nitrate concentration could be due to many rea-
sons. For example, is NO2 underestimated as well? This is another reason to show
the evaluation of NO2 simulation. The uncertainty of the parameterizations of N2O5
uptake and ClNO2 yield (comment 31) could also be applied here. Besides, how did
you simulate the most critical OH precursor, i.e., HONO? Did you evaluate your HONO
simulation? Did you consider the NO2 uptake on environmental surfaces? What about
other HONO sources? Several recent papers have shown that HONO is very important
in simulating nitrate, e.g., Fu et al. (2018).

32.Line 281-282. What do you mean by ‘the nitrate level is higher in the daytime and
lower in nighttime’?

33.Line 290-291. It may be true that the uptake coefficients for these two molecules
are the most important parameters. But what about the uptake coefficients for other
species/process. Did you run any sensitivity cases to examine that?

34.Line 293-295. Or maybe just because the direct emission of Cl2 is not well repre-
sented in the emission inventory.

35.Line 316. N2O5 uptake process is very complicated. The word, ‘inferior’, is definitely
not the one I would use to describe the parameterization based on nitrate and sulfate
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concentration. Please revise. The uncertainty of the parameterizations of N2O5 uptake
and ClNO2 yield also works here.

36.Section 3.3. I advise to include the simulated results of NO2, O3, and PM2.5.

37.Line 328. Should include a figure for the ‘intensive emissions of chlorine species’.

38.Line 328-330. The presence of a high concentration of ClNO2 and Cl2 away from
the fresh emissions does not necessarily mean that ClNO2 and Cl2 are easy to trans-
port.

For example, the production of ClNO2 requires the presence of chloride, NO2, and
O3. In the areas close to the fresh emissions, O3 is commonly low, and the production
of NO3 (hence N2O5 and ClNO2) is limited. Therefore, the production of ClNO2 is
generally not found near fresh emissions.

As to the Cl2, perhaps the contribution of direct emission to the level of Cl2 is not
significant, and Cl2 is predominantly produced in the atmosphere. So the high levels
of Cl2 are found away from the fresh emissions.

39.Line 336. Why ‘more N2O5 is converted into nitrate’? Are you implying that the
uptake coefficient calculated with the Bertram and Thornton (2009) is higher than that
with Davis et al. (2008)?

40.Line 351-352. Was the observation in PKU conducted in the same period?

41.Line 355-357. Are you implying that in cleaner days, the OH level is higher, so the
production of HNO3 from OH + NO2 is more important?

42.Line 371-372. How did you treat the reaction of NO2 + H2O (aq)? Did you revise it
to NO2+ Cl- or did you use both?

43.Line 396-397. It is correct that the emission of chlorine species is vital to chlorine
chemistry study. But the current study does not demonstrate this point.
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44.Line 402-404. Not necessarily correct. See comment above.

45.Line 409-411. What implications? Care to elaborate? See comment 2 for example.
But more thoughts are definitely of value to the policymakers.

46. The reference list is not organized according to the alphabet. For example, L is
before K, J is after K, Rudich is before Roberts, and Spicer is before Song.

47.Table 2. What are the effects of R6, R11, R13-R18 on the production of nitrate
aerosol? Also, please provide the reference for all reactions.

Technical comment:

48.Line 38. ‘photolyze’ is a better word than ‘decompose’ since it is a photolysis reac-
tion.

49.Line 62. Should add ‘(aq)’ after ‘H2O’.

50. Line 63. should define CMAQ and WRF-Chem here.

51. Line 81. should be ‘chloride-containing’, not ‘chlorine-containing’.

52.Line 119. The definition of CMAQ should be moved to line 63.

53.Line 130. Add a space between ‘emissions’ and ‘were’.

54. Line 145. ‘EF represents the emission factor’ should be ‘EFi,j represents the
emission factor of pollutant j in sector i’.

55.Line 148-149. ‘had been detailed described’ should be ‘had been described in
detail’.

56.Line 158. Add ‘from social cooking’ after ‘Vc is the volume of exhaust gas’.

57.Line 161. ‘chose’ should be ‘chosen’.

58.Line 166. Delete ‘that’.
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59.Line 168. Use the same decimal for all data.

60.Line 169. ‘Others’ should be ‘Other’.

61.Line 169. Add the publication year after ‘Fu et al.’

62.Line 169 and line 171. Two ‘finally’?

63.Line 185. ‘Laboratorial’ should be ‘laboratory’.

64.Line 192. Do you mean ‘equation (5)’, instead of ‘equations (2)’?

65.Line 198. Do you mean ‘equation (6)’, instead of ‘equation (3)’?

66. Why did you use different terms for velocity in equation 5 and equation 8?

67.Line 211. How did you calculate Kh, Kf, K3/K2, and K4/K2? Are they constants? If
so, please add the number.

68.Line 216 and line 208. Use the consistent form for units. m3/m3 or m3 m-3.

69.Line 227. Which year?

70.Line 232. It is weird to see ‘Figure 3’ before ‘Figure 1 and 2’. Maybe a map with
three domains in the supplement as Figure S1 is better.

71.Line 232. ‘40oE’ should be ‘40oN’.

72.Line 296. Remove the extra space between ‘empirical’ and ‘and’.

73.Line 315. Add the year for ‘Davis et al.’. Check through the manuscript for a similar
issue.

74.Line 350. ‘are produced’ should be ‘is produced’.

75.Line 369. Add ‘of’ between ‘uptake’ and ‘N2O5’.

76.Line 378. ‘even through’ should be ‘even though’.
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77.Line 396. ‘This’ should be ‘These’.

78.Line 397. ‘becase’ should be ‘because’.

79.Line 397. ‘the cornerstones’ should be ‘the cornerstone’ or ‘one of the corner-
stones’.

80.Line 401. ‘chlorine’ should be ‘chloride’.

81.Line 409. ‘understnadings’ should be ‘understandings’.

82.Figure 3. Should point out the area of BJ and the location of the sampling site. In d,
f, and h, should use ∆N2O5, ∆NO3-, and ∆NO3-, instead of N2O5, NO3-, and NO3-

83.Figure 4. In the sub-plot Daytime Gas-phase, the title of Y-axis should be ‘HNO3
production rate (ppt h-1)’. The same revision should be applied to the sub-plot Night-
time Gas-phase. The sub-plot Nighttime Heterogeneous, the title of Y-axis should be
‘Nitrate production rate (µg m-3 h-1)’. No sub-plot daytime Heterogeneous?
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