
Reply to comments from Referee #2 

First of all, thank you for your valuable comments and suggestions. Following your comments, we 

attempt to clarify and improve the manuscript by eliminating, modifying, and adding several parts 

from/into the original text. The added or modified parts are painted in a blue color in the revised 

manuscript. 

 

[General Comment] 

The paper presents the implementation of halogen chemistry in the CMAQ model, including a 

comprehensive representation of chlorine, bromine and iodine sources and chemistry. Once the 

model updates are described, the study focus on reproducing ClNO2 and O3 observations over the 

Korean Peninsula during the KORUS-AQ campaign. The results focus on the improvements in the 

model-observation comparisons, including the index of agreement and other statistical parameters, 

particularly over two inland locations within a polluted / semi-polluted environment. Then, they 

identify the four main reactions in the model accounting for the largest fraction of the improvement. 

Based on this, the authors evaluate the influence of air quality in the whole modeled domain, 

highlighting the major and sometimes opposite differences observed over continental and oceanic 

domains, and provide general conclusions about the benefits of considering halogen chemistry in 

the study.  

First of all, I would like to recognize the efforts from the group to implement their own version of 

halogen chemistry in CMAQ, which is of major importance as the community needs more 

modeling studies focused on the halogen influence on atmospheric chemistry and climate. 

However, I believe the current version of the work does not allow reaching a firm conclusion of 

the results obtained, probably because the paper attempts to address all at once the complete 

technical implementation, the observational improvements achieved over continental locations, 

and the overall impact and influences over different regions. While I leave for the authors to decide 

if it is convenient to present all of these developments within a single work or to partially split into 

independent companion papers, I recommend the authors to address the following major comments 

and submit a revised version for further consideration. 

Reply: This work may try to address too many topics. However, we decided to comprehensively 

cover all these contents within a single paper. We have revised the manuscript based on two 

reviewer’s comments, making this paper clearer. 

 

[Major Comments] 

Comment 1: P4, L93: In the introduction you clearly state that “We then investigate the formation 

of ozone using the new halogen processes”, which is what the paper focus first … but then at the 

end the work attempts to provide much wider conclusions of the halogen influence on atmospheric 



chemistry and air quality. You may want to focus here on ozone production driven by ClNO2 

chemistry, and leave the more general discussion for a companion paper. 

Reply: The main objective of this study is to implement updated halogen chemistry and halogen 

processes in the framework of CMAQ model, and then assess their implications in the atmospheric 

chemistry. This objective is described in the lines 91-107 in the revised manuscript. Chemistry 

related to nitryl chloride (ClNO2) is just a part of the entire work. We mentioned ClNO2 many 

times in the manuscript, because it is only the halogen species measured during the KORUS-AQ 

campaign. Thus, without ClNO2, it is almost impossible to confirm that our model has been cor-

rectly developed. To avoid the impression that our model evaluation is restricted to ClNO2, we 

added a new Section 3.1.4. This section includes indirect comparisons of modeled BrO and IO 

levels with values reported in the previous studies.  

 

 

Comment 2: P5, L111: Comparison with ClNO2 observations are of mayor importance for this 

study. Indeed, it might be worth to mention in the title. Current title and abstract give the impres-

sion of a general halogen chemistry development, while the work mostly focus on ClNO2 and its 

role for ozone production. 

 

Reply: As mentioned in our response to your Comment 1, we have revised the manuscript to di-

minish the impression that current study solely focuses on ClNO2. We added new Section 3.1.4. to 

provide a broader evaluation of the halogen chemistry by comparing simulated the mixing ratios 

of BrO and IO with those reported in the previous studies (please refer to lines 24-37, 99-107, 456-

480, and 670-675). 

 



 

Comment 3: P20,L326-328: Your results for EXP_CAM are not surprising to me as the hetero-

geneous ClNO2 formation through N2O5 was not considered in Saiz-Lopez et al., (2014), which 

is your reference. However, it should be mentioned that those studies focused on oceanic and pris-

tine conditions, and not polluted areas with high NOx and inland chlorine emissions. Indeed, fur-

ther research from the group lead by Dr. Saiz-Lopez considered enhanced HCl and ClNO2 pro-

duction within continental areas (see for example Li et al. 2022), which clearly showed important 

implications when anthropogenic chlorine sources are considered. Therefore I recommend includ-

ing the complete chlorine scheme from CAM-Chem in your analysis to avoid reaching erroneous 

conclusion, or at least to clarify why your EXP_CAM simulations do not reproduce ClNO2 obser-

vations. 

Reply: To avoid possible confusion of readers, we added a more detailed explanation into the 

revised manuscript regarding the limitations of the EXPCAM simulation in capturing the levels of 

ClNO2 under high NOx and inland conditions. Please, check out the lines 341-347 in the revised 

manuscript. 

 

Comment 4: P22,L356-367: Of all four dominant process mentioned here, R20 in Table 1 (ClO + 

ClO) is particularly surprising to me, as this reaction is typically considered in stratospheric ozone 

depletion, but not for boundary layer studies. How do you explain that the surface observations 

are sensible to this reaction? Is it because of the subsequent Cl2 photolysis? Is due to the coupling 

of ClO + NO2? Can you explain how this reaction can contribute to ClNO2 formation during the 

night, when ClO abundance is zero and in addition, any Cl2 formed would not be photolyzed until 

the next morning? 

 

Reply: In our model, we set the rate constant for R20 at a value 10 times lower than that used in 

the original CMAQ model (refer to Table R2 shown below). This results in slower ClO removal 

and slightly higher ClO concentrations in the boundary layer. 

 

 
 

Although ClO concentrations are generally low at night, the small increase may enhance the for-

mation of ClONO2 via the ClO + NO2 reaction. The formation of such reservoir species (ClONO2)  

could indirectly limit ClNO2 production by reducing the availability of reactive nitrogen. We have 

revised the manuscript to clarify this mechanism (please refer to lines 393-400). 

 

 

 



Comment 5: P33,L547-562: I follow the explanation about the changes in the OH/HO2 partition-

ing, but oceanic SLH (particularly iodine) has been clearly shown to reduce the OH abundance 

(not increase it), and consequently to increase the CH4 burden and lifetime (Li et al., 2022). Your 

results over the ocean seems to contradict that. How could this be? Indeed, the null cycle mentioned 

in your work results in a shift of partitioning from OH to HO2 (which is fine), but the total OH 

abundance is controlled by O3 + hv --> O1D. Given that oceanic halogens reduce O3, there is less 

O1D and therefore OH formation should decrease. Have you discarded any influence from the BC 

affecting the overall results? Note that O3 changes for the EXP_Cl_Br_I - EXP_ctrl are in line 

with Li et al. (2022) for oceanic domains, but the OH changes are not consistent with the changes 

in O3 (unless I missed something). 

 

Reply: Previous global-scale studies have shown that oceanic iodine chemistry generally reduces 

OH, mainly because it suppresses O3 production and thus O(1D) production (e.g., Li et al., 2022). 

However, during the short-term episodes such as the KORUS-AQ campaign, our results indicate 

that OH mixing ratios can increase despite the overall reduction in O3. One possible explanation 

about this is that halogen-mediated reactions, particularly the reaction of IO with HO2, and the 

photolysis of HOI, may efficiently regenerate OH radicals. These processes can partially offset, 

the OH loss associated with lower O3 and O(1D) production. Similar behavior has also been re-

ported in the previous studies (e.g., Saiz-Lope et al., 2012; Stone et al., 2018; Mahajan et al., 2021). 

To clarify this, we added a discussion into the revised manuscript, emphasizing that our results are 

based on limited-time campaign (please, refer to lines 610-619).  

Also, the influence of black carbon (BC) was not taken into account in this study. Future sensitivity 

tests may be necessary to more completely assess its potential impacts on halogen-radical interac-

tions. 

  

 

 

[General Comments] 

Comments 1: P2,L41: put this values in the context of equivalent changes reported in the literature, 

here and elsewhere. 

Reply: To address this point, we revised Section 3.4 including comparisons analysis with relevant 

previous studies (please, refer to lines 625-629 and 632-634). 

 

 

Comments 2: P3,L65: You could also cite other previous works with the implementation of hal-

ogen chemistry in WRF-Chem, e.g. from Badia et al., (2019). P4,L75: Similarly, given that you 

compare your results with those of the CAM-Chem model, you should also cite some of the CAM-

Chem studies focused on the impact of halogen chemistry over the oceans as Saiz-Lopez et al., 

(2014, 2023), Iglesias-Suarez et al., (2020), Li et al., (2022). 

Reply: We mentioned (cited) those references in our revise manuscript (See line 75). 

 



 

Comments 3: P5,L106: What version of CMAQ did you consider? Have you used and/or com-

pared w.r.t the previous implementation of halogen chemistry in CMAQ? (e.g. Sarwar 2015). 

Reply: In this study, we used the US EPA CMAQ version 5.2.1. In addition to the newly devel-

oped EXPCl_Br_I model, we implemented the halogen chemistry scheme developed by Sarwar et 

al. (2015) again in the framework of CMAQ v5.2.1 (EXPCMAQ). This was used as a reference for 

model evaluation, particularly in the comparison of ClNO2 mixing ratios (please, refer to lines 

230-233 and 314-319). 

 

 

Comments 4: P7,L149: You should cite and compare your methodology and emission values for 

anthropogenic emissions with other works to put your regional results into context of the 

current literature. In P8,L180 you compare with Kim et al., 2023, but should also compare with 

the anthropogenic emissions from Saiz-Lopez et al., 2023. 

Reply: Previous studies of Saiz-Lopez et al., 2023; Fu et al. 2020 provided valuable insights into 

global- and China-scale anthropogenic halogen emissions. However, we think that comparison of 

the previous emission estimates with our one may have limited relevance due to large differences 

in spatial scale and emission inventories. 

Therefore, we included additional comparisons with other studies conducted over the same re-

gions and time scales as our study (please, refer to lines 185-188). 

 

 

Comments 5: P10,L206-211: How did you validate the overall halocarbon emission inventory 

implemented in your model? Based on the Ordoñez et al. (2012) inventory, global scaling of chl-

a bitmaps was necessary to reproduce observations. In addition, what type of diurnal profile did 

you apply to the emissions? 

Reply:  To minimize uncertainty in chl-a bitmaps over East Asia, we utilized satellite-derived 

highly-resolved chl-a data from the GOCI instrument. The geostationary GOCI sensor was spe-

cially designed for observing ocean colors in the East Asia (Park et al. 2015). Based on these data, 

spatial distributions and relative proportions of Bry and Iy were calculated. Some results are pre-

sented in Figure R1 shown below. The estimated values fall within the ranges reported in the pre-

vious studies (e.g., Li et al., 2020; Huang et al., 2021, Sherwen et al. 2017). 

 

 



 
  

Regarding the temporal variation, default diurnal profile provided by the CMAQ model was used  

(refer to the diurnal scaling factors fdp in Eq.2). The hourly scaling factors over 24 hours are: 0.032, 

0.032, 0.032, 0.033, 0.034, 0.036, 0.039, 0.044, 0.051, 0.057, 0.062, 0.064, 0.062, 0.057, 0.051, 

0.051, 0.044, 0.039, 0.034, 0.033, 0.032, 0.032, 0.032, 0.032. These diurnal scale factors were 

uniformly applied to all the halogen species. 

 

Comments 6: P10,L212-218: Similarly, how did you exactly implement the SSA-dehalogenation 

process? Note this process is very efficient and depends on many parameters that present a large 

spatio-temporal variability (see Ordoñez et al. 2012 and Fernandez et al., 2014). Could you please 

provide more details about the implementation and the net bromine flux from sea-salt. 

Reply: Good point! The SSA dehalogenation is a key and highly uncertain process in the halogen 

chemistry, having strong dependence on various spatio-temporal parameters. To account for this 

process, we adopted an approach used by Sarwar et al. (2015) as shown in below.  

 

 𝐄𝐁𝐫𝟐:  0.864 ×  (OF + SF) × AGC × 0.965 × 10−16 × U10 × (0.38 + 0.054× SSTC) × ρSSA 

× Ra × DF/MWBr2  

 𝐄𝐈𝟐: (OF + SF) × AGC × 1.16 × 10−14 × [O3] × [I(aq)
− ]

1.3
 × (1.74 × 109- (6.54× 108 ×ln 

ws)) 

 𝐄𝐇𝐎𝐈 : (OF + SF ) ×  AGC  ×  1.16 ×  10−14  ×  [O3 ] ×  (4.15 × 105  ×  ( [I(aq)
− ]

0.5
/ws) – 

(20.6/ws) – 23600 × [I(aq)
− ]

0.5
) 



𝑂𝐹: ocean zone fraction, 𝑆𝐹: surf zone fraction, 𝐴𝐺𝐶: grid cell area, SSTC: sea surface temperature, 

𝑈10: 10m wind speed, 𝜌𝑆𝑆𝐴: dry SSA density, 𝑅𝑎: sea-salt Br/NaCl ratio, 𝐷𝐹: bromine depletion factor, 

𝑀𝑊𝐵𝑟2: molecular weight of 𝐵𝑟2, ws: wind speed 

We added the description of the SSA-dehalogenation process into the revised manuscript (please, 

check out lines 220-228). 

The net bromine flux from SSA is shown in Figure R1 (again, refer to the response to Comment 

5). As described in Fig. R1, the flux levels are within the range reported in the previous studies (Li 

et al., 2020; Huang et al., 2021, Sherwen et al. 2017).  

 

 

Comments 7: P10,L220-223: Halogen Chemical reactions. Please, provide at least a general in-

troduction of which are the important reference works considered in this study. 

Reply: We tried to provide a clearer explanation regarding this (please, refer to lines 230-233). 

 

Comments 8: P23,L380-385: In relation to the four highlighted reactions, I can think of many 

other processes that could be important to evaluate: for example: i) are Cl2 or any other species 

assumed to be uptake into the aerosol phase and provide Cl- (aq)? Ii) Did you consider any hourly 

variation in the emission strength of anthropogenic halogens of HCl and Cl2 (Eq. 1) that could 

impact your night-time results?. What about the NO2 sources that are required for the ClNO2for-

mation, how is their spatial and temporal variation? (this apply also to P33,L541). If all of these 

were found to be irrelevant, at least a couple of sentences explaining why they are not important 

should be given. I completely agree that further studies are necessary to investigate the main fac-

tors causing these discrepancies (which should be highlighted in the conclusions). 

Reply: In this study, we carried out a series of sensitivity tests to evaluate the influences of key 

halogen-related reactions by comparing simulations with and without these processes. However, 

as the reviewer correctly pointed out, several other factors may also contribute to the discrepancies 

we found. 

First, this study did not apply diurnal variation to anthropogenic emissions of HCl and Cl2, which 

may affect nighttime ClNO2 formation. Second, the model tends to underestimate nighttime NO2 

compared to observations (see Figure R2), which can potentially limit ClNO2 production. Also, 

particulate uptake of Cl2 and detailed NO2 variations were not explicitly considered. Regarding 

these points, we added their potential importance and the need for further investigation in the re-

vised manuscript (please refer to lines 411-415). 

 



 
 

Comments 9: P26,L434-439: The way the text is written seems to indicate that this is a result 

from this study, while the opposite effect between continental (polluted) and oceanic (pristine) has 

been previously described in the literature (e.g., Li et al., 2022, Saiz-Lopez et al., 2023). Please 

rephrase to make it clear that your results are in agreement with those of previous studies. 

Reply: We tried to revise the manuscript to emphasize the consistency between our results and 

those from the previous studies (please refer to lines 536-539). 

 

 

Comments 10: P28,L462-464: this sentence makes no sense. Please rephrase. Are you sure the 

SSA dehalogenation process for bromine is well implemented in your model?. P33,L545: I would 

expect larger impacts of bromine than chlorine over the oceans, which is not the case. Could this 

be possible due to a small efficiency of the SSA-dehalogenation process for bromine? 

Reply: Around the Korean peninsula, the interactions between VOCs and NOx are complex. To 

better represent bromine chemistry, we should incorporate reactions between bromine radicals and 

VOCs (refer to R46-R56 in Table 4), which were not included in the original CMAQ model.  

In addition, anthropogenic emissions of HBr and Br₂ were newly added to support these reactions. 

Without considering these VOC-related reactions, bromine radicals would primarily lead to ozone 

depletion (e.g., Br + O₃), but the inclusion of fast reactions such as Br + VOC can contribute to 

ozone production, partially compensating for the ozone loss. We have revised the manuscript to 

clarify this mechanism and its implications (please, refer to lines 520-523). 

 



 

Comments 11: P30,Eq.8 and Eq.9: Please control the F(Ox) expression for missing production 

channels and explain in case some terms are not considered. For the case of D(Ox) note that the 

Cl+O3 term should not be considered as it results in the formation of ClO, which is part of Ox (see 

Saiz- Lopez et al., 2014 for a complete list of all halogen-driven OddOx loss rates). 

Reply: We revised the manuscript, updating the description of the Ox family (please, refer to lines 

552-556). 

D(Ox) = 𝑘𝑁𝑂2+𝑂𝐻[NO2][OH] + 𝑘𝑂3+𝑉𝑂𝐶[O3][VOC] + 𝑘𝑂(1𝐷)+𝐻2𝑂[O(1D)][H2O]     

 + 𝑘𝑂3+𝑂𝐻[O3][OH] + 𝑘𝑂3+𝐻𝑂2[O3][HO2] + 𝑘𝑅𝑂2+𝑁𝑂2[RO2][NO2]  

 + (𝑘𝑋𝑂+𝑂3[O3] + 𝑘𝑋𝑂+𝐻𝑂2[HO2] + 𝑘𝑋𝑂+𝑂(3𝑝)[O(3P)])[XO] 

 + 𝑘𝐶𝑙𝑂+𝑁𝑂2[NO2][ClO] + 𝑘𝑋𝑂+𝑋𝑂[XO]
2 + 𝑘𝑁𝑂3+𝑉𝑂𝐶[NO3][VOC] 

+ 3𝑘ℎ𝑒𝑡[N2O5]                                               (Eq. 9) 

 

Comments 12: P36,L586-594: Once again, the conclusions concentrate on the importance of hal-

ogens to improve the model representation of ClNO2 observations, which are mostly related to 

air-quality in polluted environments. However, the final part of the paper focus on the wider im-

plications of halogens over continental and oceanic domains, which were not validated before. 

Indeed, in L602-606 you summarize model results for several species but omit mentioning the 

inconsistent results found for OH. In case you decide to keep all the analysis in a single paper, a 

detailed discussion of this important issue should be included. 

Reply: We tried to revise our manuscript, restricting the contents with a more detailed discussion 

and with more emphasis on the key issues (please, refer to lines 29-34; 91-107; 456-480; 610-619; 

670-675; and 689-695). 

 

 

 

[Language editing comments and Typos] 

Comments 1: P2,L26 and elsewhere: Please refer to halogen chemistry, not chemistries. 

Reply: We changed them. 

 

Comments 2: P22,L365: It appears, it is evident. 

Reply: We revised it. 

 

Comments 3: P35,L583: replace I by I2 inside the parenthesis. 

Reply: Thank you! We corrected this. 

 

Comments 4: Table 2: Check for typos and consistency in R1 and R3. 

Reply: We corrected typos. 



 

 

[Figure, Tables and Captions] 

Comments 1: Table 3: given the importance of reaction R6 in your results, more details should 

be given in the text. Note that most model implement different versions of R1. 

Reply: We added a more detailed explanation about reaction R6 in the revised manuscript to high-

light its role and importance in the atmospheric halogen chemistry (please refer to lines 402-404). 

 

Regarding the reaction R1, we conducted a separate sensitivity analysis, comparing different pa-

rameterizations. The results, shown in Table R1, indicate that the parameterization adopted in this 

study provided the best agreement with observations. 

  

 
 

 

Comments 2: Figure 4: it is not clear for me if this comparison exercise considers only nighttime 

or 24-hs model output. Given that the model is shown to underestimate Cl2 observations during 

the day ... then it is expected that if 24-hs is considered the presented results would imply a night- 

time over-estimation for the EXP_CL_BR_I case. Am I right? Could you please clarify in the text? 

Reply: The analysis, presented in Fig. 4, is based on 24-hour model outputs. We revised the man-

uscript to clearly describe and discuss this diurnal behavior and its implications for the interpreta-

tion of the results (please, refer to lines 439-441). 
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