Anonymous Referee #2

The authors appreciate the reviewers very much for reviewing our manuscript and
providing constructive comments. As suggested, we carefully revised the manuscript
thoroughly according to the valuable advices, as well as proof-read the manuscript to
minimize typographical, grammatical, and bibliographical errors. Our replies to the
comments and our actions taken to revise the paper (in blue) are given below (the original
comments are copied here). The figures added in the reply is represented by ‘Figure’, which

is distinguished from ¢Fig.” in the manuscript.

Major comments:

The main purpose of this paper is to clearly show the ability and/or inability of their model to
simulate the observed spatial and temporal variation in the concentration of the chemical
species in the atmosphere. Based on those findings the authors and also the readers of the
paper can understand what kind applications are suitable for this model and what aspect of the
model should be further improved in order to apply it to a particular issue. From this point of
view, the self-evaluation about the ability of the model by authors were often insufficient and
unclear. The good points and also the shortcomings of the model should be described more
specifically in the text. | pointed out some of those points as specific comments in the
following, but I strongly recommend the authors to reexamine the descriptions particularly in

the model evaluation parts.

Reply: We greatly appreciate the reviewer for insight comments on the manuscript. To
respond to the reviewer’s major concerns, we made thoroughly revisions and corrections
according to all the insight comments of the reviewers. Besides, more crucial information and

analysis will be added in the revised manuscript, as follows:

(1) A new evaluation with the WDCGG datasets only for 2014 is updated, and the evaluation

is more quantitative.

(2) We provide more information to discuss the model’s performance on the underestimation
of CO over ocean, including a comparison of the profile concentration of OH with other

models.

(3) More studies and descriptions focused on the simulation of ozone. The bias of
inter-models and model-observation are discussed. In particular, the poor performance on

the seasonal cycle in NH land is interpreted. We further showed the seasonal cycle of



0zone compared against sites separated by the terrain.

(4) The model’s simulating ability on aerosol formation is discussed in detail. Especially, the

SOA formation mechanism and the multiphase processes in the model are described.

(5) Overall, more analysis on the model’s performance are shown. The discussion includes
the uncertainty of emissions, the limitation of global model resolution, the superiority of
the model, the shortcomings of chemical scheme, the impact of meteorology and
deposition. On the basis of these comparison and analysis, some suggests are put forward

in the model’s further improvement.

Specific comments:

- L24: What are the aerosol effects here?

Reply: The aerosol effects refer to climate effect (direct, semi-direct and indirect effect) and

health effect (mainly of respiratory diseases, cardiovascular risk and lung cancer).

- L.38: Only R-value can not ensure the accuracy of the simulation. How about MB or NMB?
Reply: The NMB for the nested simulation are within #0.5. It is supplemented in the abstract.
-L58: Why didn’t you cite the latest AR5 report here?

Reply: Good suggestion, we have updated the citation to the latest report.

-L79: Typo? e.g.

Reply: ‘For example’ is used to introduce the work by Badia et al. (2017), Mann et al. (2010)

and Tsigaridis et al. (2014) instead of ‘e.g.” in the manuscript.
- L86: EA, this should be defined at its first appearance in the text.
Reply: Thanks, the definition has been added at its first appearance in the revised manuscript.

- L108-109: What do you mean here? Could you use more words to explain "localization of

the process parameterization™?

Reply: In the dust module, the deflation mechanism and dust loading parameterization are
based on a detailed analysis of the meteorological conditions, landform, and climatology from
daily weather records at about 300 local stations in north China. For the heterogeneous
chemistry scheme, the parameterization of uptake coefficients considered the meteorological

condition of relative humidity in China. It has been added in the manuscript.



- L135-139: Are there citable references for CoLM, , and IAP-OBGCM?

Reply: the references for CoLM (Dai et al., 2003), and IAP-OBGCM (Li et al., 2012) has

been supplemented in the revised manuscript.

-L158: What is the main difference between these two models (GNAQPMS and
IAP-AACM)?

Reply: Generally, IAP-AACM is similar to GNAQPMS. IAP-AACM has the same model
framework with GNAQPMS but has some improvements. The model was renamed when it
joined the CAS-ESM.

- L204: What does "synchronous time step™ mean ?

Reply: It is the time step of model’s integration calculation. In order to keep the stability of
calculation in the model, the integration time step will be cut into shorter sub-integration time
step in different modules (e.g., advection and gas chemistry processes). So the synchronous

time step means the model’s integration calculation.
- L206: What is the reason for choosing the year 2014 as the focal year?

Reply: Choosing the year 2014 is a compromise between little change in emissions and more
observation data published in China. The year 2014 is near now that there are more
comprehensive observation data of both trace gases and particles to obtain over China.
Chinese national environmental monitoring network (CNEMC) started to publish data since
2013. The site records of aerosols for 2014 are also available in China. Besides, China has
implemented strict air pollution control measures since 2013. Emission sources haven’t
change much from 2010 to 2014, except SO,. Zheng et al. (2018).

- L224-225: Emission data used in the study are not up-to-date, the base year of each database
is a bit old. Therefore, adjusting the emission data to input them to the model is suitable for
the purpose of this study. However, you only mentioned about the adjustment of SO2

emission in China in the text. Did you adjust other species emission?

Reply: No, we only adjust the emission of SO, in China for its dramatic variation in the past
years. During 2010~2014, the fluctuation of emissions are not severe globally except China,
due to a strict controlling policy known to all. The study by Zheng et al. (2018) shows that
relative change rates of China’s anthropogenic emissions during 2010-2017 are estimated as
follows: -62% for SO2, -17% for NOx, -27% for CO, -27% for BC and -35% for OC. But the
emissions decreased by 59% for SO2, 21% for NOx, 23% for CO, 28% for BC and 32% for
OC during 2013-2017. The dramatic reduction of emissions is mostly happened after 2013



(shown in Figure 1) for China’s Clean Air Action implemented during 2013-2017. Compared
to 2010, emissions of trace gas in 2014 decreased slightly except SO,. So we only adjust the

emission of SO..
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Figure 1 Emission trends and underlying social and economic factors from 2010 to 2017 by
Zheng et al. Zheng et al. (2018)

- Figure2: Why did you compare with NCEP R1, not with NCEP-FNL? What is the purpose

of it?

Reply: Because the meteorological field of WRF is nudged to FNL datasets. We used NCEP

R1 to compare with the simulation considering data independence.

- L244: This statement is not correct. The difference in RH2 between WRF and Reanalysis is

much larger in general as shown in Fig2 over land area.
Reply: The statement is correct. The figure is wrong and it has been replaced.

- Table2 and L246-248: If you want to mention only the correlation coefficient of annual
mean values, you should remove Table 2. If you want to retain Table2, you should explain the

table more precisely here. Table 2 is hard to read and insufficient caption.

Reply: Thank you for your good suggestion. More descriptions (see below) about Table 2 is

given in the revised manuscript, and captions and units are added in Table 2.

The simulation of the meteorological factors are close to the site records in different season,
with mean bias (MB) of -0.3 ~ 0 °C, -0.8 ~ -0.5 m/s and -4~ -2.3% for T,, Wy, and RH;
respectively. The model underestimates T, in all the seasons. Thus the summer showed the
largest negative bias with Root Mean Square Error (RMSE) of 2 °C, for temperature reaches
the peak in summer. As for Wy, it’s also underestimated the most in summer, with MB of

-0.8m/s and RMSE of 1.9 m/s. As for RH2, the underestimation is more obvious in summer



(MB= -3.2%) and autumn (MB= -3.2%), mainly stem from the insufficient precipitation.
Overall, the simulation in summer is more underestimated than other seasons. The agreement
in T, and RH, with observations is better than that of W, with annual correlation coefficients
(R) of 0.98, 0.84 and 0.53, respectively. Generally, the meteorology calculated by WRF can

rational reproduce the characteristics of observations.
- L270: Why did you take average of 2006-2015 only for WDCGG?

Reply: The WDCGG datasets provides a large number of trace gases observations globally.
The datasets can help to evaluate model performance of CO and ozone in different regions,
but some sites are without invalid records in 2014. To get more data to evaluate the model
over the world, we expanded the time range to ten years (2006-2015) and take the average of

2006-2015 as the statement of the air in the initial evaluation.

We have re-selected the observation data for 2014 to comparison with model results. Overall,
the results have not changed much in terms of the evaluation of model’s simulation capability.
The simulation bias is reduced in some regions while it is increased in some other regions.
The simulation of NO, performed better with the NMB of Asia and Europe closer to zero. The
underestimation of CO in Antarctica disappeared due to the change of the observed value.
There are some changes in the trend of the seasonal variation of O3 in Northern Hemisphere.
All the figures (as shown in Figure 2~ Figure 4) and tables related to these changes are

updated in the manuscript, and the corresponding analysis is updated in the manuscript, too.
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Figure 2 Annual mean concentration (ppb) of the surface layer in IAP-AACM. The circles

represent site observations. The first row is CO and O, the bottom row is NO, and SO..
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Figure 3 Scatter plots of annual mean concentrations (ppb) in Africa, Antarctica, Arctic Ocean

(ArcticO), Asia, Atlantic Ocean (AtlanticO), Europe, Indian Ocean (IndianO), North America

(NAmerica), South America (SAmerica), Oceania and Pacific Ocean (PacificO). The abscissa

shows the observation and the ordinate shows the simulation. The color of the points

represents different regions. (a) ~ (d) show CO, O3, NO, and SO, respectively.
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Figure 4 Mean seasonal variation of Os; (ppb) over NAmerica, Europe, Asia, AtlanticO,
PacificO, Antarctica, SAmerica, Africa and Oceania sites. Black lines and red lines represent
the average of observations and simulations respectively. Gray shaded areas and red vertical
bars show 1 standard deviation over the sites for observations and for model results

respectively.

- Table3: It is better to include the information of region of each observation datasets.
Reply: That’s a good suggestion and we have added the region of each observation datasets.
- L298: The value (23.3) differs from that in Table4.

Reply: Yes, it’s a writing mistake. We have corrected it to 22.8 in the sentence.

- Table5: Table 5 is not completely filled with the necessary information for OM (other

sources and total sink are missing).
Reply: Other sources and total sink are added to Table 5.

- Figure4: Fig4c and 4d should be switched to be in accordance with the order of panels in
Fig3.

Reply: The subplot in Fig. 4 has been switched to the same order as Fig. 3.
- L363: Typo?: Northern Hemisphere
Reply: Yes, we have revised it.

L368-369: Why did IAP-AACM show the lowest concentration of CO over ocean among the

models considered here?

Reply: It potentially reflects a difference in emissions. The natural sources of CO over ocean
are included in the HTAP models whereas they are not considered in IAP-AACM. Besides, it
may reflect differences in chemical transformation between models. The tropospheric
(200hpa to the surface) mean OH concentration of IAP-AACM is 13.0<10° molec cm™. Itis a
little higher than the mean OH concentration study (11.1+1.6x10° molec cm®) from 16
ACCMIP models for 2000 by Naik et al. (2013). It potentially leads to strong atmospheric
oxidation. As shown in Figure 5, there is a slightly higher peak concentration of 30-35 molec
cm® in IAP-AACM, compared with the other models (under 30 molec cm™®) (Huijnen et al.,
2010; Badia et al., 2017). Due to the sink reaction of CO (CO + OH — CO, + H), the CO loss
will be faster in IAP-AACM.
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Figure 5 Zonal monthly mean concentration of OH for January, April, July and October by
the IAP-AACM. The unit is 10° molecule cm™.

- L378-380: The seasonal variation of surface O3 should be different in different environment
even in the same region. So, | recommend the authors to compare separately for different
environment (e.g. maritime area vs mountainous area). Otherwise, | can not regard the Fig6 as

an evidence that the model can well simulate the seasonal variation of surface O3.

Reply: That’s a helpful suggestion. The seasonal cycle of ozone shows different
characteristics in different topographic conditions due to different control factors. We
separate the observational sites as maritime area, inland and mountain due to the altitudes
(shown in Figure 6). At the mountain sites the model tends to underestimate O;
concentrations more. As high-altitude sites more frequently sample free tropospheric air
(Fiore et al., 2009), it is more likely to be influenced by foreign emissions. The weaker
intercontinental pollutant transport within troposphere in the model may be responsible for
the underestimation. Moreover, steep topographic gradients at local may not be represented
using coarse resolution models. Steep topographic gradients are averaged out within one
model grid cell. It is difficult to capture the spatio-temporal variation of ozone caused by
topographically driven flows or sharp gradients in mixing depths. For inland, the model tends
to overestimate Oz concentrations in summer time. Uncertainties in volatile organic

compounds (VOCs)-NOx-O3 chemistry may contribute. The natural source of isoprene from



vegetation is important in the Os; formation due to its high proportion of VOCs emission in

summer (as estimated to be 40.9 Tg/yr in China by Fu et al., 2012)
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Figure 6 Mean seasonal variation of Oz (ppb) over inland, mountain and maritime area in
Northern Hemisphere compared with site records. Black lines and red lines represent the
average of observations and simulations respectively. Gray shaded areas and red vertical bars

show 1 standard deviation over the sites for observations and for model results respectively.

- L385: Underestimation in Antarctica is not small. Such an underestimation could be seen in

the other CTMs. Can you use more words about this issue here?

Reply: In IAP-AACM, ozone concentration is about 10~15 ppb lower than site observations
in Antarctica. An Evaluation of ACCMIP ozone simulations shows most models
underestimate ozone concentration at high latitudes in the southern hemisphere at 800 hPa
(Miyazaki & Bowman, 2017). As displayed in their seasonal comparison results, the
underestimation of ozone is more significant (10~20 ppb) during April-August, which is in
accordance with our study. It may be caused by a lack of halogen chemistry in our model.
Remarkable ozone depletion events which is driven by halogen chemistry (mostly notably as
bromine) is observed in the polar boundary layer (Simpson et al., 2007). Furthermore, Falk &
Sinnhuber (2018) used EMAC v2.52 to interpret the significant underestimation of situ
observed ozone in Antarctica, indicating that there are missing sources of bromine release
from ice and snow in the model. The over prediction of dry deposition velocity to sea ice also
plays a role in the underestimation of ozone. The dry deposition velocity to ice is under 0.02
cm s™ across 15 HTAP models (Ganzeveld et al., 2009). In IAP-AACM, it’s obviously higher

(0.035~0.048 cm s™) than those models, as shown in Figure 7.
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Figure 7 Annual mean dry deposition velocity of ozone in IAP-AACM. The unit is cm s™.

- L385-387: In the NH land area, it seems that the model completely failed to represent the
seasonal cycle of surface O3, but the author regarded it as just a positive bias during
July-September. More words for this issue are necessary. For example, what do you think the

apparent underestimation in cold season in NAmerica and Europe?

Reply: Yes, the model showed poor performance on the seasonal cycle of surface ozone in the
NH land area, with overestimation in Europe and EA in summer while underestimation in
winter in NH land, as shown in Figure 4 (the comparison drawn with WDCGG observation
only for 2014).

According to Figure 6, the underestimation of ozone in cold seasons mainly occurs at sites of
mountain and marine area, where is relatively clear and tend to be impacted by foreign
pollutions. The underestimation in winter may relate to the weaker intercontinental pollutant
transport within troposphere in the model. Winds are generally stronger in winter than in
summer, causing intercontinental transport to be more rapid during winter months (HTAP,

2010). The observation at those sites will be influenced by source emissions more frequently.

The surface O; are also underestimated in spring over NH land. In IAP-AACM, the
stratospheric-tropospheric exchange is not considered. It will lead to a large negative bias in
simulation. To date it has become apparent that the measured annual cycle of ozone shows a
distinct maximum during spring. The stratosphere-to-troposphere ozone transport event
occurs widely across mid-latitudes in the NH (Monks et al., 2000; Akritidis et al., 2018).
Since the magnitude and frequency of the transport through tropopause is still not clear. There
are large uncertainties in simulating the flux. Some researches (Munzert et al, 1985; Austin
and Follows, 1991) showed that the maximum in the stratosphere to troposphere flux occurs

in late winter/spring. It may partly be responsible for the underestimation of Oz in winter, too.

The surface Oz concentrations over East Asia (sites mainly located in Japan) are

overestimated in summer and early autumn. The same pattern is also found in the multi-model



inter-comparison of 21 HTAP models (Fiore et al., 2009). The simulations in island countries
of EA are sensitive to the timing and extent of the Asian summer monsoon (Han et al., 2008).
The positive model bias in this season may stem from inadequate representation of

southwesterly inflow of clean marine air.

- L388-390: In Badia et al (2017), they suspected the excessive emission height of NOx
which will cause low NOx at surface and consequently might lead to weak NO titration. Do

the same things happen in your model?

Reply: Yes, there is the same situation in our model. In Badia et al. (2017), all the land-based
anthropogenic emissions are emitted in the first 500m of the model. In I1AP-AACM, the
energy emissions and industry emissions are emitted in the first five layers considering the

stack height, which the top injection height is over 500m.

- L390-391: The AACM apparently showed larger concentration of surface O3 in the tropical
regions (central Africa, South America, and Southeast Asia) than the other models. However,
the concentration of O3 precursor species (CO and NOX) in these regions are not so different

among the models. Can you give discussion about the issue here?

Reply: Yes, the concentrations of CO and NOXx in the tropical regions are not so different
among the models. There are several uncertainties in the model performance. The same
module schemes applied in different models may display different result (Tsigaridis et al.
2014; Hardecre et al., 2015). Furthermore, the meteorological conditions also play a
important role in the simulation. The chemical reactions and dynamical processes
(transportation and diffusion) of the matters are sensitive to meteorological field (e.g., wind,
precipitation, temperature). In addition, the biomass burning emissions used in IAP-AACM is
different from the other models. For multi-model activities of HTAP, groups use GFED3 data
as the biomass burning emissions (Galmarini et al., 2017). In IAP-AACM, we use GFED4. A
comparison of different versions of GFED emissions (Werf et al., 2017) shows the impact of

a minor reduction in burned area and decreasing fuel consumption.

- L391-394: These two sentences are not consistent to each other. In general, the region of
high O3 concentration can be different in different season. If you look at the "annual mean™
concentration, the highest O3 usually occur in the source region in summer, but that in the
downwind region in winter. However, if you see the different index such as MD8H O3, you
can see completely different seasonal cycle. | strongly recommend the author to carefully

revise these sentences.

Reply: We totally agree with your comment. For 0zone, the seasonal cycle of high value area



between annual mean value and MD8H O; always show different patterns. As for the surface
distribution of annual mean concentration shown in Fig. 5, the four models shows the
common features of the the NOXx titration effect that high concentrations mainly occur
downwind of highly polluted areas. But compared with the other models, IAP-AACM
exhibits a higher concentration in the source regions and a lower concentration downwind. As
the NO, emission is emitted at a higher altitude in the model, it is transported to a further
distance over the ocean. Thus the concentration of Ozis lower in the source area (e.g., East
China) due to a weaker NOXx titration effect, and it’s higher in the downwind area. We have

revised those sentences.

- L402-403: An overall evaluation of O3 dry deposition in global CTMs can be seen in
Hardecre et al. (2015). | recommend to check it out. Hardacre et al. (2015) An evaluation of
ozone dry deposition in global scale chemistry climate model, Atmos. Chem. Phys., 15,
64196436, doi:10.5194/acp-15-6419-2015.

Reply: Thanks for your suggestion. According to Hardecre et al. (2015), the dry deposition
velocity to sea varies little (around 0.05 cm s™) in different CTMs models using the
deposition scheme by Wesely (1989). Besides, the study of Ganzeveld et al. (2009) shows
that surface ozone differed by up to 60% if the deposition velocity of ozone varies from 0.01
to 0.05 cm s™. In IAP-AACM, the deposition velocity over the oceans varies from 0.042 to
0.05 cm s™, as shown in Figure 7. The variation in absolute terms between IAP-AACM and
the other models is smaller than 0.008 cm s™. Hence the difference of surface ozone caused
by dry deposition should be less than 12%. We revised sentences of line 402-403 in the

manuscript.

- L416-418: The concentration of NOXx over oceanic areas are larger in AACM than in other
models, which might stem from larger emission or longer life time of NOx in AACM than the

other models. | recommend to discuss this issue further here.

Reply: We totally agree with reviewer’s suggestion. Compared with the other models shown
in Fig. 5, the surface NO, over ocean is larger in IAP-AACM. This may reflect larger
emission or less sinks of NO, in IAP-AACM. From our research, the most likely cause is the
discrepancy in chemical conversion. As displayed in Fig. 7, nitrate is underestimated on the
sea of East Asia, which implicates the oxidation of NOx to nitrate is insufficient in the model.
Consequently, the higher NO, over ocean also leads to higher concentration of surface ozone
over equatorial oceans, too. In addition, the higher injection height of emission sources leads

to farther transportation distance. This is added in the revised manuscript.



- L436-438: This is misleading statement. The model results are not generally with in a factor
of two, but they apparently tend to overestimate the observation in all the three regions. The

NMB value for sulfate in Europe, 0.11, is incorrect which is 1.1 in Table 6.

Reply: The 0.11° is a typo, we have corrected it and renewed a new description about the
simulation of sulfate as follows. In general, the surface distribution of SNA in IAP-AACM is
close to the site records as shown in Fig. 7. When it comes to the site bias, Sulfate is
overestimated more or less as shown in Fig. 8. Specifically, in Asia, the simulations at most
sites here are within a factor of two of observations, with NMB of 0.36. However, In
NAmerica and Europe, it’s significantly overestimated, with NMB of 1.94 and 1.1

respectively.

- L438-439: How can you conclude like this (2ugm-3 higher)? What is the ground of this

statement?

Reply: We calculated the sites average value in the model and compared it against the

observation but we didn’t mention it, now we have added this description in the revised paper.

- L442-443: What aspect of the observation do you think your model can reproduce? You

should be more specific.

Reply: As shown in Fig. 7, IAP-AACM reproduces the nitrate distribution in western
America well but overrates it in eastern America. Hence the west-east gradient over America
is overestimated. The model doesn’t fully capture the north-south gradient over Europe due to
an overestimation at most of the sites. As for Asia, there is an underestimation in Southeast
Asia and Japan. We have provided a detailed description of the distribution in the revised

manuscript.

- L446-449: About the simulation of ammonium, | can see obvious underestimation in

NAmerica and overestimation in Asia and Europe.

Reply: The simulation of ammonium is more diverse since there are more uncertainties in the
emission of NH3 (precursor of ammonium) from croplands (Xu et al., 2019). There is slight
negative bias in America and positive bias in Asia, with NMB less than #1 (-0.46 and 0.85
respectively). In Europe, there is significant positive bias with NMB of 1.49. This has been

added to the revised manuscript.
- L455-457: The concentration of OC were obviously underestimated by the model.

Reply: Yes, the meteorological conditions and emission inventories in the model are

inconsistent with the observation year (2006) of carbonaceous in China. This may be partially



responsible for the bias of OC. According to recent study, there is a slightly increasing (less
than 0.1Tg) of both BC and OC emissions from 2006 to 2010 in China (Lu et al., 2011; Fu et
al., 2012). As the analysis of the CAWNET observation over China (Zhang et al., 2015), there
is no significant changes happened in the proportion of chemical component of PMj, from
2006 to 2013, which means the source of carbonaceous are also changed slightly. However,
as shown in Fig. 8, the simulation of BC at most sites are close to observations while the
simulation of OC is significantly underestimated. The study by Fu et al. (2012) showed a
significant underestimation of OC emissions over China. Furthermore, Zhao et al. (2016)
found that the pathway of intermediate volatile organic compounds (IVOC) to SOA is very
important for the formation of SOA. Their experiments in three dimension model with new
SOA scheme called 2B-VBS suggest that OA aging and intermediate-volatility emissions
increased OA concentrations in Eastern China by 42%. IVOCs constitute over 40% of OA
concentrations, and over half of SOA concentrations. Yang et al. (2018) also showed the
significant increase of SOA concentration in an observation-based box model which included
the IVOCs reactions. The reaction for IVOC is not included in our SOA module. The SOA
module in IAP-AACM is Two-Product scheme. The simulations using Two-Product model
substantially underestimated SOA and OA compared with observations. According to recent
modeling studies with Two-Product scheme in China, it is estimated to an underestimation of
OA by 40-78% (Lin et al., 2016; Han et al., 2016). This can explain the closely simulating of
BC but greatly underestimating of OC and throw light on an improvement of SOA formation

in the model.

- L491-492: The highest AOD in DJF in east China is not clearly seen both in satellite and
model AOD.

Reply: Yes, it’s an incorrect expression here and we have deleted it. In fact, the highest AOD
may not be in DJF, it often appears in MAM. On one hand, China is frequently affected by
dust in spring. On the other hand, AOD is an optical characteristic of aerosols for the whole

vertical layer. It is not equivalent to the surface aerosol mass concentration.
- Figure10: It’s better to show scatter plots too, at least as a supplement figure.

Reply: To be more quantitative, we provided scatter plots of the species in Figure 8. As shown
in Figure 8, model results for SO,, PMy, and PM, 5 are mostly within the factor of two with
NMB within #0.52, while NO, concentration are a bit underestimated (NMB= -0.63).
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Figure 8 Scatter plots of annual mean concentrations (ug m™) in nested domain. (a)~(f) is SO,
NO,, PMyy and PM, 5 respectively. The abscissa shows the observation and the ordinate shows

the simulation.
- Figurell: The area and the map projection of the figures for all models should be united.

Reply: The model results have been adapted to the same area and projection (shown in Figure

9). Also, a more detailed analysis has been displayed in the manuscript.
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Figure 9 Annual surface distributions from nested IAP-AACM compared with regional
models from MICS-Asia. Each row from top to bottom represents IAP-AACM, WRF-Chem,
CMAQ and NAQPMS respectively. The left column is SO,, the middle column is NO, and

the right column is PM,. The unit for gases is ppb and for particles is pg m*.
- L517-519: I’'m sorry I can not understand what you want to mean here.

Reply: As shown in Fig. 11, the nested simulation of SO, in IAP-AACM has consistent
spatial distribution of pollutants in the far northwest of the domain, which cannot be
reproduced in the regional models. The PM, s from NQAPMS is higher than IAP-AACM in

Northwest of China because it includes dust aerosol in NQAPMS.

L545-547: What do you want to mean here? Your model overestimated the NO2 in summer
in NC and YRD regions. If you don’t use the NO2* observation, the model’s overestimation

should become worse.

Reply: Yes, the overestimation of NO, reflects the shortcoming of multiphase processes in
IAP-AACM. The overestimation of NO, and underestimation of nitrate in daytime of summer
and autumn is related to the over decomposition of nitric acid at high temperature condition in

the thermodynamic equilibrium module. Moreover, heterogeneous chemical reactions in the



model should partly be responsible for the NO, overestimation in summer. Reactive
heterogeneous uptake of gases may be crucial for the formation of secondary aerosols when
the other oxidants (e.g. ozone, OH) are in low concentrations level (Jacob, 2000; Martin et al.,
2003). The heterogeneous chemical module coupled in IAP-AACM has been tested in North
China in winter (Li et al, 2018). The uptake of SO, by wet aerosols significantly enhanced
sulfate formation under highly polluted conditions, contributing 50%-80% of total
concentration of sulfate. The mechanism also reduced the overestimation of nitrate which is
also appeared in other models. However, when it comes to the problem here, we checked the
simulations excluded heterogeneous chemical processes and found a better performance of
NO, in summer (shown in Figure 10). It implicates that a more comprehensive mechanism

should be considered in model development.
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Figure 10 Seasonal cycle of NO, (ug m™) simulated without heterogeneous chemical process
over China. The black line and red line represent monthly mean concentration of
city-averaged observation and simulation respectively. Gray shaded areas and red vertical
bars show 1 standard deviation over the sites for observations and for model results,
respectively. MO and MM stand for annual mean concentration of observation and simulation

respectively.

- L547-550: | can not understand what aspect of seasonal difference in NO2 column

observation were reproduced by your model. You should describe more specifically on it.



Reply: As shown in Fig. S3, the model captured seasonal variations of NO, column
concentrations in the vertical troposphere well. In China, the NO, VTC is higher during
September-October-November and  December-January-February — while  lower in

June-July-August, likely caused by seasonal human activities such as fuel heating.
- L595: Typo? respects ! aspects
Reply: Yes, we have revised it.

- Conclusions should be revised according to the modifications made to respond the reviewers

comments.

Reply: Yes, new conclusions will be updated in the manuscript.
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