
1

Dear Editor,

We appreciate the prompt reviews and would like to thank the reviewers for insightful

comments and suggestions on our manuscript entitled “Impact of a subtropical high

and a typhoon on a severe ozone pollution episode in the Pearl River Delta, China”

(MS No.: acp-2022-290). We have carefully considered all comments and suggestions.

Listed below are our point-by-point responses to all comments and suggestions of this

reviewer (Reviewer’s points in black, our responses in blue).

Anonymous Referee #1

The manuscript entitled “Impact of a subtropical high and a typhoon on a severe

ozone pollution episode in the Pearl River Delta, China” by Shanshan Ouyang et al.

explored in details how the severe O3 pollution in PRD is influenced by the weather

system of subtropical high and typhoon. The manuscript provides valuable

information for understanding the ozone pollution formation mechanism in coastal

areas, and is well within the scope of ACP. I only have the following minor comments

needed to be addressed before the publication.

Response:

We appreciate the encouraging comments and suggestions.

General comments

One of the major findings of this manuscript is that the photochemical O3 production

is enhanced during the influence of subtropical high and typhoon, and acts a major

cause of the most severe O3 pollution in PRD. However, why the photochemistry

process is enhanced during the two events is not clearly discussed. Especially, How

the enhanced photochemistry related to changed meteorological factors? Although the

meteorological factors and photochemical process are separately discussed, there are

inner relationship between meteorological factors and photochemical process. I

suggest to further elucidate how the changes in meteorological factors induced by
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typhoon and the subtropical high influences the photochemical production of ozone.

Response:

Thank you for the insightful comments and helpful suggestions. It is an oversight that

we only emphasized the main meteorological factors conducive to O3 pollution under

the influence of subtropical high and typhoon, but ignored the inter relationship

between the changes of meteorological factors and photochemical enhancement. We

now have further elucidated how the changes in meteorological factors induced by the

subtropical high and the typhoon influence the photochemical production of O3 in

Section 3.3 (page 7 to 8, line 200 to 230) and Section 3.5 (page 11, line 330 to 333) of

the revised manuscript, which are reproduced below for your information.

Page 7 to 8, line 200 to 230: SWDOWN was strong throughout the O3 episode, and

the resulting high NO2 photolysis rate provided sufficient conditions for the

generation of O3, especially in the upper and middle layers of the boundary layer

(Dickerson, 1997; He et al., 2021). Compared to the clean period, lower RH, higher

PBLH, predominantly weak northerly winds at the surface (negative V10) and stronger

downdraft (positive Omega) were found in the first two periods. Lower RH tends to

be unfavorable for the wet deposition of O3 (He et al., 2017; Han et al., 2019; Li et al.,

2021). The relatively high thermal PBLH allows for adequate mixing of O3 (Li et al.,

2018; Zhao et al.,2019; Dong et al., 2020), which is more conducive to the downward

transport of O3 in the upper layer when superimposed with the stronger downdraft

under the background of the subtropical high and typhoon (Li et al., 2022; Liu et al.,

2022). The weak northerly winds favor the transport of high concentrations of locally

generated O3 southwards to the coastal areas, resulting in higher O3 concentrations in

the south of PRD than in the north during the pollution periods. At the same time, the

stable weather under the background of the subtropical high and Typhoon Mina are

more favorable for the formation of a deep residual layer, which can store

photochemically generated O3 in the daytime and exacerbate the surface O3

concentration through vertical transport in the next day. Furthermore, since the virtual
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potential temperature (θ�) can represent the height of the atmospheric mixed layer, it

can also be seen from the θ� profile results of PRD from September 25 to October 4

at 14:00 in Figure 6c that the inflection point of the θ� in the pollution periods are

above 1500 m, that is, the mixed layers are higher, indicating that the relatively higher

mixed layer height is more conducive to the mixing of O3.

On the other hand, when PRD was under the influence of Typhoon Mina, it had a

higher T2, lower RH, a switch to weak northwesterly winds and stronger Omega

compared to the subtropical high period, indicating that the more severe

meteorological conditions combined with O3 and its precursors accumulated in the

subtropical high period were beneficial to the further enhancement of O3

photochemical generation. Further, the key meteorological parameters affecting the

changes in O3 concentration in PRD varied as Typhoon Mina moved away from PRD

can be seen in Figure 6b: T2, W10, weak northerly wind (negative V10) and Omega all

rose first and then gradually decreased after October 1, indicating that the

meteorological conditions were more favorable for O3 generation and accumulation

when PRD was the influence of typhoon peripheral circulation.

The findings above suggest that the meteorological factors such as lower RH,

predominantly weak northerly winds, stronger downdrafts and higher PBLH caused

by the subtropical high and Typhoon Mina were the main reasons for the development

of this O3 pollution episode, and it ended due to the switch to clean southerly winds at

lower levels.

page 11, line 330 to 333: Again, the dominant terms are those of CHEM, the value of

CHEM is remarkably high in the range of 6.56 to 8.01 ppb/h during the period

influenced by the subtropical high and Typhoon Mina (September 25 to October 2,

2019) due to strong photochemical reaction rates resulting from higher SWDOWN

and lower RH, but only about 2.84 ppb/h during the clean period of October 3-4 due

to the switch to clean southerly winds.
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Specific comments

1. Line 114: Is the O3 concentration corresponding to the simulated O3 in the lowest

layer (i.e., below 35 m)? If take the lowest 3 layers into account, especially for

periods strongly influenced by downdraft, what would the comparison between the

model simulation and the observation look like?

Response:

Yes, the simulated O3 in Figure 5 was obtained from the model’s lowest layer, and we

have explained it in the revised manuscript (page 6, line 183). As shown in Figure R1

and Table R1, when the lowest 3 layers are combined into one, the comparison

between the model simulation and the observation would be closer and the evaluation

results would be better. Combined with the daytime vertical contributions of

individual processes to O3 in Figure 11a, it could be seen that since the photochemical

generation of O3 was more intense above the near-surface layer, considering the

results of the lowest 3 layers would reduce the negative deviation between the

simulation and observation.

Figure R1. Hourly variations of O3 in observed values (blue dots) compared to model

simulations of the lowest layer (solid black line) and lowest 3 layers (solid red line)

from September 21 to October 4, 2019.

Table R1. Statistical metrics of O3 in the comparison between the observations and

simulations (from lowest layer and lowest 3 layers) from September 21 to October 4,
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2019.

obs sim R NMB (%) RMSE IOA

O3 (ppb, from lowest layer) 57.3 49.1 0.79 -14.25 20.36 0.87

O3 (ppb, from lowest 3 layers) 57.3 52.2 0.86 -8.66 15.85 0.92

2. Line 115: Please define “NAWO” and “CNMC”. Is CNMC the same as NEMC in

Line 76? If so, please keep the abbreviation consistent.

Response:

Thanks for pointing out our negligence. We have described the sources of O3 data

(line 77) and meteorological data (line 84) in section 2.1 of the revised manuscript

with new abbreviations. At the same time, the sentence in line 117 is modified by

removing the two abbreviations (“NAWO” and “CNMC”) for simplicity.

3. Line 133: Please add description on “the second standard of air quality”.

Response:

Thanks for pointing out our negligence. For hourly O3 concentration, the national

ambient air quality secondary standard is 200 μg m-3 (approximately 93 ppb). We

have described it in line 42 of the revised manuscript.

4. Line 137 - 138: Please define “Lev 3” and “Lev 5”.

Response:

Thanks again for pointing out our negligence. We have added the descriptions of “Lev

1-5” in line 137-139 of the revised manuscript.

5. Line 173: The model overestimated WS10 quite a lot. Which of the wind vector (i.e.,
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u, v, ω) has not been well reproduced that could lead to the WS10 overestimation?

How would this overestimation further influence the evaluation of the contribution of

transport / sea breeze?

Response:

The model does overestimate WS10 quite a lot and we acknowledge this referee’s

concerns that the overestimated model WS10 might further influence the subsequent

analysis. For mesoscale models such as WRF, the simulation of the near-surface wind

fields under stable weather background is still a challenge (Lim et al., 2018;

Srivastava et al., 2021), with most of the previous simulations of near-surface wind

speeds being on the high side (Tymvios et al., 2018; Lorenz et al., 2022). We

evaluated the variables U10 and V10 which were directly related to WS10 to explore

whether the overestimation of model WS10 would affect the subsequent analysis of

pollution processes. As can be seen from Figure R2 and Table R2, although the

simulation of U10 also has a certain negative deviation with a mean bias (MB) of

-0.26m/s, the main reason for the overestimation of WS10 is the larger negative

deviation of the V10 simulation (MB of -1.41m/s). That is, the northerly wind

simulation is too large, which may overestimate the contribution of the prevailing

winds in transporting locally generated O3 in PRD to the sea during the influence of

the subtropical high and Typhoon Mina. Although the positive V10 simulations on

October 3-5 are large and may overestimate the contribution of clean sea breeze to

this O3 episode, the model well simulates the nighttime sea breeze during the

pollution periods, providing certain degree of reliability for subsequent studies of the

effect of sea breeze on O3. Future studies are planned to improve the simulation of

near-surface wind fields by using more detailed terrain data and more suitable

parameterization schemes.
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Figure R2. Hourly variations of U10 and V10 in observed values (red dots) compared to

model simulations (solid lines) during September 21 to October 4, 2019.

Table R2. Statistical metrics of U10 and V10 in the comparison between the

observations and simulations during September 21 to October 4, 2019.

obs sim R MB RMSE IOA

U10 (m/s) 0.1 -0.2 0.67 -0.26 1.30 0.66

V10 (m/s) -0.5 -2.0 0.84 -1.41 2.23 0.73

6. Line 189: Please define U10, V10.

Response:

Thanks. We have defined Zonal wind speed at 10m (U10) and Meridional wind speed

at 10m (V10) in line 193 of the revised manuscript.

7. Line 210: Please define θ�.
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Response:

Thanks. We have added the definition of virtual potential temperature (θ�) in line 212

of the revised manuscript.

8. Line 213 - 216: Higher PBLH could result in higher O3 concentration due to

enhanced contribution of downward O3 transport. However, higher PBLH could also

favor the dilution of O3 and its precursors, thus result in weaker O3 production and

accumulation. What would be the balance between these two effects?

Response: The referee made a very insightful point that higher PBLH may facilitate

downward transport of upper O3, but may also favor the dilution of O3 and its

precursors. However, for the thermal boundary layer affected by surface

thermodynamics, the stronger the solar radiation or the higher the air temperature, the

higher the PBLH, and the meteorological conditions at that time tend to favor the

photochemistry of ozone. Previous studies have shown that high PBLH was often

accompanied by high concentrations of O3 (Zhao et al., 2019; Dong et al, 2020; He et

al., 2021; Liu et al., 2022). In this study, as can be seen from the PBLH heights for

each period in Figure 6a and the results from Table 3, the PBLH was higher during the

two pollution periods (September 25-28, September 29 to October 2), and the O3

concentration within the boundary layer was also higher during these periods, with

81.53 ppb and 83.04 ppb, respectively. In these cases, the VTRAwere -1.83 ppb/h and

-0.05 ppb/h, respectively, indicating that higher O3 concentrations within the PBL

resulted in vertically upward transport of O3 to the upper atmosphere. In contrast, the

daytime PBLH on October 3-4 was lower and a VTRA of 1.80 ppb/h, i.e. O3 above

the PBL was transported downward. Meanwhile, photochemical production of O3 was

stronger when the boundary layer was higher during the two pollution periods, with

CHEM of 8.01 ppb/h and 6.56 ppb/h, respectively, but was only 2.84 ppb/h in during

the clean period (October 3-4), suggesting a negligible dilution effect. In summary,

under the influence of a subtropical high and Typhoon Mina, high PBLH and

associated meteorological conditions were highly conducive to the photochemical
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production of O3 in the boundary layer in PRD, which resulted in extremely high O3

concentrations within the PBL and a net vertical O3 transport to the upper atmosphere.

9. Figure 5: It looks like there is a 1-hour time shift between the simulated and the

observed O3 concentration. This could be caused by the definition of the measurement

time of the CNEC O3 data (i.e., data at 1:00 represent the averages in 0:00 – 1:00). If

this time shift has been taken into account, would the discrepancy between the

simulation and the observation become smaller?

Response:

We are grateful for the referee’s thoughtful point on “the 1-hour time shift between

the simulated and the observed O3 concentration could be caused by the definition of

the measurement time of the observed O3 data”. We looked through the Specifications

and Test Procedures for Ambient Air Quality Continuous Automated Monitoring

System for SO2、NO2、O3 and CO (HJ 654-2013) developed by China National

Environmental Monitoring Center (CNEMC). The O3 data reported at a certain hour

was indeed the average of measurements for the hour before (e.g. data at 1:00

represent the average values in 0:01 – 1:00). In comparison, the Operational

Guidance for the Community Multiscale Air Quality (CMAQ) Modeling System

CMAQ Version 4.7.1 shows that “the 2-D CCTM integral average concentration file

(ACONC) contains average model species concentrations for each model hour, as

opposed to instantaneous concentrations at the end of each output time step”, and line

174 in the source code wr_aconc.F,v for calculating ACONC under the path of

/cmaq4.7.1/models/CCTM/src/driver/ctm/ shows that “Timestamp represents

beginning computed date/time”. That is, the ACONC O3 concentration at a certain

hour used in the simulation evaluation in this paper was the average of the model

values for the hour after the reported time. Therefore, there is indeed a 1-hour time

shift between the simulated and the observed O3 concentration. As can be seen from

Figure R3 and Table R3, if this time shift is taken into account, the discrepancy

between the simulation and the observation does become smaller, with R reaching
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0.89. We have corrected the corresponding parts of the figures (Figure 5 and Figure 7)

and evaluation (Table 2) that using the ACONC data in the revised manuscript.

Figure R3. Hourly variations of O3 in observed values (blue dots) compared to model

simulations without time shift (solid back line) and with a 1-hour time shift forward

(solid red line) from September 21 to October 4, 2019.

Table R3. Statistical metrics of O3 in the comparison between the observations and

simulations (without time shift and with a 1-hour time shift) from September 21 to

October 4, 2019.

obs sim R NMB (%) RMSE IOA

O3 (ppb, without time shift) 57.3 49.1 0.79 -14.25 20.36 0.87

O3 (ppb, with a 1-hour time shift) 57.3 49.0 0.89 -14.25 16.15 0.92

10. Figure 11b: Do the individual processes correspond to the averages of whole

boundary layer?

Response:

Thanks for pointing out our negligence. As can be seen in section 3.5 in line 308, the

individual processes do correspond to the averages of the whole boundary layer. We

have changed accordingly in the revised manuscript (page 26, line 617).
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Anonymous Referee #2

“Impact of a subtropical high and a typhoon on a severe ozone pollution episode in

the Pearl River Delta, China” by Shanshan Ouyang et al. discussed in detail the

influence of a subtropical high and a typhoon weather process on severe O3 pollution

in the Pearl River Delta. The manuscript provides valuable information on the

formation mechanism of ozone pollution in coastal areas under such weather

conditions. There are some minor suggestions before publication.

Response:

We appreciate the encouraging comments and suggestions.

General comments

1. In Section 3.2, why the correlation between T and RH simulation results is as high

as 0.97 and 0.84, while the correlation between WD10 and WS10 simulation results is

only 0.69 and 0.64, can you give some explanation?

Response:

We appreciate this important comment. Since T2 and RH themselves have regular

diurnal variations, the WRF model tends to simulate them well. While the simulation

of wind fields is affected strongly by terrains which tend to have large uncertainty. For

mesoscale models such as WRF, the simulation of the near-surface wind fields under

stable weather background is still a challenge due to uncertainties in the topography

datasets (Wang et al., 2015; Lim et al., 2018; Wu et al., 2022) and differences in

boundary layer parameterization schemes (Tymvios et al., 2018; Madala et al., 2019;

Srivastava et al., 2021). Future studies are planned to improve the simulation of

near-surface wind fields by using more detailed terrain data and more suitable

boundary layer parameterization schemes.

2. In Section 3.3, the meteorological factors that are favorable to the development of
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ozone-polluted weather during the typhoon period and the subtropical high pressure

period are the same? so why? Can you compare the two periods separately?

Response:

Thank you for the thoughtful comment. In general, both the typhoon periphery and the

subtropical high bring sunny and dry weather conducive to O3 production, but the

differences in the position of the subtropical high and the typhoon will cause different

changes in meteorological factors. As can be seen from the comparison of the

different periods in Figure 6a, the pollution periods have lower RH, higher PBLH and

stronger downdraft compared to the clean period, which is more conducive to

photochemical production of O3. Although both are considered as pollution periods,

the meteorological factors under the influence of Typhoon Mina are significantly

different from those under the influence of the subtropical high. As shown in Figure

6b, when PRD was under the influence of Typhoon Mina, it had a higher T2, a switch

to weak northwesterly winds and stronger Omega compared to the subtropical high

period, indicating that the former has more severe meteorological conditions for O3

photochemical generation than the latter. More detailed comparison has been added in

section 3.3 of the revised manuscript.

Specific comments

1. In the introduction, please pay attention to the tense.

Response:

Thank you for the careful reading and for pointing out our tense errors. We have

reviewed the introduction and corrected some of the tense mistakes in the revised

manuscript.

2. Line 72: Summary and conclusions are presented in Section 4

Response:
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Thank you. We have corrected it in the revised manuscript.

3. Figure 11(b): Please modify the abscissa of Figure 11(b). For example, change

2500 to 25.

Response:

Thank you. We have modified the abscissa accordingly in Figure 11(b) in the revised

manuscript.
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