
Referee #1 
I have three questions about the manuscript. 
1. The comparison of simulated and observed O3-T relationship for five cities is not 
done properly （Line 187； Fig S1). The authors derived the O3-T slope from daily 
data in all five cities in the scatter plot (Fig. S1). Thus derived slope may be determined 
mainly by the "systematic" differences among the five cities. Indeed, Fig.3 and Fig. 7 
shows the local O3-T slope over most regions of China is smaller than 1 ppb/K, 
inconsistent with the CMAQ slope shown in Fig. S1 and Line 187 (2.4 ppb/K). 
Responses: Thanks for your comment. We compared the simulated and observed O3-T 
relationship in the five cities individually. Fig. S1 and the corresponding discussions 
have been updated in the revised manuscript. The results show that CMAQ predicts 
positive O3-T relationship in most cities except in Beijing, and the model tends to 
underestimated the daily O3-T relationship except in Shanghai. The underestimation of 
O3-T by the CMAQ model in this study is consistent with the findings in Rasmussen et 
al. (2012).  
 
The results in Fig. S1 is different from those in Fig. 3 and Fig. 7, because they are in 
different time scales. The results in Fig. S1 are of daily MDA8 O3 concentrations, while 
the results in Fig. 3 and Fig. 7 are of monthly average concentrations.  

 
Fig. S1. Observed and predicted relationships between surface MDA8 O3 (ppb) and 
daily Tmax (K) in the 5 cities in July 2013. 



2. I find Section 3.3 and Fig. 8 and 9 redundant. The spatial distributions are essentially 
the same between Fig. 3 and Fig. 8, and between Fig. 4 and Fig. 9. I do not see the point 
of these figures and corresponding discussions. 
Responses: I think the reviewer may misunderstood Section 3.3 and Fig. 8 and Fig. 9. 
Fig. 3 and Fig. 4 illustrate the concentration changes of O3 and PM2.5 (in the unit of ppb 
or µg m-3) under a specific perturbation of individual meteorological parameters. Fig. 
8 and Fig. 9 show the sensitivity of O3 and PM2.5 to meteorological parameters (in the 
unit of ppb K-1, ppb %-1, µg m-3 K-1, or µg m-3 %-1). The sensitivity is calculated by 
considering all the perturbations in each meteorological parameters and the 
corresponding concentration changes, as explained in the beginning of Section 3.3 and 
Figs. S8-S13. Therefore, they are not redundant. 
 
The spatial distributions are not the same. We put Fig. 3 and Fig. 8 side by side here. 
The spatial distribution is similar for temperature (explained in the manuscript), but 
clearly they are very different for WS, PBL, CLW, and PCP. Similar finding for 
comparing Fig. 4 and Fig. 9. 

  
          Fig. 3                                Fig. 8 
 
3. There is ambugity regarding how the authors perturbed the meteorological 
parameters. It is not clear to readers what processes are affected by the perturbation. 
For example, when the authors perturb T in CMAQ, does absolute humidity or relative 
humidity change? For relationship between T, AH, and RH to be invalid, one of them 
has to change. But changing AH or RH can have different consequences on chemical 
reactions. (e.g., smaller RH can cause less aerosol water and thus impact on the SNA). 
Or, maybe the only thing considered is T in the chemical kinetic computation? 
Similar case for PBLH. When authors claim they perturbed PBLH in CMAQ, it is most 
likely that they simply perturbed the PBLH parameter in the model's boundary layer 
mixing scheme. But a real life change in PBLH will also implicate changes in vertical 



profiles in T, WS, AH, etc. 
Responses: In the CMAQ meteorological input files, we perturbed one parameter every 
time. In the case of T perturbation, we only changed T but kept all other meteorological 
parameters the same. This means the AH was not changes (AH is in the CMAQ 
meteorological input files). As the reviewer said, RH then was changed with the T 
perturbation. All the chemical processes that involved T and RH were then affected by 
the perturbation in T.  
 
In the case for PBLH, we only changed the PBLH values in the meteorological input 
files, while all the other parameters were kept the same. So the vertical profiles in T, 
WS and AH were indeed not changed. We admit that this perturbation would not occur 
in the real world as the meteorological parameters in the real world are coupled together. 
However, we used this method to investigate each of these parameters separately. 
 
We added a sentence of “Please note that this type of perturbations are not what happens 
in the real world where meteorological parameters are inter-linked.” in Lines 156-158 
in the revised manuscript to remind readers about this. 
 
Minor comments: 
Line 37: -1 ug m-3 %-1 
Responses: Corrected. 
Fig. 4: caption for y axis is wrong 
Responses: Corrected. 
 
Referee #2 
I have a suggestion for the authors if they can include it will further bolster their 
manuscript. 
The authors claim that they “isolate the effects of individual meteorological parameters” 
however the met parameters are inter-linked e.g. Change in temperature will result in 
corresponding change of PBL height, In that case how can the authors claim that they 
only study the isolated effect of change in temperature in this case. Is such an isolated 
change of a meteorological parameter possible meaning say only change of temperature 
without change in PBL? If not then your result from the study that “July O3 in Beijing 
is very sensitive to temperature and not to PBL and hence additional emission controls 
would be needed if temperature is predicted to increase in future” which is entirely 
based on presumption that either PBL or temperature will change might not give correct 
information. I suggest the authors can describe some uncertainties about their statement. 
Responses: In the CMAQ meteorological input files, we perturbed one parameter every 
time. In the case of T perturbation, we only changed T but kept all other meteorological 
parameters (including PBLH) the same. We added a sentence of “Please note that this 
type of perturbations are not what happens in the real world where meteorological 
parameters are inter-linked.” in Lines 156-158 in the revised manuscript to remind 
readers about this. 
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Abstract 17 

Meteorological conditions play important roles in the formation of ozone (O3) 18 

and fine particulate matter (PM2.5). China has been suffering from serious regional air 19 

pollution problems, characterized by high concentrations of surface O3 and PM2.5. In 20 

this study, the Community Multiscale Air Quality (CMAQ) model was used to 21 

quantify the sensitivity of surface O3 and PM2.5 to key meteorological parameters in 22 

different regions of China. Six meteorological parameters were perturbed to create 23 

different meteorological conditions, including temperature (T), wind speed (WS), 24 

absolute humidity (AH), planetary boundary layer height (PBLH), cloud liquid water 25 

content (CLW) and precipitation (PCP). Air quality simulations under the perturbed 26 

meteorological conditions were conducted in China in January and July of 2013. The 27 

changes in O3 and PM2.5 concentrations due to individual meteorological parameters 28 

were then quantified. T has a great influence on the daily maximum 8-h average O3 29 

(O3-8h) concentrations, which leads to O3-8h increases by 1.7 ppb K-1 in January in 30 

Chongqing and 1.1 ppb K-1 in July in Beijing. WS, AH, and PBLH have a smaller but 31 

notable influence on O3-8h with maximum change rates of 0.3, -0.15, and 0.14 32 

ppb %-1, respectively. T, WS, AH, and PBLH have important effects on PM2.5 33 

formation of in both January and July. In general, PM2.5 sensitivities are negative to T, 34 

WS, and PBLH and positive to AH in most regions of China. The sensitivities in 35 

January are much larger than in July. PM2.5 sensitivity to T, WS, PBLH, and AH in 36 

January can be up to -5 μg m-3 K-1 , -3 μg m-3 %-1 , -1 μg m-3 %-1, and +0.6 μg m-3 %-1, 37 

respectively, and in July can be up to -2 μg m-3 K-1, -0.4 μg m-3 %-1, -0.14 μg m-3 %-1, 38 

and +0.3 μg m-3 %-1, respectively. Other meteorological factors (CLW and PCP) have 39 

negligible effects on O3-8h (less than 0.01 ppb %-1) and PM2.5 (less than 0.01 μg 40 

m-3 %-1). The results suggest that surface O3 and PM2.5 concentrations can change 41 
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significantly due to changes in meteorological parameters and it is necessary to 42 

consider these effects when developing emission control strategies in different regions 43 

of China. 44 

 45 

Keywords: sensitivity, meteorological conditions, fine particulate matter, ozone, 46 

CMAQ model  47 
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1. Introduction 48 

China has serious air pollution problems and fine particulate matter (PM2.5) and 49 

ozone (O3) are the two major air pollutants (Lin et al., 2010; Hu et al., 2016; Lu et al., 50 

2019; Wu et al., 2019). The annual average PM2.5 concentrations were higher than 50 51 

µg m-3 in 26 out of the total 31 provincial capital cities in mainland China during 52 

2013-2014 (Wang et al., 2014a), and the national 4th highest daily maximum 8-hour 53 

average O3 (O3-8h) is 86.0 ppb during the warm-seasons (April–September) in 54 

2013-2017, which is 6.3–30% higher than that in other industrialized regions of the 55 

world (Lu et al., 2018). PM2.5 alone caused 0.87-1.36 million deaths every year in 56 

China, and long-term exposure to O3 was responsible for an extra 254 000 deaths 57 

(Apte et al., 2015; Cohen et al., 2017; Hu et al., 2017b; Silver et al., 2018). China has 58 

made remarkable improvement in air quality during recent years (Zhang et al., 2017; 59 

Zhao et al., 2017; China, 2018; Zheng et al., 2018), however, air pollution is still 60 

severe, making it the fourth-ranked healthy risk factor (Stanaway et al., 2018). 61 

Surface PM2.5 and O3 concentrations are determined by atmospheric processes of 62 

emissions, transport and dispersion, chemical transformation (due to gas-phase, 63 

aqueous-phase and aerosol chemistry), and dry and wet deposition. These processes 64 

are affected by meteorological conditions. Studies have shown that the surface O3 and 65 

PM2.5 concentrations are sensitive to different meteorological parameters. For 66 

example, Dawson et al. (2007b) have investigated the sensitivity of surface O3 to 67 

different meteorological parameters in the eastern United States (US) using the 68 

comprehensive air quality model with extensions (CAMX). The results showed that 69 
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temperature (T) had the greatest influence on daily O3-8h of 0.34 ppb K-1, followed by 70 

absolute humidity (AH) of 0.025 ppb %-1. Bernard et al. (2001) also confirmed that T 71 

presented a notable positive correlation with the surface O3 concentration. The effects 72 

of meteorological parameters on PM2.5 are even more complicated. Tran and Mölders 73 

(2011) showed that elevated PM2.5 concentrations tended to occur under the condition 74 

of calm wind, low T and relative humidity in Fairbanks, Alaska. Olvera Alvarez et al. 75 

(2018) used a land use regression model to analyze the effects of different 76 

meteorological parameters on PM2.5 in El Paso, Texas and obtained the same 77 

conclusion in winter, but in spring, the high PM2.5 level was associated with high wind 78 

speed (WS) and low humidity. Dawson et al. (2007a) studied the effects of individual 79 

meteorological parameters in the Eastern US and found that PM2.5 concentration 80 

decreased markedly as the increased precipitation (PCP) in winter, but in summer, the 81 

main meteorological factors affecting the PM2.5 concentration were T, WS and 82 

planetary boundary layer height (PBLH). Dawson et al. (2009) simulated the effects 83 

of climate change on regional and urban air quality in the Eastern US, and found 84 

PM2.5 concentration decreased by 0.3 μg m-3 in January mostly due to increasing in 85 

PCP and increased by 2.5 μg m-3 in July largely due to decreasing in PBLH and WS. 86 

Horne and Dabdub (2017) altered various meteorological parameters to investigate 87 

their effects on O3, PM2.5 and secondary organic aerosols (SOA), and found that the T 88 

predominated the effects of meteorology in California.  89 

Many studies have proved that meteorological conditions play very important 90 

roles in air pollution events in China. Studies found that the pollutant concentrations 91 
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could vary up to several times, due to meteorological changes with the same emission 92 

sources (Zhang et al., 2010; Xing et al., 2011; Zheng et al., 2015; Cai et al., 2017; Liu 93 

et al., 2017; Ning et al., 2018; Yang et al., 2018; Li et al., 2019b). For example, Xing 94 

et al. (2011) studied that the difference between the effects of 2007 and 2008 95 

meteorological conditions on air quality during the 2008 Beijing Olympics. They 96 

found higher humidity in August 2008 was beneficial to the formation of SO4
2- by up 97 

to ~60%, and lower T prevented the evaporation of NO3
- by up to ~60%. Liu et al. 98 

(2017) reported that the monthly mean PM2.5 concentrations in the Jing-Jin-Ji (JJJ) 99 

area in December 2015 increased by 5%~137% due to the unfavorable weather 100 

conditions such as low WS and high humidity.  101 

A few studies investigated the relationships between air quality and 102 

meteorological conditions in China. Zhang et al. (2015) conducted a correlation 103 

analysis between air quality and meteorology in three megacities Beijing, Shanghai 104 

and Guangzhou in China. The result showed that air pollutants were significantly 105 

negatively correlated with WS, and O3 had a positive correlation with T. Yin et al. 106 

(2016) found that the relationship between WS and PM2.5 has complicated influence, 107 

with higher PM at low and high WS than in light to moderate winds in Beijing from 108 

2008 to 2014. Xu et al. (2018) examined the variations of PM2.5 concentration in 109 

January 2017 in China compared to that in January 2016 and found meteorological 110 

conditions of low WS, high humidity, low PBLH and low PCP contributed to PM2.5 111 

concentration worsening by 29.7%, 42.6% and 7.9% in the JJJ region, the Pearl River 112 

Delta (PRD) region and the Cheng-Yu Basin (CYB) region, respectively. Ma et al. 113 
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(2019) analyzed the effects of meteorology on air pollution in the Yangtze River Delta 114 

(YRD) region during 2014-2016 and found PM2.5 was highly negatively correlated to 115 

WS, while O3 concentration was positively correlated to T but negatively related to 116 

relative humidity. Zhu et al. (2017) reported that the surface concentrations of O3 117 

increased by 2-6 ppb in January and 8-12 ppb in July 2014 in PRD, mainly due to the 118 

increase in T and the decrease in NOx emissions. 119 

These studies have investigated the impacts of meteorological conditions on 120 

PM2.5 and O3 in certain regions of China, however, quantitative sensitivity of PM2.5 121 

and O3 to meteorological parameters has not been examined. The objective of this 122 

study is to quantify the sensitivity of O3 and PM2.5 to different meteorological 123 

parameters in winter and summer in different regions of China. The paper is 124 

constructed as following, Section 2 describes the method used to estimate the 125 

sensitivity, and Section 3 presents the effects of each meteorological variable on O3 126 

and PM2.5 in China and in five representative cities. Conclusions are then summarized 127 

in Section 4. 128 

 129 

2. Methods 130 

The sensitivity of O3 and PM2.5 associated with changes in meteorological 131 

parameters was quantified using the Community Multiscale Air Quality (CMAQ) 132 

model version 5.0.2. The meteorological parameters include T, WS, AH, PBLH, PCP, 133 

and cloud liquid water content (CLW). A base case was firstly simulated with 134 

meteorological fields predicted by the Weather Research and Forecasting (WRF) 135 

model v3.7.1 (http://www.wrf-model.org/) using the NCEP FNL Operational Model 136 

http://www.wrf-model.org/
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Global Tropospheric Analyses dataset as the initial and boundary conditions. The base 137 

case has been described in a previous study and the model configurations of the base 138 

case were reported there (Hu et al., 2015). The WRF predicted meteorological 139 

parameters and the CMAQ predicted surface O3 and PM2.5 have been evaluated 140 

against observations at 422 sites in 60 major cities in China, and the accuracy of the 141 

model performance has been validated (Hu et al., 2016).  142 

A suit of perturbation scenarios was created, and in each scenario, a certain 143 

meteorological parameter was perturbed to a certain extent. The details of the 144 

perturbation scenarios are listed in Table 1. Among those changes, the T was absolute 145 

changes, and other parameters are relative variations. The magnitude ranges of 146 

perturbations are based on IPCC AR5 report and the study of Dawson et al. (2007) 147 

and the references therein. For each parameter, three positive and three negative 148 

perturbations were then designed within its range to have a more comprehensive 149 

examination on the sensitivity of PM2.5 and O3 to this parameter. All perturbations 150 

were implemented uniformly in space on the modeling domain and in time through 151 

the modeling periods. The perturbations on temperature, wind speed, and absolute 152 

humidity were made in all layers. To separate the effects of individual meteorological 153 

parameters, only one parameter was changed in each case while all other parameters 154 

were kept unchanged. Therefore, cloud dissipating or forming in response to changing 155 

temperature was not considered in the simulations. Please note that this type of 156 

perturbations are not what happens in the real world where meteorological parameters 157 

are inter-linked. When perturbing horizontal wind speed, to avoid unphysical 158 
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situations that mass would not be conserved, the vertical wind speed was adjusted in 159 

the vertical transport calculation based on the air density changes to conserve mass. 160 

Then the CMAQ model was re-run to predict the air quality under the perturbed 161 

meteorological condition. The emissions and other inputs were kept unchanged in 162 

each perturbed meteorological scenarios, therefore the difference of O3 and PM2.5 163 

concentrations between each of the perturbation case and the base case was due to the 164 

change in the specific meteorological parameter, and the sensitivity of O3 and PM2.5 to 165 

individual meteorological parameters could be quantitatively determined. It is 166 

worthwhile to note that some meteorological parameters could have significant 167 

impacts on emissions, such as the effect of T on biogenic VOC and soil NOx 168 

emissions, the cloud cover/convection on lightning NOx emissions, the effect of T on 169 

power plant NOx emissions (high T leads to higher electricity demand in summer), 170 

which would affect air quality. Therefore, the sensitivities in this study only include 171 

the ‘direct’ effects of individual meteorological parameters on air quality. A full 172 

evaluation of the impacts of climate/weather changes on air quality should consider 173 

effects of the emissions changes. 174 

The modeling domain covers East Asia, including entire China, with a horizontal 175 

resolution of 36×36 km2. The base case and perturbation cases were conducted in 176 

January and July in 2013, representing the winter and the summer conditions, 177 

respectively. In addition to the regional analysis, five representative megacities were 178 

selected, i.e., Beijing, Shanghai, Guangzhou, Chongqing, Xi’an (Fig.1). These cities 179 

are located in the North China Plain (NCP), YRD, PRD, CYB, and Guanzhong Plain, 180 
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respectively, where serious air pollution problems often occur. In this study, O3-8h 181 

was used in the O3 analyses, and 24h average PM2.5 was used in the PM2.5 analyses, if 182 

not specifically stated. The O3-T relationship is examined using the method in 183 

Rasmussen et al. (2012) in the five cities. Observed and predicted O3-T relationships 184 

were estimated using the daily observed and predicted O3-8h concentrations and daily 185 

maximum T in July (O3 observations became available from March 2013 in China, so 186 

no O3 observations in January). The results are shown in Fig. S1. CMAQ predicts 187 

positive O3-T relationship in most cities except in Beijing, and the model tends to 188 

underestimated the daily O3-T relationship except in Shanghai. The underestimation 189 

of O3-T by the CMAQ model in this study is consistent with the findings in 190 

Rasmussen et al. (2012). The results show that CMAQ overestimated the O3-T 191 

relationship (CMAQ: 2.4 ppb/K vs. observation: 0.8 ppb/K, shown in Figure S1). 192 

Please note that we only have 1 month data and we use daily O3-8h and daily 193 

maximum temperature in the evaluation, while a much more meaningful evaluation 194 

should be performed to use monthly averaged O3 and monthly average temperature 195 

over a long-term period Rasmussen et al. (2012). 196 

 197 

3. Results and Discussion 198 

3.1 Impacts of meteorological parameters on surface O3 199 

Figs. 2(a) and 2(b) show the spatial-distribution of the predicted monthly average 200 

O3-8h concentrations in January and July, respectively. In January, the highest average 201 

concentrations are about 70 ppb in the Sichuan Basin, and the concentrations in 202 

southern and eastern China are generally higher than those in northern China. In July, 203 
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the highest average concentrations are over 80ppb in the large areas of NCP and YRD, 204 

CYB, and Guangzhou areas in the PRD. 205 

Fig. 3 shows the spatial distribution of the concentration changes of O3-8h in 206 

January and July due to change of T + 1.0 K, WS - 10%, AH +10% PBLH - 207 

20%,CLW + 10% case, and PCP + 10%, respectively. Fig. S1-S3 shows the results 208 

due to other extent changes in these parameters. When T increases 1.0 K (Fig. 3(a)), 209 

O3-8h increases 1-2 ppb in most area of eastern and central China in January and in 210 

NCP and YRD in July, which is consistent with the high O3 spatial distribution in the 211 

base case (shown in Fig. 2). O3-8h decreases up to 4 ppb in January in Northeast 212 

China, and up to 2 ppb in the Southwest border of China and the East China Sea, 213 

which are the areas of low O3 concentrations (generally less than the background O3 214 

concentration of 35 ppb). Therefore, the effect of T on O3 is dependent on the O3 215 

formation regime. An increase in T promotes O3 formation chemistry in net O3 216 

formation areas (O3 concentrations greater than 35 ppb), but accelerates O3 217 

consumption chemistry in the net O3 loss areas (O3 concentrations less than 35 ppb). 218 

Fig. 3(b) shows that the differences of O3-8h in January and July when WS is 219 

10% less than the base case in 2013. The influence of wind on O3 concentration is 220 

complex, but generally, slower WS decreases O3 in January in most parts of China, 221 

particularly in Sichuan by up to 3 ppb, but increases O3 in July by a few ppb over the 222 

most areas in eastern and central China. Therefore, the impact of WS on O3 appears 223 

opposite in winter and summer. Weaker winds slow down the dispersion of NOx and 224 

VOCs, which is conducive to O3 formation in summer when the vertical mixing is 225 
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strong, but increases O3 titration in the surface in winter due to weaker vertical 226 

mixing. 227 

Fig. 3(c) displays that the surface O3 is expected to decrease generally less than 1 228 

ppb when AH increases by 10% (relative change) both in January and July in most 229 

land areas of China except in the northeast area. Fig. 3(d) shows that a 20% decrease 230 

of PBLH leads to O3-8h decreases by a few ppb in most area in January, while in July 231 

O3-8h increases in eastern and central regions, especially in YRD, CYB and areas in 232 

Hubei-Hunan-Jiangxi in the central China. Sensitivity of O3 to CLW and PCP is 233 

relatively small. Fig. 3(e) demonstrates that O3-8h changes -0.03 ppb to 0.03 ppb in 234 

January and July for a 10% increase in CLW. Fig. 3(f) demonstrates that a 10% 235 

increase in PCP results in -0.1 to 0.2 ppb changes in O3-8h. O3 changes due to the six 236 

meteorological factors with different extents of perturbation (Figs. S1-S3) shows the 237 

similar trends and spatial patterns. 238 

3.2 Impacts of meteorological parameters on surface PM2.5 239 

Figs. 2(c) and 2(d) show the spatial distribution of the monthly average surface 240 

PM2.5 concentrations in January and July. PM2.5 in January reaches over 200 μg m-3 in 241 

JJJ, SYB, central China, and urban areas in the Northeast China. PM2.5 is much lower 242 

in July, generally lower than 50 μg m-3, but is high (up to 70 μg m-3) in areas in the JJJ, 243 

YRD, and central China regions.  244 

Fig. 4 shows the spatial distribution of PM2.5 changes due to the same changes of 245 

meteorological factors, as in Fig. 3. The PM2.5 results of other cases of the sensitivity 246 

study are shown in Figs. S4-S6 of the Supplementary Materials. The results indicate 247 
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that in January, a 1.0 K increase in T leads to up to 5-6 μg m-3 decrease of PM2.5 in JJJ 248 

and central China; in July, a 1.0 K increase in T causes PM2.5 increase by about 1 μg 249 

m-3 in southern China but decrease by 1-3 μg m-3 in the JJJ and east coast region. A 250 

10% decrease in WS causes PM2.5 increase up to over 40 μg m-3 in January and up to 251 

5 μg m-3
 in July. A 10% relative increase in AH leads to PM2.5 increase of up to 6 μg 252 

m-3 in January and up to 2 μg m-3 in JJJ and northeast regions but slightly decrease of 253 

less than 1 μg m-3 in southern China in July. A 20% decrease of PBLH causes PM2.5 254 

increases by up to 20 μg m-3 in January and up to 4 μg m-3 in July. The impact of 255 

CLW and PCP on PM2.5 is small, and generally increase in CLW increases surface 256 

PM2.5 and increase in PCP decreases PM2.5.  257 

The changes in the total PM2.5 mass concentrations are determined by the 258 

changes in the chemical components of PM2.5. Fig. S7 displays the fraction of PM2.5 259 

species (elemental carbon (EC), primary organic carbon (POC), secondary organic 260 

aerosol (SOA), sulfate (SO4
2-), nitrate (NO3

-), and ammonium (NH4
+)) in five 261 

representative cities. Secondary inorganic aerosols (SO4
2-, NO3

-, NH4
+) are the major 262 

PM components, accounting for over 50% of PM2.5 in January and about 40% in July. 263 

Fig. 5 and Fig. 6 show the changes of the major PM2.5 components due to the same 264 

changes of meteorological factors as in Fig. 4 in January and in July, respectively. The 265 

results show that the effects of the meteorological parameters on the total PM2.5 266 

(shown in Fig. 4) are mainly due to their effects on SO4
2-, NO3

-, and NH4
+ in January, 267 

and due to the changes in SO4
2-, NO3

-, NH4
+, and SOA in July. In general, PBLH, WS, 268 

and PCP are negatively correlated to SO4
2-, NO3

-, and NH4
+ formation, but AH and 269 
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CLW are positively correlated to these components. SOA concentrations are much 270 

higher in July than in January due to the contribution from biogenic emissions (Hu et 271 

al., 2017a). SOA formation is affect by reaction rates (positively affected by T), 272 

availability of oxidants (such as changes in O3), and hydrogen ion strength (affected 273 

by changes in SO4
2-, NO3

-, NH4
+). SOA concentrations mainly increase in south 274 

China. 275 

It is worthwhile noting that the effects of T on SO4
2- and NO3

- (changes of NH4
+ 276 

is determined by changes of SO4
2- and NO3

-). Both in January and July, increase in T 277 

decreases SO4
2- and NO3

- in the major areas of eastern China. The NO3
- decreases is 278 

expected because volatile NH4NO3 favors more in gas phase in higher temperature, 279 

and this result is consistent with studies in other regions (Dawson et al., 2007a;Horne 280 

and Dabdub, 2017). SO4
2- is found to increase with T increase in those studies because 281 

faster gas- and aqueous- phase reactions of SO4
2-. However, our finding of SO4

2- in 282 

China is opposite. The CMAQ-Sulfur Tracking Model (CMAQ-STM) was further 283 

used to track the SO4
2- formation from different processes. The results confirm that 284 

the SO4
2- production from gas- and aqueous- phase increases with T increase. But 285 

meanwhile SO4
2- production from heterogeneous reactions is reduced more when T is 286 

increased. Heterogeneous SO4
2- formation has been proposed as a major SO4

2- 287 

formation pathway during China haze events (Wang et al., 2014b; Gen et al., 2019; 288 

Huang et al., 2019; Li et al., 2019a) and in this study it accounts for up to ~75% of 289 

total SO4
2- production. The treatment of heterogeneous SO4

2- formation currently is 290 

modeled as a surface-controlled uptake process, in which the formation rate is 291 



 

15 
 

determined by the aerosol surface area and the uptake coefficient of SO2 on particle 292 

surface (Ying et al., 2014). When T is increased, the particle surface area decreases (as 293 

particle mass concentration decreases due to a combined effect of other components), 294 

resulting in decrease in the heterogeneous SO4
2- formation. 295 

An additional simulation was run to illustrate the combined effects of 296 

perturbations in all meteorological parameters (T+1.0K, WS-10%, AH+10%, 297 

PBLH-20%, CLW+10%, and PCP+10%) on O3 and PM2.5 in January and July. The 298 

results are shown in Fig. S8. The average O3-8h concentration in this 299 

combined-change simulation drop by ~2 ppb in January, except in the northeast. In 300 

July, O3 in eastern China and the Sichuan basin rose by 2 ppb. The changes in PM2.5 301 

resulting from this combined-change simulation were significantly higher, compared 302 

to the basecase concentrations, even increased by up to 50 μg m-3 in January. 303 

 304 

3.3. Quantitative sensitivity of O3 and PM2.5 to individual 305 

meteorology parameters 306 

The quantitative sensitivity of O3 and PM2.5 concentrations to individual 307 

meteorological parameter is calculated by linear fitting of the changes in 308 

monthly-average concentrations under all of the six perturbed cases of the 309 

meteorological parameter. Figs. S8-S10 in Supplementary Materials show the 310 

calculation examples of T, WS, and AH on O3 at the five major cities of Beijing, 311 

Chongqing, Guangzhou, Shanghai and Xi’an, and Figs. S11-S13 shows the examples 312 
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for the PM2.5 cases. Fig.7 demonstrates the sensitivities of O3-8h and PM2.5 and its 313 

components to each meteorological parameter in the five cities. In January, T has a 314 

positive impact on O3 in all cities, and the largest impact is in Chongqing with a rate 315 

of +1.69 ppb K-1. In July, O3 also shows a strong positive sensitivity to T in Beijing 316 

with +1.06 ppb K-1 and in Shanghai with +0.98 ppb K-1, but has a small negative 317 

sensitivity (-0.15 ppb K-1) in Xi’an and a moderate negative sensitivity (-0.74 ppb K-1) 318 

in Guangzhou. The O3 sensitivity to T in Guangzhou in July shows a highly nonlinear 319 

trend and is very different from other cities (Fig. S8(c)). More studies are needed to 320 

investigate the effects of T on O3 pollution in the YRD region during summertime. 321 

WS and PBLH both have positive effects on O3-8h in January, the effects vary 322 

significantly among cities, with 0.004-0.3 ppb %-1 for WS and 0.04-0.14 ppb %-1 for 323 

PBLH. AH has a negative effect on O3-8h in January, ranging from -0.01 to -0.15 324 

ppb %-1. But in July, the impacts of WS, AH, and PBLH are negative in most cities, 325 

with a range of -0.05 to -0.18, -0.05 to -0.13, and -0.02 to -0.07 ppb %-1, respectively. 326 

Generally speaking,T, WS, AH and PBLH led to rather lager O3 changes. The 327 

sensitivity of O3 to CLW and PCP is even minimal (less than 0. 1 ppb %-1) and mostly 328 

negative.  329 

Negative sensitivities are found for surface PM2.5 concentrations to T, WS, PBLH, 330 

and PCP, and positive sensitivities for PM2.5 to AH and CLW. The sensitivity of T in 331 

the five cities ranges from -1.5 to -3.6 μg m-3 K-1 in January and -0.3 to -1.65 μg m-3 332 

K-1 in July. PM2.5 is also very sensitive to WS in January, with a range of -0.8 to -2.97 333 

μg m-3 %-1, while the sensitivity (-0.03 to -0.19 μg m-3 %-1) becomes much smaller in 334 
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July. The sensitivity to PBLH is -0.12 to -0.58 μg m-3 %-1 in January and -0.003 to 335 

-0.23 μg m-3 %-1 in July. The sensitivity to AH is 0.16 to 0.30 μg m-3 %-1 in January 336 

and 0.05 to 0.27 μg m-3 %-1 in July. Sensitivity to CLW and PCP is small in January 337 

and July, mostly less than 0.01μg m-3 %-1. The PM2.5 sensitivities can be explained by 338 

the major components of SO4
2-, NO3

-, and NH4
+ in January and by SO4

2-, NO3
-, NH4

+
,
 339 

and SOA in July. 340 

Fig. 8 shows the spatial variations of the sensitivity of O3-8h and PM2.5 to the 341 

meteorological parameters. The sensitivity of O3-8h to temperature is more significant 342 

in Sichuan and southern provinces of China in January, and in NCP and YRD in July, 343 

up to +2 ppb K-1 in both January and July. O3-8h sensitivity to WS is diverse in space, 344 

and is generally positive in Sichuan and southern provinces in January; and it is 345 

negative in east China but positive in west China. O3-8h sensitivity to AH is generally 346 

negative in both months in most regions of China, except the northeast in January and 347 

southwest in July. O3-8h sensitivity to PBLH is mostly positive in January but 348 

becomes negative in YRD, CYB, NCP, and central China in July. O3-8h sensitivity to 349 

CLW and PCP is negligible.  350 

Fig. 9 displays the spatial variations of the sensitivity of surface PM2.5 to the 351 

meteorological parameters. PM2.5 sensitivities to the meteorological parameters are 352 

more consistent in January and July than the cases of O3, i.e., negative sensitivity to T, 353 

WS, PBLH, PCP, and positive to AH and CLW in most regions of China in both 354 

months. On the other hand, PM2.5 sensitivities are more profound in January than in 355 
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July. PM2.5 sensitivity to T is up to -5 μg m-3 K-1 in January and up to -2 μg m-3 K-1 in 356 

July. PM2.5 sensitivity to WS is up to -3 μg m-3 %-1 in January, and up to -0.4 μg 357 

m-3 %-1 in July. PM2.5 sensitivity to PBLH is up to -1 μg m-3 %-1 in January, and up to 358 

-0.14 μg m-3 %-1 in July. PM2.5 sensitivity to AH is up to +0.6 μg m-3 %-1 in January, 359 

and up to 0.3 μg m-3 %-1 in July. The sensitivities to CLW and PCP is small, compared 360 

to the other four meteorological parameters. PM2.5 sensitivity to T is negative in most 361 

land areas of China in January and in NCP and YRD in July because of the negative 362 

effects of T on SO4
2-, NO3

-, and NH4
+, as discussed in previous sections. PM2.5 363 

sensitivity to T is positive in south China in July due to more SOA with higher T.  364 

4. Conclusions 365 

Meteorological conditions can have a great influence on surface O3 and PM2.5 366 

concentrations. In this study, the sensitivities of O3-8h and PM2.5 to T, WS, AH, PBLH, 367 

PCP, and CLW are quantitatively estimated in January and July, respectively in China. 368 

The response of O3-8h to T is important and the sensitivity can be up to +2 ppb K-1 in 369 

both January and July, and the sensitivity is dependent on the O3 chemistry formation 370 

or loss regime, i.e., positive in the net O3 formation areas, and negative in the O3 371 

consumption areas. In general, PM2.5 sensitivities are negative to T, WS, PBLH, and 372 

PCP and positive to AH and CLW in most regions of China in both January and July. 373 

The sensitivities in January are much larger than in July. PM2.5 sensitivities to T, WS, 374 

AH, and PBLH are important. The PM2.5 sensitivities to these meteorological 375 

parameters are through major effects on SO4
2-, NO3

-, NH4
+, and SOA. The 376 

sensitivities of O3 and PM2.5 to CLW and PCP are negligible. The results show that O3 377 
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and PM2.5 concentrations in China are greatly affected by meteorological conditions, 378 

therefore changes in these meteorological parameters due to climate change or 379 

inter-annual meteorological variations could potentially alter O3 and PM2.5 380 

concentrations significantly, and it should consider these effects when developing 381 

emission control strategies. The results also show that the O3 and PM2.5 sensitivities to 382 

meteorological parameters have substantial spatial variations. Future studies can 383 

further investigate how the changes in meteorological conditions affect the 384 

effectiveness of emission control plans in reaching the designed air quality objectives 385 

in the different regions of China. 386 
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Tables and Figures 520 
 521 
Table 1. Meteorological perturbations imposed in this study 522 

Meteorological Parameter Changes in Values Examined 

Temperature (T) ±0.5K，±1.0K，±1.5K 

Wind speed (WS) ±5%，±10%，±20% 

Absolute Humidity (AH)  ±5%，±10%，±20% 

Boundary layer height (PBLH) ±10%，±20%，±30% 

Cloud liquid content (CLW) ±5%，±10%，±20% 

Precipitation (PCP) ±5%，±10%，±20% 

 523 
  524 
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 525 
Fig.1 Location map of China and the five cities. 526 

 527 
Fig.2 Spatial distributions of monthly average O3-8 h (ppb) in (a) January and (b) July, and 528 
monthly average PM2.5 (µg m−3) in (c) January and (d) July 2013. 529 

 530 
 531 
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 532 

Fig.3 Changes in monthly average O3-8h (ppb) in January and July, 2013 due to (a) T+1.0K, (b) 533 
WS-10%, (c) AH+10%, (d) PBLH-20%, (e) CLW+10%, and (f) PCP+10%.  534 
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 535 

Fig.4 Changes in monthly average PM2.5 concentration (μg m-3) in January and July, 2013 due to 536 
(a) T+1.0K, (b) WS-10%, (c) AH+10%, (d) PBLH-20%, (e) CLW+10%, and (f) PCP+10%. 537 
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 538 
Fig.5 Changes in monthly average PM2.5 component concentration (μg m-3) in January due to (a) 539 
T+1.0K, (b) WS-10%, (c) AH+10%, (d) PBLH-20%, (e) CLW+10%, and (f) PCP+10%. 540 
 541 
 542 
  543 
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 544 
Fig.6 Changes in monthly average PM2.5 component concentration (μg m-3) in July due to (a) 545 
T+1.0K, (b) WS-10%, (c) AH+10%, (d) PBLH-20%, (e) CLW+10%, and (f) PCP+10%. 546 

547 
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 548 
 549 

Fig.7 Sensitivity of O3-8h, PM2.5 and its components to meteorological parameter of (a) T, (b) WS, 550 
(c) AH, (d) PBLH, (e) CLW, and (f) PCP in five cities in China. The unit of sensitivity is ppb K-1 551 
for O3-8h to T, and is ppb %-1 for O3-8h to other meteorological parameters; and the unit is μg m-3 552 
K-1 for PM2.5 and its components to T, and is μg m-3 %-1 for PM2.5 and its components to other 553 
meteorological parameters.  554 
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 555 

 556 
Fig.8 Sensitivity of O3-8h mean to meteorological perturbations (a) T, (b) WS, (c) AH, (d) PBLH, 557 

(e) CLW, (f) PCP in China. The value in T is measured in ppb K-1, and others is ppb %-1. 558 



 

32 
 

 559 
Fig.9 Sensitivity of PM2.5 mean to meteorological perturbations (a) T, (b) WS, (c) AH, (d) PBLH, 560 
(e) CLW, (f) PCP in China. The value in T is measured in μg m-3 K-1, and others is μg m-3 %-1. 561 
 562 
 563 


