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Abstract: The ozone distribution characteristics in the stratosphere or troposphere 11 

are worth to be clarified due to their positive/negative impact on climate and human 12 

health. Nevertheless, the vertical distribution characteristics of ozone in China have not 13 

been fully understood either due to the limited time period of individual satellite records 14 

or the inconsistency of the accuracy of ozone products between different satellite 15 

records. In response to this challenge, this study first identified the vertical sensitivity 16 

of AIRS in detecting trends and verified the sensitivity in the near ground using in-situ 17 

measurements. Moreover, these different satellite records were cross-validated in order 18 

to check their consistency. In order to construct long-term, consistent ozone datasets 19 

dating back to the 1970s was constructed by intercalibrating the ozone products of 20 

different satellites using the cumulative distribution function with consideration of the 21 

vertical sensitivity. The distribution of ozone in the stratosphere and troposphere was 22 

then identified at several altitude layers (i.e., 3 km, 5 km, 12 km, 26 km, 31 km, and 34 23 

km) with obvious interannual variation. The results indicate the seasonal variation of 24 

ozone is more significant in the troposphere while the interannual variation of ozone is 25 

more significant in the stratosphere. The spatiotemporal variation of ozone in the 26 

stratosphere shows a strong dependence on altitudes, and opposite results can be found 27 

at different altitudes. The ozone in the troposphere does not present significant 28 

interannual variations but shows distinct regional distribution characteristics in the 29 

Qinghai Tibet Plateau and Inner Mongolia. 30 

Key points: Troposphere and stratosphere; Ozone profile; Temporal and spatial 31 

distribution; Trend; 32 
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1. Introduction 33 

The content and distribution characteristics of ozone play an important role in the 34 

global ecological environment and human health (Konderite and Varotsos, 2002). 35 

Changes in stratospheric ozone will affect the earth-atmosphere system's radiant energy 36 

budget, and such an impact will extend to the climate (Fishman et al., 1979). For 37 

instance, the reduction of stratospheric ozone not only reduces the temperature of the 38 

stratosphere but also reduces the energy input to the troposphere, causing lower surface 39 

temperature (Ramanathan and Dickinson, 1979; Ramanathan and Feng, 2009). But on 40 

the other hand, it allows more solar long-wave radiation to pass through stratosphere 41 

and reach troposphere. Hence, the reduction of stratospheric ozone will compensate for 42 

the greenhouse radiative forcing, which is conducive in the context of global warming 43 

(Kondratyev and Varotsos, 1996). Compared to stratospheric ozone, the ozone in 44 

troposphere is a greenhouse gas because it has a strong absorption effect on 8-10 um 45 

infrared long-wave radiation (Andersen and Sarma, 2012). The large-scale increase of 46 

tropospheric ozone has become the most important environmental problem because it 47 

damages plant cell structure (Treshow, 1970) and reduces gross primary productivity 48 

(GPP) (Yue and Unger, 2014). Moreover, it brings great harm to human health since 49 

long-term exposure to ozone leads to increased mortality of cardiopulmonary diseases 50 

and respiratory diseases (Jerrett et al., 2009). Therefore, exploring the distribution 51 

characteristic of ozone in stratosphere and troposphere is essential within the 52 

framework of sustainable development.  53 

There have been many studies dedicated to identifying the variation characteristics 54 

of ozone. Nevertheless, the total stratospheric ozone, the total tropospheric ozone, the 55 

near-surface ozone, and the total ozone were generally analyzed separately. For instance, 56 

Chen et al. (2014) found that the total ozone column volume in the Yangtze River Delta 57 

region dropped significantly from 1978 to 2013 based on TOMS and OMI data. Ball et 58 

al. (2018) indicated that ozone in the upper and middle stratosphere had recovered 59 

between 60N and 60S but the ozone in the lower stratosphere continued to decline. 60 

Consequently, total ozone column volume in the stratosphere showed no trend as the 61 

increase made up for part of the loss. Li (2020) pointed out that there is a rising trend 62 

of near-surface ozone in the west of China, but a slightly higher trend in the southwest 63 

of China and the edge of the Qinghai-Tibet Plateau. Due to the distinctive 64 

characteristics of ozone distribution in the vertical direction, the role of ozone in the 65 

atmosphere and the unique changes of ozone in troposphere and stratosphere were not 66 

fully understood, because previous studies focused on the total amount of ozone which 67 

encapsulates the changes in each layer and makes it impossible to understand the 68 

specific change process of ozone in different layers. In fact, the ozone in different layers 69 
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are interrelated and interact on each other. For instance, the increase in tropospheric 70 

ozone may be caused by the infiltration of stratospheric ozone under certain climatic 71 

effects (Fishman et al., 1979; Wargan et al., 2018). And the ozone in the upper 72 

troposphere may become a source of ozone in the near-surface layer under the influence 73 

of climate. Moreover, the ozone at different altitudes may present opposite trends. 74 

Therefore, it is necessary to explore the spatiotemporal variation of ozone at different 75 

altitudes in order to figure out the amount and transmission mechanism of ozone in 76 

stratosphere and troposphere. 77 

     However, the identification of the spatiotemporal distribution of ozone is 78 

challenging, because different data sources and different calculation methods result in 79 

different findings. For instance, Li et al. (2019) analyzed the seasonal variation and 80 

spatial distribution characteristics of total ozone in China using 9 AERONET ground 81 

sites and the ozone column volume data of OMI. Ohyama et al. (2011) extracted the 82 

total tropospheric ozone column using Gosat's thermal infrared spectral radiation data. 83 

In order to retrieve the tropospheric ozone profile and expand the spatial range covered 84 

by TES (Tropospheric Emission Spectrometer) records, the ozone level 1B data of 85 

AIRS and OMI were combined. Due to the inconsistent length of time series and the 86 

differences in the datasets, they even draw opposite conclusions in some areas. 87 

Consequently, there is always a dispute over the variation of ozone at different altitudes 88 

since the derived trends of ozone in different studies are not comparable. Additionally, 89 

different lengths of data records generally result in the inconsistency of derived trends 90 

(Meier et al., 2007). Global Climate Observing System (GCOS) has emphasized the 91 

necessity of using at least 30 years’ datasets to study the change of climate factors 92 

(Kilifarska, 2012).  93 

Therefore, this study aims to explore the spatiotemporal variation of ozone at 94 

different altitudes with inter-consistent ozone datasets at the longest time series. For 95 

stratospheric ozone, more than 40 years of records were constructed by combining 96 

multi-sensor products (1978-2020), including SUBV, SBUV-2, and AIRS. The 97 

discrepancy between these datasets regarding their sensor characteristics as well as 98 

retrieval algorithms have been removed using the cumulative distribution function 99 

(CDF). While for tropospheric ozone, the longest AIRS records of nearly 20 years 100 

(2003-2020) were used. Based on these datasets, the spatial variation of ozone in 101 

different altitudes, the exchange of ozone between the stratosphere and the top of the 102 

troposphere, and the exchange of ozone at different heights of the troposphere were 103 

explored for the first time. This paper begins by describing the study area and 104 

experimental data (Section 2). Section 3 explains the analysis methods. Section 4 105 

provides the results and discussion about the quality of the consistent dataset and the 106 

spatiotemporal distribution of ozone at different altitudes. Finally, Section 5 presents a 107 
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brief conclusion.  108 

2. Study area and experimental data 109 

2.1 Study area 110 

The transmission and accumulation of ozone are closely related to the terrain and 111 

climate. China is featured by complicated geomorphology, a great disparity in altitude, 112 

variety of climates, and change in vertical topography. Mountainous areas are numerous 113 

and widely distributed, accounting for 2/3 of the total area. The terrain presents a three-114 

level gradual decline in altitude from west to east. Regarding climate types, the eastern 115 

and southern China have a monsoon climate; the northwest has a temperate continental 116 

climate, and the Qinghai-Tibet Plateau has a significant alpine climate. The monsoon 117 

climate is significant in China, with high temperature and rain in summer and cold and 118 

little rain in winter. But the continental climate is also strong in China. The northerly 119 

wind blowing from the mainland to the ocean prevails in winter, and the southerly wind 120 

blowing from the ocean to the land prevails in summer. The cold and dry winter 121 

monsoon occurs in the interior of Asia. Under this circumstance, most areas of China 122 

generally have less precipitation and temperature in winter, especially in the north. Such 123 

sunny and breezy weather is conducive to the production and accumulation of ozone 124 

(Huang et al., 2006). Furthermore, the complicated terrain in China breeds more diverse 125 

local climate types, which accelerates the flow of ozone (Wang et al., 2017a).  126 

In addition to the natural factors, the rapid development of industrialization and 127 

urbanization are always accompanied by environmental problems, especially in areas 128 

where industry and agriculture are concentrated (Wang et al., 2017b). Because the 129 

development of industry and agriculture generally led to an increase in the content of 130 

man-made ozone precursors NOx and VOCs (Zhang et al., 2007; Huang et al.,2011).  131 

The east and central south China are large economic areas with high ozone precursor 132 

emissions, resulting in large near-surface ozone in eastern China. The near-ground 133 

ozone content has been monitored since 2012 in some cities of China, but many 134 

monitoring stations were built after 2015 in other cities with high levels of ozone (Silver 135 

et al., 2018; Yin et al., 2019). As shown in Fig. 1, the distribution of monitoring stations 136 

is uneven, which is concentrated in east China but sparse in west and northeast China. 137 

The short-term and sparse in-situ observations are insufficient to explore the 138 

spatiotemporal variation of ozone in the past decades. Satellite data provide important 139 

and efficient data sources for monitoring zone from a long-term and spatial continuity 140 

perspective. Therefore, the spatiotemporal variation of ozone at different altitudes was 141 
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detected using satellite datasets. Given the various climate types and the unbalanced 142 

regional economy, the ozone distribution characteristics were investigated for different 143 

regions (i.e., Northeast, North, East, Northwest, Southwest, and Central South) of 144 

China (Fig. 1).  145 

 146 

Fig. 1. Administrative zoning map of China and the distribution of ozone observation in-situ 147 

sites. 148 

2.2 Experimental data 149 

2.2.1 Satellite records 150 

In order to monitor ozone from a long-term perspective, different satellite datasets, 151 

including SUBV Nimbus-7, SBUV-2 NOAA-11, SBUV-2 NOAA-16, and AIRS Aqua, 152 

were combined. The lifespan of different satellites is displayed in Fig.2. The whole 153 

period begins from September 1978 to December 2020. As seen from Fig. 2, there are 154 

always overlapping between different satellite-based observations, providing favorable 155 

conditions for the inter-calibration between these different satellite datasets. 156 
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 157 

Fig. 2. The timespan of ozone datasets from different satellites used in this study. 158 

The backward ultraviolet ozone vertical detector SBUV carried by Nimbus-7 was 159 

originally designed to measure stratospheric ozone. It covers the world every six days, 160 

with a total of 83 orbits, a spectral resolution of 1.1 nm, and a bandwidth of 3 nm. It 161 

observes the earth in a fixed nadir direction with an instantaneous field of view of 180 162 

km × 180 km. NOAA V8 SBUV algorithm was used to generate ozone products. The 163 

wavelength channels used are 256, 273, 283, 288, 292, 298, 302, 306, 312, 318, 331, 164 

and 340 nm, respectively. Ultraviolet radiation of different wavelengths penetrates the 165 

atmosphere to provide information on ozone on different isobaric surfaces. The 166 

backward ultraviolet radiation at these 12 wavelengths is measured to obtain the total 167 

ozone and ozone vertical profile data.  168 

The SBUV/2 carried by NOAA-11 and NOAA-16 is a further development of 169 

SBUV. Compared with the primary SBUV, it changes the band range and width of each 170 

UV channel. With its main working mode, the atmospheric backscattered solar radiation 171 

in near-ultraviolet light at 12 discrete wavelength bands was measured, ranging from 172 

252.0 to 339.8 nm, with each bandpass of 1.1 nm. Considering that absorption should 173 

limit the penetration into the stratosphere, the wavelengths between 250 nm and 310 174 

nm are used to retrieve the ozone profile products in SBUV-2. The V8.6 SBUV/2 175 

algorithm uses a single-scattering forward iterative model to describe multiple 176 

scattering. It uses monthly cloud top pressure data, ice, and snow cover data with a 177 

spatial resolution of 1 degree to describe the effects of clouds, ice, and snow (Meijer et 178 

al., 2006), respectively. Priori ozone data and temperature profile data were used to 179 

constrain it in order to get the best estimate of ozone profile. Although the merger of 180 

SBUV and SBUV-2 ozone profile datasets have been conducted by many studies 181 

(Mcpeters et al., 2013; Frith et al., 2014; Ziemke et al., 2021), the merged products still 182 

suffer from considerable errors which has not been definitively explained. Moreover, 183 

the spatial resolution of the merged products is 5 degrees, which is too coarse to identify 184 
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the distribution of ozone in China. Hence, the merged datasets were not adopted in this 185 

study. Instead, we construct the long-term dataset by inter-calibrating these different 186 

satellite datasets sequentially using the datasets over the overlapping period (Fig. 2). It 187 

is noteworthy that although there is a problem of orbital drift of NOAA_16, it occurred 188 

after 2004 which will not affect the inter-calibration using the cumulative distribution 189 

function (Fig. 2). 190 

The AIRS mounted on Aqua satellite is a high spectral resolution atmospheric 191 

infrared detector with 2378 infrared channels. It is designed to work with two 192 

microwave sounders, including Advanced Microwave Sounding Unit-A (AMSU) and 193 

Humidity Sounder for Brazil (HSB), with a spatial resolution of 13.5 km. The main 194 

goal of scanning data is to observe the vertical structure of the earth’s atmosphere. Since 195 

the start of operation in May 2002, the observation record of AIRS has continued to the 196 

present. AIRS has a high temporal resolution, scanning in the daytime ascending orbit 197 

and night descending orbit, covering more than 80% of the earth twice a day. The image 198 

is characterized by a large amount of overlap in high latitudes and gaps in parts of the 199 

equator. AIRS L2 inversion products include three inversion data source combinations, 200 

AIRS/AMSU/HSB, AIRS/AMSU, and AIRS-only. Due to the limited operation period 201 

of HSB and the decreased sensitivity of AMSU near the ground, the products produced 202 

by AIRS-only were selected in order to ensure the consistency of data products in time 203 

series. The V7 inversion algorithm does not use the two-regression method but instead 204 

the Stochastic Cloud Clearing/Neural Network (SCC/NN) (Evan Manning et al., 2020; 205 

Blackwell, 2012; Blackwell and Milstein, 2014; Tao et al., 2013) algorithm to generate 206 

an initial iterative value. Based on the initial state and a set of observed radiation values 207 

in the clear cloud state, the cloud-free coefficients can be generated to produce Initial 208 

clear column radiances. Based on the atmospheric infrared transmission equation, the 209 

physical problem can be solved using satellite observations, and then the final products 210 

can be generated. The temperature profile and ozone profile datasets were used in this 211 

study. The former refers to the absolute temperature while the latter indicates the mixing 212 

ratio of ozone. These two datasets provide 28 layers of data in the vertical direction. 213 

2.2.2 In-situ data 214 

Despite the short-term and sparse distribution of in-situ stations, in-situ 215 

measurements enable us to assess the performance of satellite ozone datasets. The in-216 

situ ozone data is obtained from the national urban air quality real-time release platform, 217 

with the unit of ug/m3 (microgram per cubic meter). There are 2024 monitoring sites, 218 

recording real-time ozone concentration each hour from 0:00 to 24:00. The in-situ 219 

ozone data is collected by a fixed ozone monitor installed on the top of urban buildings, 220 
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which represents the ozone concentration at a height of about 30 m above the ground. 221 

Since the overpass time of the Aqua satellite is 1:30 pm, the in-situ observations at 222 

14:00 were extracted to match with satellite data. Considering data integrity and the 223 

consistency of temporal coverage of these in-situ sites, in-situ observations extending 224 

from January 1, 2017, to December 31, 2020, were picked out for evaluating the 225 

performance of AIRS ozone at 1000 hp. 226 

3. Methodology 227 

3.1 Quality assessment 228 

3.1.1 The evaluation of AIRS ozone dataset 229 

The direct comparison between in-situ and satellite-based measurements is 230 

generally conducted to assess the performance of the latter (Cazorla et al., 2021; 231 

Hulswar et al., 2021). Here, it was adopted to assess the performance of AIRS ozone 232 

dataset. Firstly, we convolve the average kernel provided by AIRS level-2 products with 233 

the in-situ data to reduce the observation difference. Then the AIRS pixel which is 234 

closest to in-situ site was extracted to match with in-situ measurements. Particularly, if 235 

there was more than one in situ site located within one AIRS pixel, the measurements 236 

of these sites were averaged to get only one ground-based value for comparison with 237 

AIRS measurements. Several indexes including root mean square error (RMSE) and 238 

correlation coefficient (R) were selected to measure the accuracy of AIRS ozone profile 239 

products near the ground. The former is used to describe the average deviation between 240 

the two datasets while the latter is used to measure their consistency. 241 

𝑅𝑀𝑆𝐸 =  √∑ (𝐴𝑖 − 𝑆𝑖)
2 𝑛⁄

𝑛

𝑖=1
                                                 (1) 242 

𝑅 = (𝐴𝑖 − �̅�)(𝑆𝑖 − 𝑆̅)/√∑ (𝐴𝑖 − �̅�)2
𝑛

𝑖=1
∑ (𝑆𝑖 − 𝑆̅)2

𝑛

𝑖=1
                                  (2) 243 

Where 𝐴𝑖 is the AIRS pixel value, 𝑆𝑖 represents the in-situ reference value matched to 244 

the satellite pixel, n indicates the total number of samples matched, �̅� and 𝑆̅  denote the 245 

averaged value of the AIRS data and in-situ data, respectively. 246 

It is important to note that the direct validation results may contain uncertainties 247 

and should be interpreted with caution. This is partly because there is large spatial scale 248 

mismatch between in situ and satellite-based measurements, and partly because the 249 

measurement height between in situ and satellite measurements are not consistent. The 250 
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zone measured by AIRS is at 1000 hp (i.e., ~110 m) while the height of in situ 251 

measurements ranges from 20 m and 30 m (MEPC, 2013). In order to reduce the impact 252 

of these factors on results, the data points with absolute differences larger than 20 ug/m3 253 

were excluded from the analysis. 254 

3.1.2 Cross-comparison between different satellite datasets 255 

In order to investigate the consistency between different satellite datasets, these 256 

four satellite products were compared during their overlapping periods (Fig. 2). In order 257 

to achieve a perfect spatial scale match between these different satellite datasets, all 258 

products were re-projected on a geographic grid of 0.6-degree squares. Considering the 259 

fact that the stratospheric ozone are relative stable during a short time period, all these 260 

satellite datasets were temporally aggregated to the monthly scale partly to elimite the 261 

discrepancy of the temporal resolution between different satellite datasets and partly to  262 

remove the outliers due to high-frequency processes such as wind blowing and other 263 

disturbances. The cross-comparison was carried out between each pair of ozone 264 

products at the heights of 26 km, 31 km, and 34 km. These heights were selected 265 

because they display relatively large interannual variations (Fig. 7) and the consistency 266 

between these satellite datasets plays a critical role in detecting the spatiotemporal 267 

variation of ozone from a long-term perspective. The consistency and closeness 268 

between these products were measured by RMSE and R. 269 

3.2 The construction of long time series Ozone (1978-2020) 270 

Here, the cumulative distribution function (CDF) was employed to eliminate the 271 

discrepancy between each pair of these satellite datasets. It has been applied to match 272 

soil moisture data (Liu et al., 2011), land surface emissivity (Zhang et al., 2018), and 273 

chlorophyll fluorescence (Wang et al., 2021), and has been proved to be able to improve 274 

the relative accuracy of different satellite datasets without involving complex physical 275 

mechanisms and damaging the trend in time series. CDF is the integral of the 276 

probability density function. The high-order polynomial was used to match the 277 

cumulative distribution functions of two datasets during the overlapping period. Then 278 

the two datasets can have the closest cumulative probability distribution. In this way, 279 

the goal of creating an inter-consistent ozone dataset in long time series can be achieved. 280 

The specific description is as follows:  281 

𝐹(𝑥) = 𝑃𝑟(𝑋 ≤ 𝑥)     − ∞ ≤ 𝑥 ≤ +  ∞                                                 (3) 282 

where 𝐹(𝑥) is the cumulative distribution function, 𝑋 denotes the value of the sample, 283 

and 𝑃𝑟(𝑋 ≤ 𝑥) represents the probability that the sample value is less than a certain 284 
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value of x. In order to match the CDF between different products, the fitting function 285 

is required: 286 

F(x) ≈ 𝑓(𝑥, 𝑥2 … 𝑥𝑛)                                                                                 (4) 287 

where 𝑓(𝑥, 𝑥2 … 𝑥𝑛) represents the nth  degree polynomial about the independent 288 

variable x, which is used to fit the CDF of each satellite product. 289 

In this study, AIRS dataset was used as the benchmark during the CDF matching 290 

partly because of its good performance in detecting trends in the stratosphere and 291 

troposphere (Rawat et al., 2022, Bian et al., 2007, Wang et al., 2019, Maddy et al., 2008) 292 

and partly because it offers the longest time serial data (Fig. 2). SBUV-2 ozone profile 293 

dataset was matched to AIRS on the pixel basis during the overlapping period. The 294 

calibration coefficients were calculated per pixel and then applied to the SBUV-2 295 

dataset over its whole time series. Similarly, the matching procedure was conducted for 296 

each pair of satellite datasets from back to front during their overlapping period.  In this 297 

way, a consistent ozone dataset was generated dating back to the 1970s. 298 

3.3 Spatiotemporal distribution characteristics identification at 299 

different altitudes 300 

The spatial distribution of ozone was explored by calculating the multiyear annual 301 

averaged ozone on the pixel basis. Furthermore, the standard deviation of the annually 302 

averaged ozone was calculated on the pixel basis to show the degree of interannual 303 

fluctuations over different areas. Regarding the trend of ozone, the least-squares-based 304 

linear fitting method, in which time is the independent variable and the ozone mixing 305 

ratio is the dependent variable, was applied. Additionally, the significance of the 306 

interannual trend was tested using t-test, and the significant trends (p<0.05) were 307 

retained. In order to explore whether the interannual variation of ozone in China was 308 

dominates by the change of ozone in the individual month, the interannual trends were 309 

also calculated for each month. Moreover, in order to display the difference of ozone 310 

between different layers more intuitively, a simple empirical formula was adopted to 311 

convert atmospheric pressure into altitude: 312 

𝐻𝑠 =   (𝑅 𝑀𝑟𝑔)⁄ ∙ 𝑇𝑚 ∙ ln (
𝑃0

𝑃𝑆
)                                            (5) 313 

where 𝑅 is the ideal gas constant, 𝑔 is the gravitational acceleration, 𝑇𝑚 is the reference 314 

temperature under the standard pressure, 𝑀𝑟 is molar mass of air, and  𝑃0 is the ground 315 

standard pressure. They were set as 8.31 J ∙ 𝑚𝑜𝑙−1 ∙ 𝐾−1, 9.8 𝑚 𝑠2⁄ , 300 K, 29 𝑔/𝑚𝑜𝑙 316 

and 1013 pa, respectively. PS represents the air pressure to be converted. 317 

Although satellite datasets provide ozone at different altitudes, we only focused on 318 

several heights with relatively large temporal variations. Here, the ozone at the heights 319 
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of 34 km, 31 km, and 26 km in the stratosphere and at the heights of 12 km, 5 km, and 320 

3 km in the troposphere were focused. The former is based on fusion datasets from 1978 321 

to 2020, while the latter is based on AIRS datasets from 2003 to 2020. 322 

4. Result and discussions 323 

4.1 Accuracy assessment 324 

4.1.1 The evaluation of AIRS dataset based on in-situ sites  325 

Given the fact that AIRS dataset was used as the benchmark during the CDF 326 

matching process, its ability to capture the gradient and variability of vertical ozone 327 

determines the quality of the long-term ozone data. Here, we present the direct 328 

comparison results between AIRS ozone and in situ ozone (2017-2020) (Fig. 3). In 329 

order to show whether the performance of satellite ozone dataset varies with time, we 330 

present the results for each year. It can be seen that the data points are distributed around 331 

line 1:1 over the four years. The AIRS and in situ-based ozone is generally in a good 332 

agreement given that the R between them is larger than 0.760 and RMSEs are smaller 333 

than 7.21 ug/m3. Both the RMSE and R are relatively stable over the four years, 334 

demonstrating that the performance of AIRS dataset is basically stable. The former 335 

ranges from 6.05 ug/m3 to 7.21 ug/m3 and the latter ranges from 0.760 to 0.834.  336 
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 337 

Fig. 3. The comparison of ozone between AIRS and in-situ measurements from 2017 to 2020. 338 

It is noteworthy that since in situ site measured the ozone near the ground, the 339 

evaluation results can only indicate the performance of AIRS near the ground (~1000 340 

hp). Although an independent validation of retrieved profiles at different levels is 341 

crucial for the correct use of satellite product, a comprehensive evaluation of the 342 

performance of AIRS ozone profile over such a vast area is too difficult to implement 343 

due to the lack of in situ ozone measurements at different levels of the retrieved profiles. 344 

In fact, such an evaluation can only be conducted over a specific area. For instance, 345 

Bian et al. (2007) conducted a direct comparison between AIRS and in situ 346 

measurements in Beijing and proved that AIRS could capture the distribution and 347 

change of ozone in the upper troposphere and lower stratosphere (UTLS). The good 348 

performance of AIRS in the range from 800 hp to 250 hp and those less than 50 hp has 349 

also been confirmed by Wang et al. (2019). Although AIRS present relatively large 350 

errors between 250 hp and 50 hp, it can capture the gradient and variability of ozone in 351 

the range from 250 hp to 50 hp well (Ma et al., 2019). Based on these studies, it is 352 

reasonable to consider that AIRS is able to capture the vertical gradient and variability 353 

of ozone in the stratosphere and middle and upper troposphere in China. Hence, it is 354 

https://doi.org/10.5194/amt-2022-282
Preprint. Discussion started: 14 October 2022
c© Author(s) 2022. CC BY 4.0 License.



13 
 

safe to use AIRS ozone dataset as the benchmark to construct the long-term consistent 355 

ozone dataset. 356 

4.1.2 Cross-validation 357 

Fig. 4 present the cross-comparison results of each pair of datasets during their 358 

overlapping period. As for the results of Nimbus-7-SBUV vs. NOAA11-SBUV-2 (Fig. 359 

4(a-c)), the best agreement appears at the height of 26 km, with the RMSE of 0.115 and 360 

R of 0.96. The consistency between them deteriorates at the height of 31 km, with R 361 

decreased to 0.746. But the RMSE is still very small with a value of 0.170 ppmv. As 362 

the height increased to 34 km, R increased to 0.88, but RMSE increased to 0.487 ppmv. 363 

The largest RMSE at the height of 34 km is partly attributed to their large deviations 364 

and partly attributed to the large ozone at this height. From Fig. 4(a-c), it can be found 365 

that the ozone at the height of 34 km is the largest among these three heights, with the 366 

values ranging from 5 to 8 ppmv. The height of 31 km follows, with the ozone ranging 367 

from 4 to 5. And the height of 26 km rank last, with the ozone ranging from 1.5 to 3. 368 

From Fig. 4 (d-f), it can be seen that the agreement between NOAA11-SBUV-2 and 369 

NOAA16-SBUV-2 are very good at the heights of 26 km and 31 km, with high R of 370 

0.974 and 0.926, respectively. Furthermore, the RMSE between them is very small at 371 

the height of 26 km, with a value of 0.097 ppmv. But the RMSE increased to 0.189 372 

ppmv when height changed from 26 km to 31 km. The larger RMSE is partly due to the 373 

significantly larger ozone at this height. Nevertheless, when the height increased to 34 374 

km, their agreement is not so good, with R decreased to 0.643. But the RMSE is still 375 

reasonable, with the value of 0.241 ppmv. As for the cross-comparison results of 376 

NOAA16-SBUV-2 vs. AIRS (Fig. 4(g-i)), the consistency between them is still the best 377 

at the height of 26 km, with a high R of 0.973. But the RMSE is considerable, with the 378 

value of 0.211 ppmv. It is noteworthy that the consistency between them is not so good 379 

at the height of 31 km and 34 km, with R of 0.741 and 0.760, respectively.  380 

From the above results, it can be seen that the cross-comparison results show high 381 

dependence on the pair of satellite datasets and the height. Generally speaking, the 382 

consistency between NOAA11-SBUV-2 and NOAA16-SBUV-2 is the best among 383 

these three pairs. The consistency between Nimbus-7-SBUV and NOAA11-SBUV-2 384 

follows. And that of NOAA16-SBUV-2 vs. AIRS rank last. Regarding the influence of 385 

height, the best agreement occurs at the height of 26 km. But the results of 31 km and 386 

34 km is unstable and show dependence on pair of satellite datasets387 
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 388 

Fig. 4. The cross-validation results between theses satellite datasets at three heights during their 389 

overlapping periods: the first to third columns indicate the results at 26 km, 31 km, and 34 km, 390 

respectively. The first to third rows indicate the comparison results of Nimbus-7-SBUV vs. 391 

NOAA11-SBUV-2, NOAA11-SBUV-2 vs. NOAA16-SBUV-2, and NOAA16-SBUV-2 vs. AIRS, 392 

respectively. 393 

4.2 Inter-calibration by CDF 394 

The pixel-based CDF match was conducted between Nimbus-7-SBUV and 395 

NOAA11-SBUV-2, NOAA11-SBUV-2 and NOAA16-SBUV-2, and NOAA16-SBUV-396 

2 and AIRS, respectively. Here, only the results of NOAA16-SBUV-2 vs. AIRS are 397 

shown for conciseness (Fig. 5). It can be seen that their cumulative distribution curves 398 

below 3 ppmv match quite well when ozone is less than 3.5 ppmv, but large deviation 399 

can be observed when ozone is larger than 3.5 ppmv. Given the fact that AIRS has the 400 

longest time series and has been evaluated with in situ-based measurements, it functions 401 
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as the reference to calibrate the NOAA16-SBUV-2 with CDF matching. It can be seen 402 

that the cumulative distribution function of the calibrated NOAA16-SBUV-2 agree well 403 

with that of AIRS, indicating that the discrepancy of ozone between these two satellite 404 

products has been corrected. Then the calibrated NOAA16-SBUV-2 is used as the 405 

reference to calibrate NOAA11-SBUV-2. Similarly, the Nimbus-7-SBUV was 406 

calibrated with the calibrated NOAA11-SBUV-2. 407 

 408 

Fig. 5. A typical cumulative distribution function between AIRS and SBUV-2 at the height of 34 km 409 

before and after the CDF match. 410 

Fig. 6 presents the scatterplots between different datasets after CDF matching. The 411 

performance of CDF matching can be further evaluated by comparing the improvement 412 

of the agreement between different calibrated satellite datasets to those without CDF 413 

matching (i.e., Fig. 6 vs. Fig. 4). There is always an improvement of the agreement 414 

between Nimbus-7-SBUV and NOAA11-SBUV-2 at different heights (Fig. 6(a-c)). R 415 

increased from 0.96, 0.746, and 0.88 to 0.983, 0.803, and 0.938 at the height of 26 km, 416 

31 km, and 34 km, respectively. There is no obvious change of RMSE at the height of 417 

26 km (0.108 vs. 0.106) and 31 km (0.140 vs. 0.157). But RMSE decreased significantly 418 

from 0.487 ppmv to 0.236 ppmv at the height of 34 km. By contrast, there is no obvious 419 

improvement of the agreement between calibrated NOAA11-SBUV-2 and calibrated 420 

NOAA16-SBUV-2 (Fig. 6(d-f)). There is no improvement of R and RMSE at the height 421 

of 26 km and 31 km. But a slight improvement appears at the height of 34 km, with the 422 

R increased from 0.643 to 0.757 but RMSE increased from 0.241 ppmv to 0.472 ppmv. 423 

This phenomenon is partly related to the fact that their overlapping period is so short 424 

(Fig. 2) that the data points used for CDF matching are very limited. Regarding the 425 

agreement between calibrated NOAA16-SBUV-2 and AIRS (Fig. 6(g-i)), there is 426 

significant improvement at the height of 31 km and 34 km, with R increased from 0.741 427 

and 0.760 to 0.851 and 0.879, respectively. And the RMSEs decreased from 0.140 ppmv 428 

and0.239ppmv to 0.0.125 ppmv and 0.228 ppmv, respectively. Nevertheless, the 429 
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agreement between them even deteriorates at the height of 26 km. RMSE decreased 430 

from 0.211 ppmv to 0.16 ppmv but R decreased from 0.973 to 0.952.  431 

 432 

 433 

Fig. 6. Similar to Figure 4 but for the satellite datasets after CDF match. The first to third rows 434 

indicate the comparison results of calibrated Nimbus-7-SBUV vs. calibrated NOAA11-SBUV-2, 435 

calibrated NOAA11-SBUV-2 vs. calibrated NOAA16-SBUV-2, and calibrated NOAA16-SBUV-2 436 

vs. AIRS, respectively. 437 

  From the above results, it can be seen that the effectiveness of CDF matching 438 

depends on the situation. It generally significantly improves the agreement between two 439 

satellite datasets when there are large deviations between them. However, if the 440 

agreement between two datasets is already good, the improvement of CDF matching is 441 

very slight. Particularly, CDF matching does not always work well in some cases and 442 

should be used with caution. Regarding the satellite datasets used in this study, CDF 443 

matching generally play a positive role in improving the consistency between different 444 

satellite datasets. Thus, the four datasets after CDF matching were used to construct the 445 
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long-term and consistent ozone datasets.  446 

4.3 Ozone distribution 447 

4.3.1 The vertical distribution of ozone 448 

The ozone profile of China was established using the linear interpolation of 28 449 

spatial mean values at the height from 0 km to 80 km with intervals of 1 km. The unit 450 

of ozone digital density which is transferred from the ozone mixing ratio using 451 

temperature datasets of AIRS, was adopted because it is more sensitive to subtle 452 

changes. Fig. 7 shows the superimposed display of ozone profile in China from 2003 453 

to 2020. Compared to the ozone profile in troposphere extracted by TROPOMI (Zhao 454 

et al., 2020), the ozone profile extracted by AIRS present larger variation trend 455 

throughout the troposphere, indicating that AIRS can capture more details in the 456 

troposphere. This occurs because TROOMI has more sparse records in the troposphere. 457 

Additionally, the inconsistent unit of ozone between them (i.e., the former used ppmv) 458 

while the latter used ozone digital density) may also contribute to the difference 459 

between them.  460 

The ozone digital density varies significantly with height. Its value is close to 0 at 461 

the top of the stratosphere. Then it increases significantly and reaches the maximum of 462 

about 2.5*1012/cm3 at 34 km. From then on, the ozone digital density decreases 463 

significantly with the reduction of height and reaches a minimum of about 3*1011/cm3 464 

at the bottom of stratosphere. The variation trend of ozone with height in the 465 

troposphere is similar to that of the stratosphere. The ozone digital density is relatively 466 

low in the upper stratosphere. Then it increases gradually with the reduction of the 467 

height and reaches the maximum of 6*1011/cm3 at the height of 3 km, from which it 468 

decreases gradually with the degression of height.  469 

Fig. 7 further shows that the interannual variation trend of ozone above 50 km is 470 

nearly zero since the ozone profiles of different years completely overlapped. But it 471 

tends to increase with the reduction of height and arrives the maximum at the height 472 

around 34 km, since the differences between these ozone profiles increase gradually as 473 

height decreases. Particularly, the ozone digital density at the height around 34 km 474 

shows a significant downward trend by 3*1011/cm3 from 2003 to 2020. The interannual 475 

variation of ozone reduce slightly from 31 km to 26 km. But as the height decrease from 476 

26 km to 24 km, the downward trend becomes larger. With the further decrease of height 477 

until 10 km, the interannual variation of ozone is basically stable. But after that, 478 

interannual variation of ozone tends to increase and reaches the maximum at the 5 km. 479 

The interannual variation of ozone below 3 km is very small. In this study, we selected 480 
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ozone at 6 height levels (i.e., 3 km, 5 km, 6 km, 31 km, and 34 km) to explore the 481 

spatiotemporal variation of ozone in China, because relatively large interannual 482 

variabilities were observed at these heights. The height of 12 km was also selected 483 

because it is the top of the troposphere.  484 

 485 

Fig. 7. The ozone profile of China from 2003 to 2020 extracted from AIRS. 486 

4.3.2 Ozone distribution and variation (1978-2020) 487 

4.3.2.1 The monthly variation of ozone at different altitudes 488 

In order to show the monthly variation of ozone at the six altitudes, Fig. 8 presents 489 

the boxplots of the monthly ozone from 1978. The ozone in the troposphere presents 490 

obvious seasonal variations (Fig. 8(a-c)). Furthermore, the seasonal variations of ozone 491 

at the height of 3 km and 5 km are very similar, with the “positive-negative-positive-492 

negative” tendency from January to December. The ozone presents the smallest values 493 

(around 0.052 ppmv and 0.58 ppmv at the height of 3 km and 5 km, respectively) in 494 

January, March, and April, and the largest values (about 0.072 ppmv and 0.085 ppmv 495 

at the height of 3 km and 5 km, respectively) in August and September. By contrast, the 496 

ozone at the height of 12 km shows a different seasonal variation characteristic. An 497 

abnormal high value occurs in January, with values around 0.112 ppmv. Then a 498 

“positive-negative” tendency can be seen, with the peak of about 0.115 ppmv appearing 499 

in May and June. The minimum value of about 0.083 ppmv appears in February and 500 

December. Regarding the interannual variations of ozone, there is a big change of the 501 
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interannual variation of ozone between different months. At the heights of 3 km and 5 502 

km, the interannual variation of trend is relatively small in January, March, and April, 503 

but large in May and June. By contrast, the ozone at the height of 12 km shows large 504 

interannual variations in January, April, May, June, and July, but small interannual 505 

variations in other months. The seasonal trend of ozone in China presented here is 506 

consistent with that indicated by IAGOS in the Tropospheric Ozone Assessment Report 507 

(TOAR) (Galdel et al., 2018), which reported that the ozone content in the middle and 508 

upper troposphere in China began to rise from March to May, reached the peak from 509 

June to September, and returned to a low level from October to December. In the lower 510 

troposphere (2-3 km), the ozone content reached the peak in summer.  511 

Unlike the troposphere, the seasonal variation of ozone is not obvious in the 512 

stratosphere (Fig. 8(d-f)). It is noteworthy that the ozone in January remains to be high 513 

in the height of 26 km and 31 km, with values of about 2.6 ppmv and 4.6 ppmv, 514 

respectively. At the height of 26 km, the ozone from February to June is generally larger 515 

than that from July to December. The former ranges from 2.3 ppmv to 2.4 ppmv, while 516 

the latter ranges from 2.0 ppmv to 2.2 ppmv. By contrast, there is no obvious difference 517 

of the ozone at the height of 31 km from February to December, with the values ranging 518 

from 4.35 ppmv to 4.5 ppmv. When the height of 34 km was considered, the ozone in 519 

January shows the minimum values of about 5.65 ppmv throughout the year. A 520 

“negative-positive-negative” tendency can be observed, and the inflection point appear 521 

in April and September. Compared to the ozone in the troposphere, the ozone in the 522 

stratosphere consistently shows larger interannual variability throughout different 523 

months, as indicated by the wide spread of the boxplots (Fig. 8(d-f)). Particularly, the 524 

interannual variations are larger in February, March, May, June, July, and December 525 

than other months at the height of 26 km. But when it comes to the height of 31 km, the 526 

interannual variations are relatively larger from December to May than other months. 527 

At the height of 34 km, the interannual variations are more significant in January, April, 528 

May, June, and July.  529 
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 530 

Fig. 8. Monthly variations of ozone in China from 1978 to 2020.  (a)-(f) denote the variation at the 531 

heights of 3 km, 5 km, 12 km, 26 km, 31 km, and 34 km, respectively. 532 

From the above results, it can be concluded that the seasonal variation of ozone is 533 

more significant in the troposphere than that in the stratosphere. But the interannual 534 

variation of ozone is larger in the stratosphere than that in the troposphere. Despite the 535 

obvious seasonal variation of ozone in the troposphere, the month when peak appears 536 

show dependence on height.  Particularly, the seasonal and interannual variation 537 

characteristics of zone at the height of 3 km and 5 km are almost the same. It is 538 

noteworthy that in the top of the tropopause (i.e., the height of 12 km), the ozone is 539 

unusually high in January. This may be caused by the vertical downward transmission 540 

of zone in the stratospheric under the context of weakened atmospheric circulation 541 

(McCormack and Hood, 1996; Liu et al., 2020).  542 
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 543 

Fig. 9. Monthly variations of ozone over the six administrative zoning areas of China from 1978 to 544 

2020. (a)-(f) denote the results at the heights of 3 km, 5 km, 12 km, 26 km, 31 km, and 34 km, 545 

respectively. 546 

In order to show the ozone distribution characteristics over different regions of 547 

China, the multi-year averaged monthly ozone is displayed for different regions in Fig. 548 

9. Additionally, the multi-year averaged monthly ozone over the whole China is also 549 

presented. These six regions all show consistent seasonal variations of ozone, but the 550 

time when peak and valley appear show dependence on different regions. At the height 551 

of 3 km and 5 km (Fig. 9(a-b)), the central-south, southwest, and east China present the 552 

maximum ozone in July, which is earlier than that of northeast, north, and northwest 553 

China, which present the maximum ozone in September. Nevertheless, an opposite 554 

phenomenon can be found at the height of 12 km (Fig. 9(c)), where the former group 555 

present the maximum ozone in August, which is later than the latter group, which 556 

present the maximum ozone in May. Regarding the magnitude of ozone in the 557 

troposphere, northeast and north China generally present higher ozone than the national 558 

average, while the central south of China presents the lowest ozone among these regions 559 

throughout the year. 560 

When it comes to the stratosphere, the ozone content in different regions has 561 

obvious stratification at the height of 26 km and 34 km. It is interesting to find that the 562 

rank of these regions regarding the magnitude of ozone content are almost opposite 563 

between the heights of 26 km and 34 km. At the height of 26 km, the northeast China 564 

presents the largest ozone content throughout the year, followed by north China, and 565 

central south China ranks the last among these six regions (Fig. 9(d)). By contrast, at 566 

the height of 34 km, central south China shows the largest ozone content throughout 567 

the year, and northeast and north China present the smallest ozone content. This result 568 
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demonstrates that the effects of atmospheric circulation are significantly different at 569 

different altitudes of stratosphere. Although the national averaged ozone does not show 570 

obvious month-to-month variations at the height of 31 km, the subregion presents 571 

significant seasonal variability (Fig. 9(e)). Particularly, the variation characteristics of 572 

ozone over the six regions tend to polarize into two groups at this height: (1) the 573 

northeast, north, and northwest China; (2) the central-south, southwest, and east China. 574 

The two groups basically present an opposite seasonal variation trend. The order of 575 

these regions regarding the magnitude of ozone content is not fixed given that the lines 576 

in Fig. 9(e) interweave with each other. 577 

When the results of the stratosphere and troposphere are combined, it can be found 578 

that below the height of 26 km, northeast and north China show higher ozone content 579 

than the national average. By contrast, central-south, southwest, and east China present 580 

lower ozone content than the national average. But an opposite phenomenon appears at 581 

the height of 34 km. This occurs because the latitude of east and central-south China is 582 

relatively low, which weakened the impact of atmospheric circulation but enhanced the 583 

impact of solar radiation. This phenomenon indicates that atmospheric circulation is a 584 

main influencing factor of ozone distribution at lower altitudes. By contrast, 585 

temperature and solar radiation are dominant factors of zonal distribution at higher 586 

altitudes (McCormack and Hood, 1996).  587 

4.3.2.2 The detection and mapping of the changing trend of ozone 588 

In order to show the spatiotemporal variation of ozone at different altitudes, we 589 

present the multi-year (1978-2020) annual-averaged ozone, the standard deviation of 590 

the annual ozone throughout these years, and the interannual variation trend of ozone 591 

at the three altitudes in the stratosphere in Fig. 10. It can be seen that the distribution 592 

characteristics of the multi-year annual averaged zone at the height of 34 km is totally 593 

different or even opposite to those at the heights of 31 km and 26 km, which is 594 

consistent with the results in Fig. 9. At the height of 34 km, it can be seen that the ozone 595 

content in low latitudes (i.e., southeast and southwest China) is significantly higher than 596 

that in high latitudes (i.e., northeast and northwest China), with the maximum 597 

difference of 2.8 ppmv. This finding disagrees with Li et al. (2019), which demonstrated 598 

that the total ozone content increases with the increase of latitude. The discrepancy can 599 

be explained by the fact that the results we present is only for the height of 34 km while 600 

the previous study is focused on the whole atmosphere. Regarding the standard 601 

deviation of ozone (Fig. 10(b)), the east and northwest China show larger values than 602 

other areas, indicating that larger temporal fluctuations exist over these areas.  From 603 

Fig. 10(c), it can be seen that 87.1 % of China presents an upward trend from 1978 to 604 

2020, which is mainly distributed over northwestern China, with the maximum value 605 
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of 0.009 ppmv yr-1. 12.9% of China shows a downward trend, which is mainly 606 

distributed over eastern China, with the maximum of -0.0045 ppmv yr-1. 607 

 608 

Fig. 10. Spatial distribution map of the multi-year (1978-2020) annual-averaged ozone (left), the 609 

standard deviation of annual ozone (middle), and the interannual variation trend (left) in the 610 

stratosphere. The first to the third lines refer to the results at the height of 34 km, 31 km, and 26 km, 611 

respectively. 612 

The multi-year annual-averaged ozone at the heights of 31 km and 26 km present a 613 

similar spatial distribution characteristic, which increases gradually with latitude and 614 

comply with the general variation laws. However, it is noteworthy that the distribution 615 

characteristic of the standard deviation is even opposite to the multi-year annual 616 

average at the height of 31 km (Fig. 10(e) vs. Fig. 10(d)). The areas with large ozone 617 

content present a small standard deviation, and the standard deviation of the area with 618 

low-ozone is large. This demonstrates that the temporal fluctuations in high-ozone areas 619 

are small, and vice versa. The ozone at the height of 31 km presents a decreasing trend 620 

from 1978 to 2020 throughout China (Fig. 10(f)). Furthermore, the magnitude of the 621 

interannual trends decreases with latitude, which is similar to that of the standard 622 

deviation. Despite the similar distribution characteristics of the multi-year annual-623 

averaged ozone at the heights of 31 km and 26 km, there is a big difference regarding 624 

the distributions of the standard deviation and interannual trends (Fig. 10(h-g)). The 625 

standard deviation at the height of 26 km present larger spatial heterogeneity, with 626 

larger values over central-south and east China. Particularly, the regions of Inner 627 
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Mongolia present significantly larger standard deviation than their surroundings (Fig. 628 

10(h)), which is similar to that of 31 km and 34 km (Fig. 10(b and e)). The ozone content 629 

at the height of 26 km mainly shows a downward interannual trend, which occupies 630 

99.3% of China. And only 0.7% of China presents positive trend ranging from 0.003 631 

and 0.009 ppmv yr-1. 632 

From the above analysis, it can be concluded that both the spatial distribution 633 

characteristics of the multi-year annual averaged ozone and the interannual trend show 634 

strong dependence on the altitude in the stratosphere. Different altitude may lead to 635 

completely opposite results. This agrees well with the work by Ball et al. (2018), which 636 

demonstrated that the ozone in the middle stratosphere continues to recover while the 637 

ozone in the lower stratosphere continues to decrease. Therefore, caution should be 638 

exercised in the interpretation of the spatiotemporal variation of ozone in the 639 

stratosphere. It is noteworthy that although some areas of China show an increase trend 640 

at the height of 34 km with the maximum of 0.009 ppmv yr-1, the decreasing trend at 641 

the height of 31 km can reach 0.055 ppmv yr-1, which is much larger than the increase 642 

rate of ozone at 34 km. This demonstrates that when studying whether the total ozone 643 

content in the stratosphere has recovered in the past years, the increase of ozone content 644 

in the upper stratosphere may be offset by the decrease of ozone content in the lower 645 

stratosphere. Regarding the trend detection of ozone in the stratosphere, a more detailed 646 

division of stratospheric ozone is needed, and the internal driving factors of such 647 

characteristics need to be further explored.  648 

 649 
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Fig. 11. Spatial distribution map of the multi-year (2003-2020) annual averaged ozone (left), the 650 

standard deviation of ozone in the time dimension (middle), and the interannual variation trend (left) 651 

in the troposphere. The first to the third lines refer to the results at the height of 12 km, 5 km, and 3 652 

km, respectively. 653 

When the ozone at the top of the troposphere is focused (Fig. 11(a-b)), it can be 654 

seen that the multi-year annual averaged ozone and the standard deviation show similar 655 

but distinct latitude-belt distribution characteristics, with low values at the low latitude 656 

and large values at high latitude. This demonstrates that the areas with large ozone tend 657 

to present larger temporal fluctuations in the top of the troposphere, and vice versa.   658 

The height of 5 km and 3 km show similar spatial distribution characteristics in 659 

terms of the multi-year annual averaged ozone and the standard deviation of ozone 660 

content (Fig. 11(d-i)). Nevertheless, two special areas, i.e., Qinghai Tibet Plateau (QTP) 661 

and north China plain, show large differences from their surroundings regarding the 662 

magnitude of the multi-year annual averaged ozone. The QTP shows the lowest ozone 663 

throughout China, with the value of 0.037 ppmv and 0.032 ppmv at the height of 5 km 664 

and 3 km, respectively. Furthermore, the ozone spatial distribution in QTP is rather 665 

homogeneous. By contrast, significantly high ozone appears in the north China plain, 666 

with a maximum of 0.095 ppmv and 0.084 ppmv (~ 180.1 ug/m3) at the height of 5 km 667 

and 3 km, respectively. But this does occur in the height of 12 km. Another noticeable 668 

feature is that the ozone content in the eastern part of Ejina Banner Inner Mongolia is 669 

much greater than their surroundings at the three heights.  670 

In terms of the standard deviations at the heights of 5 km and 3 km, it can be seen 671 

that they are almost evenly distributed across the country except for QTP and north 672 

China plain. Moreover, it is interesting to find that there are a series of high values 673 

which sporadically distributed at the marginal areas of QTP. This happens because the 674 

ozone in India and Southeast Asia is blocked by QTP when it was transmitted in space, 675 

resulting in high values and high standard deviations in the marginal area (Li, 2020). 676 

Regarding the interannual trend of ozone in the troposphere, most areas in China do not 677 

pass the Mann-Kendall test with the confidence level of 95% at these heights. Only 678 

north China and East China show an upward trend at the heights of 3 km and 5 km. The 679 

upward trend over north China is contrast with Dufour et al. (2018), who found a 680 

significant downward trend from 2012 to 2016 based on IASI dataset from 2008 to 681 

2016. This inconsistency may be the result of longer time series of dataset (2003-2020) 682 

we used. Our results demonstrate that the ozone in North China Plain shows an 683 

increasing trend of about 0.1 ppb yr-1. 684 

From the above analysis, it can be seen that the interannual variation of ozone in 685 

the troposphere is not as significant as that of stratosphere. In particular, the standard 686 

deviation of ozone between different years are very small at the height of 5 km and 3 687 
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km, indicating that the ozone content near the ground is relatively stable in the past 688 

years. The significant regional characteristics of QTP at the height of 5 km and 3 km 689 

do not appear at other altitude levels. The large ozone content in the northeast China is 690 

noticeable, because it will cause a significant increase in near-ground ozone when 691 

ozone is transported downward by convection. 692 

 693 

Fig. 12. Spatial distribution of the interannual trend of ozone from 1978 to 2020 for different months 694 

at the height of 26 km. 695 

Given the significant interannual variation trend in the stratosphere, we present the 696 

interannual trends from January to December in order to investigate which month 697 

dominates the interannual variations of ozone (Fig. 12). Here, the height of 26 km was 698 

selected since it is the lower stratosphere and affected by both solar radiation and 699 

atmospheric circulation. It can be seen that the interannual trend of ozone show strong 700 

dependence on months, with large difference of the magnitude of trend between 701 

different months. But the spatial distribution of the interannual trends on the monthly 702 

scale is basically consistent between different months, which present obvious latitude-703 

belt distribution characteristics, with positive trend in the north of 40 N° and negative 704 
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trend in the south of 28 N°. This result disagrees with that on the yearly scale (Fig. 705 

10(g)). This occurs because the interannual trend of ozone on the yearly scale is a 706 

combination of the variation of different months. From Fig. 12, it can be found that 707 

more than 60% of China show significant interannual trend from June to October, but 708 

only small areas passed the 95% confidence test in other months. 709 

5. Conclusion 710 

This study performs a long-term detection, mapping, and interpretation of ozone 711 

in the stratosphere and troposphere. The quality of different satellite ozone datasets has 712 

been taken into account through the direct comparison with in-situ data and the cross-713 

calibration between different satellite datasets. Finally, a long-term consistent ozone 714 

dataset from 1978 to 2020 was constructed. Based on the ozone profile of China, six 715 

heights with obvious interannual variations were selected from the troposphere and 716 

stratosphere to present the results. Several conclusions can be drawn from the present 717 

results: 718 

(1) AIRS ozone dataset basically agrees with in-situ observations and has the ability to 719 

reveal the spatiotemporal distribution characteristics of ozone. The consistency 720 

between NOAA11-SBUV-2 and NOAA16-SBUV-2 is the best, followed by 721 

Nimbus-7-SBUV and NOAA11-SBUV-2. And that of NOAA16-SBUV-2 vs. AIRS 722 

ranks last. The best agreement of the satellite datasets occurs at the height of 26 km. 723 

(2) The effectiveness of CDF matching is more significant when there are large 724 

deviations between the two datasets, but slight if the agreement between two 725 

datasets is already good. Overall, it plays a positive role in improving the 726 

consistency between different satellite datasets. 727 

(3) The seasonal variation of ozone is more significant in the troposphere than that of 728 

the stratosphere. But the interannual variation of ozone is larger in the stratosphere 729 

than that of the troposphere. The unusually high ozone at the top of the troposphere 730 

in January is noteworthy. This may be the result of the vertical downward 731 

transmission of stratospheric ozone under the context of weakened atmospheric 732 

circulation. 733 

(4) Below the height of 26 km, the northeast and north China show higher ozone 734 

content than the national average, while the central-south, southwest, and east China 735 

present lower ozone content than the national average. But an opposite phenomenon 736 

appears at the height of 34 km. 737 

(5) The spatiotemporal distribution of ozone in the stratosphere shows a strong 738 

dependence on altitudes. Different altitudes may lead to completely opposite results. 739 

The increase of ozone content in the upper stratosphere may be offset by the 740 
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decrease of ozone content in the lower stratosphere. Thus, the altitude should be a 741 

major consideration when studying whether the total ozone content in the 742 

stratosphere has recovered in the past years. 743 

(6) The interannual variation of ozone in the troposphere is not as significant as that of 744 

the stratosphere. The ozone content near the ground is relatively stable in the past 745 

years. But the large ozone content in northeast China is noticeable since it will cause 746 

a significant increase in near-ground ozone when ozone is transported downward 747 

by convection. Particularly, the distinct regional distribution characteristics (i.e., 748 

lowest ozone throughout China and spatially homogeneous distribution) over QTP 749 

is noticeable, which only appear in the near ground (i.e., 5 km and 3 km).  750 

Data Availability  751 

The ozone profile datasets of satellites over the study area are freely available at 752 
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dataset can be accessed at https://quotsoft.net/air/#messy by searching the date. 755 
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