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Abstract

:

In this study, the multi-year data of meteorology and O3 from remote sensing and ground observations are applied to characterize the 3-D changes of O3 in the troposphere over central and eastern China (CEC) induced by the tropical cyclones (TCs) in the tropical and subtropical ocean regions over Northwest Pacific. The CEC-regional average of near-surface O3 levels is significantly elevated with 6.0 ppb in the large coverage by the TCs in the subtropical ocean, while the TCs in the tropical ocean alter near-surface O3 weakly, indicating the latitudinal-located TCs in the subtropical offshore ocean could largely influence the O3 variations over CEC. The sub-seasonal change with the positive and negative anomalies of near-surface O3 is induced by the tropical TCs from June to July and from August to October. The peripheral circulation of TCs in the subtropical offshore ocean persistently enhances the O3 concentrations over CEC during the season of East Asian summer monsoons. The positive O3 anomalies maintain from the entire troposphere to the lower stratosphere over CEC in the peripheries of subtropical TCs, while the tropical TCs cause the positive O3 anomalies merely in the lower troposphere. The O3 transport and accumulation, photochemical production and stratospheric intrusion are climatologically confirmed as the major meteorological mechanisms of TCs affecting the O3 variations. This study reveals that the downward transport of stratospheric O3 of TCs in the subtropical ocean exerts a large impact on the atmospheric environment over CEC, while the regional O3 transport and photochemical productions dominate the lower troposphere over CEC with less impact of stratospheric intrusion from the TCs in the tropical ocean region. These results present the climatology of tropospheric O3 anomalies in China induced by the TCs over the Northwest Pacific with enhancing our comprehension of the meteorological impact on O3 variations over the East Asian monsoon region.
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1. Introduction


Excessive tropospheric O3 can cause adverse effects on the air environment [1]. Tropospheric O3 is mainly produced through photochemical reactions of the precursors such as carbon monoxide (CO), nitrogen oxides (NOx = NO + NO2) and volatile organic compounds (VOCs) [2,3], and also originates from stratospheric O3 intrusions by stratosphere-to-troposphere exchange [4]. With regulating the photochemical production, transport, deposition and stratospheric intrusions, meteorological conditions play an important role in ambient O3 pollution [5,6,7,8,9].



The tropical cyclone (TC) is a synoptic scale system with the horizontal scale from 100 km to 2000 km, which can cause the exchange of energy and water vapor between land and ocean [10], and the TC circulation alters the atmospheric composition budget from the surface layer to the upper troposphere and lower stratosphere (UTLS). In central and eastern China (CEC), many O3 pollution events in summer and autumn were related to TC activities from the Northwest Pacific, and elevated concentrations of O3 lasted a day or two before TCs’ landing on CEC and offshore turning [11,12,13]. In Hong Kong, the O3 concentrations increased 10–15 μg m−3 on TC days [14], and O3 pollution events induced by TCs accounted for one third of the total events [15]. A wide area of downdrafts over the TC periphery, as the redeeming flows for updrafts in TC center, can form relatively high pressure near the surface [10]. As TCs located in the Northwest Pacific, the downdrafts occurred over Southeast China, with strong sunlight, xerothermic and calm air in the boundary layer [16]. These provide favorable situations for the photochemical formation and accumulation of near-surface O3 over the areas of the TC periphery. In addition, the synoptic-scale deep convective circulation of TC with downdrafts and updrafts over the TC periphery and center driving the strong vertical transport of trace could cause significant perturbations to the distribution of chemical compositions in the UTLS [17,18]. Aircraft experiments and satellite observations confirmed that O3 in the lower troposphere was transported horizontally over a long distance into TC circulation, and then shifted up to UTLS by eyewall convection, finally outflowing with the top divergence of the TC [19]. Roux et al. [20] emphasized that as the structure and intensity of TCs vary with time, the O3 perturbations have produced contrary anomalies. High O3 concentrations were anti-correlated with CO during downdraft periods of the TC periphery, along with dry and high potential vorticity (PV) air in troposphere, which suggested the vertical transport of high O3 air mass from UTLS to the lower troposphere [21,22,23], even to the boundary layer in several cases [11,13]. Lightning activities produce NOx in the eyewall and outer rain bands of TCs, inducing the elevation of O3 concentrations in the mid-troposphere [24,25].



Affected by the variation of atmospheric circulation, the scale, intensity and moving path of TCs have significant individual differences. Tu et al. [26] focused on inter-decadal variation of TC tracks in the Northwest Pacific and found that the increase in occurrence of TCs’ northward movement has been considered to the most possible TC track in the Western Pacific for leading near-surface O3 ascending over CEC [27]. Chow et al. [14] reported the physical mechanism of O3 pollution in Hong Kong related with TC locations, especially the track passing near the east of Taiwan which could bring northerly wind, sinking motion and relatively low precipitation over Hong Kong. The advection of O3 and its precursor near the surface has resulted from the common change in prevailing wind and boundary layer circulation. The studies [15,28,29,30,31] revealed that O3 precursors are diffused from industrial regions to the Pearl River Delta in southeast China by TC peripheral weak northerly winds before TC landing with the TC-related dynamic flows of polluted air in urban agglomerations.



As the variations in prevailing wind, cloud fraction, solar radiation, air temperature and humidity over CEC are largely modulated by East Asian monsoons, CEC is the area frequently affected by TCs over the Northwest Pacific. The TC exerts an impact on atmospheric composition distribution [8,12,32]. O3 and its precursors can be driven to deteriorate the air quality by the TC-related atmospheric circulation and boundary layer conditions, although the complex photochemical formation of O3 and the change in atmospheric oxidation remain uncertain. The anomalies of O3 concentrations have been confirmed to be related with TC activities in the Northwest Pacific by several case studies. The locations of TCs showed a particularly important factor in local variation in O3 with different meteorological conditions [14]. As TCs move over the Northwest Pacific, the TC could variously alter peripheral atmospheric motion and photochemical conditions for O3 distribution in the CEC region [14]. In this study, with the multi-source observations of O3 and atmospheric circulations over recent years, we aim at multi-year characterization of the horizontal and vertical distribution of tropospheric O3 over CEC with the different TCs’ locations over the Northwest Pacific.



This study presents the following highlights: (1) The multi-year climatology of the TCs’ effects on the 3-D distribution of tropospheric O3 concentrations. (2) The meteorological mechanisms on TC locations changing regional transport and photochemical production of O3 over the air pollution area in CEC. (3) The effect of stratospheric invasion on tropospheric O3 redistribution driven by vertical circulations of the regional TCs of the Northwest Pacific. Following the introduction in this section, we describe the observational data and analysis methods in Section 2. In Section 3.1, we present the temporal and spatial distribution of near-surface O3 during the TC days in the TC season of 2010–2019. Section 3.2 investigates the horizontal and vertical distribution of O3 over CEC induced by the TCs based on satellite observation. Section 3.3 discusses the meteorological mechanism on the TC-driven horizontal transport and photochemical production of O3 anomalies. Section 3.4 reveals the mechanism of vertical transport from the stratosphere to the troposphere over the TCs’ peripheral circulation. Finally, a conclusion is presented in Section 4.




2. Data and Methods


2.1. ERA-5 Reanalysis


ERA-5 is the fifth generation of the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis for the global climate and weather with improved spatial resolution, better physics and data assimilation compared to the previous ERA-Interim reanalysis [33]. The ERA-5 data (https://cds.climate.copernicus.eu/ accessed on 20 February 2024) with horizontal 0.5° × 0.5° and vertical 37 pressure levels. ERA5′s surface or single-level data are also available for regional climate and weather analysis [34]. Data containing the daily average 850 hPa wind, 500 hPa geopotential height, total cloud cover and surface solar radiation downward of 10 years (2010–2019) are applied in this study.




2.2. Remote-Sensing O3 Monitoring Data


The O3 monitoring instrument (OMI) is a nadir-viewing near-UV/Visible spectrometer aboard NASA’s Aura satellite, moving according to the sun-synchronous polar orbit with a local equator crossing time of 13.45 (https://aura.gsfc.nasa.gov/omi.html, accessed on 11 December 2023). OMI has a sufficiently fine spectral resolution to allow the direct retrieval of tropospheric O3, although the sensitivity decreases strongly toward the surface because of Rayleigh scattering [35]. OMI can estimate the multiyear means in the summer afternoon surface O3 with a precision of 8 ppb in China [36]. The retrieved O3 profile is contained in the dataset of OMO3PR (https://daac.gsfc.nasa.gov/datasets/, accessed on 20 February 2024) and is given in terms of the layer-columns of O3 in DU for an 18-layer atmosphere. In this study, the observed layer-column concentration (DU) of O3 was converted to an average volume mixing ratio (ppb) per layer using the following:


Vi = 1.2672 × 103 Ni/DPi



(1)




with Ni being the layer-column in DU, DPi the pressure difference between the top and bottom of the layer in hPa and Vi the average volume mixing ratio in ppb.




2.3. Near-Surface O3 Observational Data


Here, we obtain the 5-year (2015–2019) data of near-surface O3 from China’s Ministry of Ecology and Environment network (http://www.mee.gov.cn, accessed on 20 February 2024) of 154 cities (Figure 1a) over CEC. Observed mean values of the maximum daily 8 h average (MDA8) O3 of all sites in the TC season from June to October (JJASO) are applied in this study. The anomalous surface O3 of MDA8 is the difference between the daily value and mean value of 5 years on the same day. The daytime O3 concentration is the hourly average from 7:00 to 19:00, and the nighttime is from 20:00 to 6:00 on the next day. The unit conversion from μg m−3 to ppb is as follows:


Cv = Cm × 22.4/M(O3)



(2)




with Cv being the average volume mixing ratio of O3 in ppb, Cv the mass mixing ratio of O3 in μg m−3, 22.4 L mol−1 the molar volume of gas under standard conditions and M(O3) the molar mass of O3.




2.4. Northwest Pacific TC Datasets


The statistics of the Northwest Pacific TCs are from the Northwest Pacific TC best path datasets created by the China Meteorological Administration (CMA-BST, http://tcdata.typhoon.org.cn, accessed on 25 January 2023) from June to October in 2010–2019. The CMA-BST dataset provides the location and intensity of TCs in the Northwest Pacific (including the South China Sea, north of the equator and west of 180°E) every 6 h since 1949 (http://tcdata.typhoon.org.cn, accessed on 25 January 2023) [37,38].




2.5. Division of Northwest Pacific Regions


For comprehensive characterization of the spatial and temporal distribution of surface O3 over the CEC region, O3 measurements at 154 cities are extracted for investigating the TC-related effect on near-surface O3 concentrations (Figure 1a). The Northwest Pacific is divided into three regions: Region 1 (R1) is over the South China Sea (108–123°E, 10–21°N), where most TCs move from east to west latitudinally influencing southern CEC; Region 2 (R2) is located in the region (123–139°E, 25–38°N) over the subtropical region in the Northwest Pacific, where most TCs move meridionally influencing the eastern region of CEC; and Region 3 (R3) is relatively far from CEC over the east of the Philippines (123–139°E, 13–25°N) in the tropical region of the Northwest Pacific, where most TCs shift to the regions R1 and R2 over the Northwest Pacific (Figure 1a,b).



There are a total of 200 Northwest Pacific TCs from June to October over 2010–2019, and all the tracks of TCs are shown in Figure 1b. In total, only 36 of 200 TCs are beyond the 3 sea regions R1, R2 and R3, and around 82% of the Northwest Pacific TCs have passed through the 3 regions R1, R2 and R3 in the past 10 years. Thus, the divided regions R1, R2 and R3 are the key regions for CEC affected by the offshore Northwest Pacific TCs’ circulation, to discuss the meteorological effect by different locations of the Northwest Pacific TCs.



Over the last 10 years, 73, 87 and 124 TCs have existed over the regions R1, R2 and R3, respectively, where the minimum sea level pressures at the TC centers were averaged with 987.1, 976.8, 974.3 hPa, and the average of maximum wind speeds with 23.7, 29.3, 31.2 m s−1; the TC intensity in R3 is stronger, followed by R2 and R1. As CEC has become the major periphery of TCs located in the 3 regions R1, R2 and R3, the TC day in this study is defined with the TCs centered in the regions R1, R2 and R3 over the Northwest Pacific.



In addition, the TC activities exhibit the distinct monthly variations over three oceanic regions in the Northwest Pacific. The peak months of TCs in the ocean regions R1, R2 and R3 are July, August and September, respectively (Figure 1c). It is implied that the influence of TCs in the regions R1, R2 and R3 on near-surface O3 over CEC could be mostly in midsummer, late summer and early autumn.





3. Results and Discussion


3.1. Near-Surface O3 Variations during TC Season


The 5-year average (2015–2019) O3 values of MDA8 during the TC season of the Northwest Pacific from June to October (JJASO) is obtained from the measurement data of 154 cities over CEC within the monitoring network operated by the China Ministry of Ecology and Environment. The CEC-regional average of MDA8-O3 concentrations during the TC season (JJASO) is 52.3 ppb over the recent years. Regionally, the average O3 level in TC days of the subtropical region R2 is significantly elevated by 6.0 ppb to the CEC-average MDA8 value at 58.3 ppb in JJASO (Figure 2b), while slight O3 changes in TCs are observed in the tropical regions R1 and R3 with anomalies of −1.2 and +0.8 ppb (Figure 2a,c). The monthly anomalies of MDA8-O3 are all positive with +11.8, +2.6, +3.8, +7.0 and +12.5 ppb, respectively, in the months of JJASO in TC days over the subtropical ocean region R2 (Figure 2b).



In the R1′s TC days, a distinct pattern of sub-seasonal change is found with positive and negative anomalies of O3 from June to July and from August to October (Figure 2a). Comparing with the minor impact of TCs in R1 and R3 on regional O3 levels over CEC, the peripheral circulation of TCs in R2 can elevate the O3 concentrations from June to October during the TC season over CEC (Figure 2), indicating the latitudinal-located TCs in the subtropical offshore ocean largely influencing the coastal and inland air quality.



The distributions of anomalous O3 concentrations over CEC are shown in Figure 3. In R1′s TC days, the region of southeastern China presents the negative anomalies of −2–−10 ppb, and the positive anomalies of 0–+5 ppb covering the inland area of CEC (Figure 3a). In R2′s TC days, the weak negative anomalies occur in the northeastern coastal regions of China, which is close to the TCs. The significantly positive O3 anomalies of +5–+15 ppb cover the most CEC regions for TCs-elevating concentrations in the region R2 (Figure 3b). In R3′s TC days, the −3–+3 ppb anomalies over CEC are distributed with weak negative values on the eastern coast and positive inland (Figure 3c). For TCs in all three regions R1, R2 and R3 in the Northwest Pacific (Figure 1a), the anomalies of O3 are negative in the coast areas and positive in inland areas over CEC, revealing the distinct contributions to near-surface O3 with clearing and accumulating effects by the distances from the TC circulation to the continental regions. Comparing two tropical regions R1 and R3, the TCs in the subtropical region R2 induce latitudinally strong positive anomalies of near-surface O3 over the large inland of CEC. Thus, the orientation of TCs plays an important role in influencing O3 variations over CEC.



The daytime (from 7:00 to 19:00) and nighttime (from 20:00 to 6:00 in next day) anomalies of O3 concentrations are averaged in the TC days of the regions R1, R2 and R3. The R2′s average daytime concentration of near-surface O3 over CEC is 44.9 ppb, higher than R1 (40.0 ppb) and R3 (41.2 ppb). Similar differences are also reflected at nighttime with 24.9, 26.3 and 24.3 ppb, respectively, in the Northwest Pacific regions R1, R2 and R3. Anomalies of O3 are positive at nighttime in all three regions, with +0.4, +1.8 and +0.3 ppb, respectively. In the daytime, the TCs in R2 and R3 can apparently elevate O3 levels with anomalies of +4.1 and +1.4 ppb, while R1 presents slight negative anomalies. The TC’s locations and orientations in the Northwest Pacific alter the O3 diurnal variations in CEC.



Significantly, the northward TCs in the Northwest Pacific almost trail through the sea region of R2 (Figure 1b). A recent study in Hong Kong emphasized the northward movement of a TC deteriorated air quality remarkably, with an increase of 32% in the O3 concentrations [14]. Similarly, 60–90 ppb O3 in the boundary layer had been reported in Eastern China with Typhoon Utor traveling in the Northwest Pacific [39].




3.2. Vertical O3 Variations in the Troposphere


In order to clarify how the impact of the TCs’ location on vertical and horizontal O3 distributions in the troposphere over CEC, the high resolution OMI OMO3PR data are interpolated to 0.75° × 0.75° grids for characterizing the vertical O3 anomalous variations induced by the Northwest Pacific TCs in the three regions R1, R2 and R3 (Figure 4). To vertically compare the relative deviation of O3 in the troposphere, the anomalous percentage of O3 during TC days from the monthly mean value is adopted in this section. The horizontal distributions of O3 anomalous percentages are averaged within 500–700 hPa (the lower and middle troposphere, LMT), 300–500 hPa (middle and upper troposphere, MUT) and 200–300 hPa (upper troposphere and lower stratosphere, UTLS), respectively, in the TC regions R1, R2 and R3 during JJASO, 2015–2019 (Figure 4). Tropospheric O3 presents distinctly vertical changes over CEC in association with the TC locations in the Northwest Pacific (Figure 4).



During the TCs in the region R1 over the South China Sea, the positive anomalous O3 percentages are concentrated over the inland regions with higher than +4% over central CEC in the LMT between 500 and 700 hPa, while the coastal areas in southern and eastern CEC inversely present O3 negative anomalies up to −5% in the LMT (Figure 4a), similarly to the spatial distribution of near-surface O3 anomalies over CEC in the TCs over the tropical region R1 (Figure 3a). By contrast with the LMT, the negative O3 anomalies dominate the MUT and the UTLS with the vertically extending O3 anomalous coverage over CEC (Figure 4b,c).



It is unique for the TCs in the subtropical region R2 over the Northwest Pacific that the tropospheric O3 anomalies show consistently positive values in all the LMT, MUT and UTLS over CEC with high anomalies exceeding +8% in LMT over the northern CEC region (Figure 4d–f). The O3 anomalous pattern in the LMT is generally similar with the near-surface O3 anomalous pattern with the TCs located over the subtropical Northwest Pacific (Figure 3b and Figure 4d). The positive anomalies dominate the tropospheric O3 over CEC, indicating the significant O3 enhancements from the free troposphere to the lower stratosphere in the TC’s peripheries of the subtropical region R2′s TCs. As the O3 concentrations in the UTLS are 102–103 times higher than those in the MUT and LMT, the +2–+4% anomalous percentages in the UTLS over CEC could present significant O3 intrusions in the UTLS, which is further investigated (Section 3.4) to confirm the importance of vertical O3 transport in stratosphere–troposphere exchanges (STE) in the change of atmospheric environment with increasing tropospheric O3 driven by the TCs in the subtropical regions.



With the TCs in R3 over the east of the Philippines in the tropical region of the Northwest Pacific, the positive anomalies of O3 in the LMT are centered over the eastern coast of CEC, while the slightly positive O3 anomalies by +1% in the LMT distribute the inland CEC areas (Figure 4g), inconsistently with the near-surface O3 anomalous pattern over CEC for the TCs in the remote ocean region R3 (Figure 3c). Similar to the impact patterns in the MUT and UTLS of TCs in R1 (Figure 4b,c), the O3 anomalies are weakly negative and even nearly close to the mean values in the MUT and the UTLS over CEC (Figure 4h,i), which can be connected with less impact on the CEC atmosphere from the relative far ocean region. The distinct differences in vertical O3 distribution from the lower stratosphere to the lower troposphere over CEC are observed for the TCs located in tropical and subtropical ocean regions (Figure 4). The tropospheric–stratospheric temperature in the tropical atmosphere exhibits long-range power-law persistence, which becomes stronger as the altitude increases, affecting the vertical ozone distribution over CEC [40].



The significant impacts on 3-D structure of O3 from near-shore TCs in the different Pacific regions are confirmed by the anomalous distributions of O3 from surface and remote-sensing observations (Figure 3 and Figure 4). Focusing on the impacts of TCs on the ambient O3 changes over CEC, the dominance of vertical O3 transport of STE in the change of atmospheric environment can be reflected with the consistent O3 enhancements from the lower, middle and upper troposphere to the lower stratosphere in the peripheries of TCs over the subtropical region R2 in the zonal direction to CEC. The TCs in the tropical Pacific regions R1 and R3 induce positive O3 anomalies in the lower troposphere in company with the slightly negative or unchanged O3 anomalies from the middle and upper troposphere to the lower stratosphere, indicating an importance of local O3 accumulations and production in the lower troposphere with less impact of STE in the UTLS on the atmospheric environment over CEC from the TCs in the tropical ocean regions.




3.3. Meteorological Anomalies for Horizontal Transport and Photochemical O3 Production


In this section, the low-level wind (LLW), surface solar radiation (SSRD) and total cloud cover (TCC) are used to understand the meteorological factors driving the horizontal transport and photochemical production of near-surface O3 in CEC during TC days. The composite anomalies (based on the monthly mean, same hereinafter) of LLW at 850 hPa, SSRD and TCC in the regions R1, R2 and R3 are shown in Figure 5 and Figure 6 by using the meteorological datasets of the ERA-5. The anomalous values are calculated by subtracting the 10-year averages over TC days from the daily values.



Over the 10-year average of R1’s TC days, the southern and eastern coast of CEC is dominated by strong anomalous east winds reaching up to +4 m s−1. The eastern wind brings clean air from the ocean to the coast to dilute the surface O3 concentration in the southern and eastern coasts of CEC (Figure 5a). The positive anomalies of TCC (+3–+5%) and negative anomalies of SSRD (−0.3–−0.5 × 105 J m−2) cover the southern and eastern coasts (Figure 6a). Less sunlight inhibits O3 photochemical production and clean air advection for the negative O3 anomalies (−4–−8 ppb) over the southern and eastern coast of CEC (Figure 3a). In the inland area of CEC, the anomalous east and northeast winds and more SSRD (+ 0.5–+1.0 × 105 J m−2) and less TCC (−5–−10%) cover the areas with positive O3 anomalies (+2–+5 ppb) by intensifying the efficiency of photochemical reaction for O3 production (Figure 3a and Figure 6a), and transported from the region of the Yangtze River Delta in East China to the accumulations over inland CEC.



In R2′s TC days, CEC is significantly dominated by strong solar radiation with +1.0–+2.0 × 105 J m−2 of anomalous SSRD and (−10)–(−15%) of anomalous TCC (Figure 6b). Such a photochemical condition is sufficient over CEC with the largest positive anomalies of near-surface O3 in the subtropical Northwest Pacific TC days (Figure 2). The anomalous northeast winds cover the most areas of CEC in the R2′s TC days (Figure 5b). The significantly anomalous northeast wind establishes the O3 horizontal transport from the north to the south of the CEC region. It is a matter of wide concern that the near-surface O3 concentrations are extremely high in the north of CEC (especially in the North China Plain). The high O3 advection with anomalous northeast winds in the peripheral region of the R2′s TC could cause the significant O3 increases over CEC, especially in the inland of CEC (Figure 3b). The stronger anomalous wind of larger than +3 m/s brings the clean air from the ocean leading to the negative anomalies of near-surface O3 (−1–−4 ppb) over the northeastern coast of CEC (Figure 3b and Figure 5b).



In R3′s TC days, the impacts of remote TC on the SSRD and TCC of CEC are relatively weak with slightly positive anomalies of the SSRD and negative anomalies of the TCC (Figure 6c). The anomalous wind is also weak, which indicates the remote R3′s TC does not drive O3 advection directly over CEC (Figure 5c).



The meteorological condition in the TC’s peripheral circulation was recognized with TC’s locations and the TC-related region [14,27]. We also find a distinct relation between the meteorological conditions of CEC and the distance to TCs, for the O3 variations over CEC. The coast areas of CEC are near the TC centers with the strong and clean advection reducing the coastal O3 concentration significantly. The inland area of CEC is 1000–2000 km away from the TC circulation. The stable and cloudless conditions lead to more solar radiation for O3 production in the inland areas of CEC (Figure 3 and Figure 5). However, the lower TCC and greater SSRD for O3 photochemical production cannot completely match the horizontal distribution of O3 anomalies over the inland area of CEC (Figure 3 and Figure 6), implying the other meteorological drivers influencing the near-surface O3 changes. As the distinct vertical O3 structures are found in the TCs over the Northwest Pacific regions R1, R2 and R3 (Figure 4), the vertical O3 transport driven by the TC circulations in association with the STE can be another important mechanism for tropospheric O3 change, which is discussed in Section 3.4.




3.4. Vertical Transport of O3 Driven by TC Circulations


In order to identify the effects of TCs over three different regions in the Northwest Pacific on the vertical transport of O3 over the CEC regions, the O3 vertical transport flux over CEC is obtained by multiplying the O3 concentrations (from the OMO3PR, converting the units to μg m−3) by the vertical velocity (from the ERA5, convert units to m s−1) with the positive and negative values indicating upward and downward transport, respectively (Figure 7). The vertical O3 transport from the lower stratosphere to the lower troposphere presents the distinct structures induced by the TCs in the three Northwest Pacific regions R1, R2 and R3.



With the TCs in the tropical ocean R1, the O3 vertical transport fluxes over CEC present the upward transport (−0.07–−0.02 μg m−2 s−1) at 200 and 500 hPa in the lower stratosphere to the middle troposphere with the weak vertical mixing at around 0 μg m−2 s−1 at 700 hPa and 850 hPa in the lower troposphere (Figure 7), indicating less stratospheric O3 invasion downwards to the troposphere and large accumulations of O3 in the lower troposphere over CEC induced by the TCs in the tropical region R1. The peripheral vertical motion of the R1′s TCs cannot drive stratospheric O3 transport down to the troposphere efficiently. The positive anomalies of O3 in the LMT over the inland of CEC (Figure 4a) might result from the accumulations of O3 in the lower troposphere, which are formed by the horizontal transport with stronger winds (Figure 5a) and photochemical production by strong solar radiation (Figure 6a). The weak vertical transport fluxes of O3 over CEC exist at all levels from the lower stratosphere to the lower troposphere in R3′s TC days (Figure 7); the TCs in the remote region R3 over the tropical Pacific could not drive the STE over CEC with a negligible influence on tropospheric O3.



It is remarkable for the subtropical Pacific region R2 that there is a significant O3 downdraft from the lower stratosphere with −0.05 μg m−2 s−1 of O3 flux at 200 hPa (Figure 7) reaching deep to the lower troposphere with the negative O3 vertical transport of (−0.02–−0.05) μg m−2 s−1 in the troposphere over CEC. The strong stratospheric O3 invasions could influence the ambient atmosphere over CEC by the deep STE of TCs in the subtropical region R2 located in the zonal direction of CEC (Figure 3b, Figure 4b and Figure 7). The deep downdrafts of O3 connect the lower stratosphere and the lower troposphere with the TC’s peripheral compensation sinking motion over CEC elevating the near-surface O3 levels (Figure 3b), although the stratospheric O3 transported into the PBL with the near-surface existing O3 together could be consumed by NO titration over CEC.





4. Conclusions


The existing studies are mostly concentrated on the Northwest Pacific TC events with the influences on ambient O3, especially over CEC, the densest human activity zone with O3 pollution in China. By using multi-year data of remote sensing and ground observations over recent years, this study characterized the 3-D tropospheric O3 anomalies over CEC induced by the TCs in the tropical and subtropical Northwest Pacific to present a climatology of TCs altering ambient O3 levels in the continental human activity region with quantitative assessments of the effect degree and identification of the underlying change mechanism in atmospheric environment change.



It is assessed from the multi-year observations that the regional average of near-surface O3 levels is significantly elevated with 6.0 ppb over CEC by the TCs over the subtropical Northwest Pacific, but the TCs located in the tropical ocean weakly altered the near-surface monthly O3 with slight regional anomalies of −1.2 and +0.8 ppb over CEC. The TC-induced near-surface O3 changes in positive and negative anomalies are spatially distributed in the inland and coastal regions over CEC, and discrepant patterns of the spatial distributions exist between the TCs in the subtropical ocean with the enormous inland and minimal coastal areas of positive and negative O3 anomalies, and the TCs in the tropical ocean with almost equal areas of positive and negative anomalies over CEC. The distinct pattern of sub-seasonal change with the positive and negative anomalies of near-surface O3 is induced by TCs in the tropical ocean from June to July and from August to October. The peripheral circulation of TCs in the subtropical offshore ocean persistently enhanced the O3 concentrations over the CEC region during the season of East Asian summer monsoons. The latitudinal-located TCs in the subtropical offshore ocean could largely influence regional O3 variations over CEC, indicating an important role of TC location and orientation in changing air quality over the TCs’ peripheral regions.



The positive O3 anomalies persisted from the lower, middle and upper troposphere to the lower stratosphere over CEC in the peripheries of TCs over the subtropical region, while the TCs in the tropical Pacific regions induced positive O3 anomalies in the lower troposphere with slightly negative or unchanged O3 anomalies from middle and upper troposphere to the lower stratosphere, revealing the relative importance of the vertical O3 transport of STE in the change of atmospheric environment caused by TCs in subtropical and tropical oceans. The meteorological mechanisms with O3 transport and accumulation, photochemical production and stratospheric invasion are climatologically confirmed by the anomalies of lower-tropospheric winds, surface solar radiation and O3 vertical transport fluxes from the multi-year observation of TCs over the Northwest Pacific. It is most remarkable that the downward transport of stratospheric O3 is driven by the vertical circulation of TCs in the subtropical ocean, exerting a large impact on the atmospheric environment over CEC, while the regional O3 transport, accumulation and photochemical production control the lower troposphere over CEC with less impact of stratospheric invasion from the TCs in the tropical ocean region (Figure 8).



Based on the multi-year data of remote sensing and ground observations, the multi-year change of the 3-D tropospheric O3 anomalies over CEC induced by the TCs in the tropical and subtropical Northwest Pacific are characterized in this study with the effect degree and the dominant mechanism in atmospheric environment change (Figure 8), providing the climatology of TCs’ effect on the atmospheric environment. Further research could be desired with a longer observation period and comprehensive simulation of meteorology and O3 in the stratospheric and tropospheric atmosphere to improve our understanding of TCs’ effect on tropospheric O3 change and to generalize the meteorological mechanisms with the relative contribution of physical and chemical processes in TCs’ effect on the atmospheric environment.
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Figure 1. (a) Locations of 154 cities with observational sites (black dots) over the CEC region (the red dashed box), the terrain heights (MSL, m, a.s.l.) in CEC and the surrounding East Asian area, and the three regions R1 (108–123°E, 10–21°N), R2 (123–139°E, 25–38°N) and R3 (123–139°E, 13–25°N) over the Northwest Pacific denoted with black solid boxes. The TC circulation is sketched in a white color; (b) the Northwest Pacific TC’s tracks are represented as grey lines, along with every 12 h location of TCs (round dots), where the size and color of dot represent the intensity of TCs; (c) the TC numbers over the Pacific regions R1, R2 and R3. 
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Figure 2. The monthly averages of MDA8-O3 concentrations (ppb) from June to October during the days with TCs in the Northwestern Pacific regions (a) R1, (b) R2, and (c) R3 (orange columns) and all days in the TC season (green column), which are averaged in 2015–2019 over the CEC region. 
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Figure 3. Spatial distribution of surface O3 MDA8 (ppb) anomalies at 154 cities over CEC during TCs over the Northwest Pacific regions R1 (a), R2 (b) and R3 (c) in JJASO over 2015–2019. 
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Figure 4. The anomalous percentages (%) of O3 horizontal distribution at (a,d,g) 500–700 hPa, (b,e,h) 300–500 hPa, (c,f,i) 200–300 hPa, for the TCs in (a–c) R1, (d–f) R2 and (g–i) R3, based on JJASO mean in 2015–2019. The daily O3 concentrations of the OMI L2 global dataset (OMO3PR) were interpolated as horizontal 0.75° × 0.75° grids within 105–135°E and 13–40°N for calculating the TC days mean and monthly mean. The observed column concentration (DU) of O3 at each layer from the OMO3PR data was converted to the average volume concentration (ppb) with Formula (1) in Section 2.2 for this study. 
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Figure 5. The anomalous wind vectors (arrows) and wind speed (shaded colors) at 850 hPa and mean 500 hPa geopotential height (blue isolines in unit of gpkm) over CEC and Northwest Pacific region during the TC days of (a) R1, (b) R2 and (c) R3 in JJASO, 2010–2019. 
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Figure 6. The distribution of anomalous total cloud cover (TCC, unit: % in contour lines) and surface solar radiation (SSRD, unit: J m−2, presented by shaded colors) over CEC and the Northwest Pacific during the TC days of (a) R1, (b) R2 and (c) R3 in JJASO (June–October), 2010–2019. 
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Figure 7. O3 vertical transport fluxes (μg m−2 s−1) are averaged over the CEC regions at 200 hPa (blue boxes), 500 hPa (dark grey boxes), 700 hPa (grey boxes) and 850 hPa (red boxes) with TCs in the Northwest Pacific regions R1, R2 and R3 during 2010–2019. The range of the boxes represents the range of 25–75th percentiles, and the top and bottom of the lines out of boxes represent range of the 10th and 90th percentiles. The horizontal lines and square points inside the boxes are the median and mean values of vertical O3 transport flux. 
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Figure 8. A diagram of the TCs in (a) the tropical and (b) subtropical Northwest Pacific affecting the near-surface O3 significantly positive (brown circle), slightly positive (red circle) and negative anomalies (blue circle) over CEC, and the meteorological mechanisms identified with vertical transport of stratospheric O3 intrusion, strong solar radiation for photochemical O3 production and clean (polluted) air advection for O3 horizontal transport in the lower troposphere. 
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