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Highlights
What are the main findings?

e  Northeast China’s total ozone column (TOC) is 25 DU higher than the zonal mean (winter-
driven), peaks/troughs earlier than NH midlatitudes, and is governed by large-scale
atmospheric processes (r = 0.91).

e The regional TOC is controlled by 50/100 hPa ozone, Longfengshan data matches MSR-2 well
and shows strong stratosphere-surface coupling, plus a NE-SW TOC gradient in winter-spring.

What are the implications of the main findings?

e  Northeast China is a key East Asian ozone transition zone, with winter-spring TOC regulated
by QSW and BDC-linked transport, thereby defining the large-scale dynamic controls on
regional midlatitude ozone.

e Validated Longfengshan data is a reliable TOC proxy, and the identified coupling/TOC
patterns support East Asian midlatitude ozone-climate and stratosphere-troposphere research.

Abstract

Based on the Multi-Sensor Reanalysis Version 2 dataset, this study analyzes variations in monthly
mean total ozone column (TOC) over Northeast China (40-53°N, 115-135°E) during 2015-2024. The
study area in winter lies in the transition zone between high polar and low subtropical TOC in East
Asian mid-latitudes. Key results indicate that the TOC over Northeast China is consistently higher
than the zonal mean TOC of the same latitude band and seasonal cycle demonstrates TOC
maximum (minimum) in February (August), one month (two months) earlier than for the Northern
Hemisphere midlatitudes. The important role of Brewer-Dobson circulation and quasi-stationary
wave (QSW) structure in the TOC distribution over Northeast China is confirmed by the 10-year
climatology for January—March. The QSW pattern is characterized by the TOC decrease from the
northeastern (~415 DU) to southwestern (~330 DU) parts of the region. The strongest positive
(negative) correlations approaching r = 0.9 (r = -0.8) exist between TOC and ozone concentration
(temperature) at 50 hPa and 100 hPa, as well as at the surface. These findings can be applied to
analyze the ozone observations and stratosphere-surface couplings in the Northeast China region.

Keywords: total ozone column; atmospheric temperature; Northeast China; MSR-2 dataset; quasi-
stationary wave; stratosphere—surface coupling

1. Introduction

Ozone is a critical component of the Earth’s atmosphere, functioning as a natural barrier that
efficiently absorbs harmful solar shortwave ultraviolet radiation (UV-B, 280-315 nm) [1]. Its
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variations directly regulate global climate systems, atmospheric circulation, and ecological balance,
while profoundly impacting human health-excessive UV exposure is linked to increased risks of skin
cancer and cataracts [2,3].

The Brewer-Dobson Circulation (BDC) is a quasi-steady meridional circulation centered in the
stratosphere. It drives ascent in the tropical lower stratosphere, poleward transport and descent in
the extratropical stratosphere, shaping the distribution of stratospheric tracers such as ozone and
water vapor. Not radiatively driven, it relies on angular momentum from dissipating tropospheric
waves including Rossby and gravity waves. Synoptic-scale Rossby waves dissipate in the subtropical
lower stratosphere while planetary-scale ones dissipate in the winter polar vortex periphery. Both
drive poleward flow via negative drag [4]. BDC intensification peaks in Northern Hemisphere (NH)
winter months December, January and February (DJF) linked to stronger subtropical jet and wave
drag changes, while summer months June, July and August (JJA) sees weaker wave activity and BDC
due to the reversal of the zonal wind in the stratosphere from westerly to easterly [4-6].

In ozone depletion, BDC governs halogen residence time and polar ozone supply. The Antarctic
vortex’s chemical isolation depends on BDC’s mixing barrier. Arctic ozone changes split evenly
between BDC weakening and chemistry. Approximately 30% of 1979-2000 NH mid-latitude ozone
decline relates to BDC transport. Seasonally, BDC-driven transport builds winter—spring ozone [6].
Summer photochemistry involving ozone-halogen reactions depletes it. An intensified BDC
accelerates chlorofluorocarbons (CFC) removal and shifts ozone from tropics to mid-latitudes. This
leads to tropical ozone decline and mid-latitude rise. The NH mid-latitudes may see ozone “super-
recovery” exceeding CFC-induced losses by 2100 [4,6].

Geographically, ozone exhibits distinct latitudinal variations: near the equator, TOC is the
lowest, yet near-surface ozone is the highest, with its vertical ozone peak occurring at a relatively
high altitude (~25 km) and featuring a simple vertical structure [7]. In polar regions, total ozone
reaches the highest level, while its peak altitude is relatively low (~20 km) and displays a complex
multi-peak vertical structure; in mid-latitudes, both total ozone and vertical structure fall between
those of the equatorial and polar regions [7,8]. Driving part of this distribution is the hemispheric
BDC, which transports stratospheric ozone from its tropical source to the extratropics [9].

Tropical TOC variations exhibit distinct temporal phases, with TOC showing a strong negative
trend before 1998 and most TOC trends becoming insignificant after 1998 (1979-2019 NOAA SBUV
data); mid-stratospheric ozone continued to decline during the latter period, while near-surface
ozone shifted from a negative to a positive trend [10]. High-latitude TOC is regulated by climatic
indices, as evidenced by 2005-2021 OMI-derived TOC at three Norwegian sites: TOC variability at
the high-latitude Andeya and Trondheim sites was dominated by the SCAND index, while TOC at
Oslo showed weak correlations with NAO/AO; post-2016, the TOC-geopotential height correlation
turned positive, and no significant TOC anomalies were observed at Oslo during periods of increased
solar activity [11].

Since the discovery of the Antarctic ozone hole in 1985, ozone depletion and recovery have
remained a core focus of the global environmental community [12]. In the late 20th century,
widespread emissions of ozone-depleting substances (ODSs) such as CFCs caused significant global
ozone layer thinning [8,13,14].

However, the global implementation of the Montreal Protocol and its amendments have
effectively curbed ODS emissions, driving a gradual recovery of stratospheric ozone in mid-latitudes
worldwide since the early 21st century [15-17]. Arctic springtime ozone depletion continues to
weaken, with declining halogenated ozone-depleting substances (hODSs) as the dominant factor and
limited GHGs impact. Future extreme Arctic ozone depletion events will drop notably, and the ozone
layer overall shows a recovery trend in the models [18]. Recent observations indicate that upper
stratospheric ozone in the NH mid-latitudes has exhibited a significant positive trend of 1-3% per
decade during 2000-2024 [19]. The 2024 Antarctic ozone hole’s area and depth are below long-term
averages; with reduced ozone loss saturation since the 2000s, the layer is projected to recover to 1980s
levels by mid-century [20].
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Global-scale stratospheric ozone research has laid a solid foundation for understanding macro
patterns and core driving mechanisms. The slowing of the NH ozone depletion after 1998
significantly reduced the stratospheric cooling rate, highlighting the climate feedback effects of ozone
changes [21]. Ozone variations regulate planetary wave activity and exert differential impacts on
polar vortex intensity across the Northern and Southern Hemispheres [22]. Specifically, hemispheric
differences exist in the impacts of quasi-stationary planetary waves (QSWs) on high-latitude TOC,
with QSW 1 dominating in the Southern Hemisphere (SH) during spring across all analyzed years
(1979-2003 TOMS data) and exhibiting the largest amplitude, though QSW 2 reached a comparable
level in some NH years.

Maximal TOC disturbances induced by planetary waves occur in the winter-spring period in
both the NH (January-March) and SH (August—October). During the development of the Antarctic
ozone hole, the QSW phase at 60°N lacked the zonal motion observed at 60°S, and both hemispheres
showed strong inter-annual variability in the position and amplitude of QSW patterns [23]. El Nifo-
Southern Oscillation modulates Antarctic ozone variability through teleconnection pathways, which
enriches the understanding of large-scale climate—ozone interactions. Notably, global ozone recovery
exhibits substantial regional heterogeneity, especially in East Asian mid-latitudes—a key transition
zone between the polar high-ozone region and the tropical low-ozone region.

For East Asia and China, TOC variations exhibit unique characteristics, with ENSO exerting an
impact on Chinese TOC: El Nifo events increase Chinese TOC, while La Nifia events reduce it, and
maximum anomalies shift northward (south in winter, north in summer) linked to the East Asian
westerly jet, causing 6-10% changes in clear-sky UV radiation [24]. TOC in East Asia showed an
upward trend of ~1% per decade from 1997 to 2017, with TOC over the Korean Peninsula and
Manchuria consistent with ground-based data (Seoul: 1.27% per decade; Pohang: 1.02% per decade),
and atmospheric variability exerting a greater impact on TOC in 2020 [25]. Extreme TOC changes
have been observed in the high-latitude Arctic, where Arctic TOC reached a 1979-record 477 DU in
March 2024 (dominated by the lower stratosphere), driven by upward-propagating Rossby waves
that warmed the stratosphere and enhanced poleward and downward ozone advection [26]. Rossby
Wave Breaking (RWB) is a core process driving stratosphere-troposphere exchange in the NH, with
significant differences in transport efficiency between RWB types [27]. Intense cutoff low events over
East Asia trigger deep stratospheric intrusion via tropopause folding, elevating tropospheric ozone
concentrations [28]. Subsequent studies further refined this understanding by linking RWB, the
Northeast (NE) China Cold Vortex, and stratosphere-to-troposphere transport to surface ozone
increases in eastern China [29,30].

Notably, SH sudden stratospheric warmings induce significant zonal asymmetry in Antarctic
total ozone column, with stronger positive anomalies in the Eastern Hemisphere and weaker ones in
the Western Hemisphere [31]. The NH polar vortex shift toward Eurasia regulates stratospheric
ozone changes over the continent through a “dynamic + chemical” dual mechanism, and Eurasia may
be one of the regions with the latest ozone recovery in the NH due to combined effects of ODS
emission reduction and climate system changes [32]. The dynamic changes of the Arctic polar vortex
impact mid-high latitude ozone distribution, but its specific role in Eurasian ozone loss remains
unclear [32]. Under the high-emission (A1FI) scenario, future climate warming will alter
stratosphere—troposphere ozone transport and tropospheric ozone lifetime, with upper tropospheric
ozone showing significant increases and the stratospheric contribution to tropospheric ozone further
enhancing [33].

On a national scale, TOC in China shows a slight downward trend with distinct temporal cycles
and spatial patterns, and it is significantly correlated with anthropogenic emissions [34]. However,
existing research on stratospheric ozone over NE China has obvious gaps: most studies either focus
on surface ozone or cover only short-term periods [35-38], failing to address the critical 2015-2024
decade—a pivotal phase for global ozone recovery. As a key mid-high latitude region sensitive to
polar vortex dynamics and stratosphere-troposphere exchange processes, the long-term trend,
seasonal characteristics, consistency with global mid-latitude patterns, and key driving factors of the
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total ozone column in NE China remain insufficiently resolved [39]. This gap hinders a
comprehensive understanding of regional ozone recovery dynamics and the linkage between large-
scale climate processes and local ozone variability over the region.

This study focuses on the TOC over NE China (40-53°N, 115-135°E), which lies in the mid-
latitude transition zone between the polar and subtropical latitudes and where stratospheric ozone
dynamics are governed by large-scale atmospheric processes such as Brewer-Dobson circulation and
mid-latitude circulation adjustments inherent in East Asia region. Using the Multi-Sensor Reanalysis
Version 2 (MSR-2) dataset during 2015-2024, we aim to clarify the study region’s TOC characteristics
compared to the mid-latitude zone 40-53°N as a whole and provide baseline data for East Asian mid-
latitude ozone dynamics. In what follows, Section 2 describes the dataset, study area, and analytical
methods; Section 3 presents the key results of TOC variations; Section 4 provides a discussion, and
Section 5 draws conclusions from the study.

2. Materials and Methods

2.1. Study Area

The study area covers Northeast (NE) China, defined by geographical coordinates of 40-53°N
latitude and 115-135°E longitude, as shown in Figure 1. This region includes three provincial
administrative regions (Liaoning, Jilin, Heilongjiang) and parts of Inner Mongolia Autonomous
Region. Topographically, it features diverse landscapes, including plains, mountains, and plateaus,
with an average elevation ranging from 50 to 1,500 meters above sea level. Climatologically, the
region is dominated by a temperate continental monsoon climate, characterized by cold and dry
winters and warm and humid summers. The distinct seasonal climate may influence stratospheric-
tropospheric exchange processes and indirectly affect TOC distribution.

180°

L
50°N

60°N

120°E 115°E 10°E

Figure 1. Map of the research area in Northeast China (40-53°N, 115-135°E), the red dot represents the
Longfengshan Station (44.7°N, 127.6°E).

2.2. Data Source

The primary dataset utilized in this study is the Multi-Sensor Reanalysis Version 2 (MSR-2), a
comprehensive Total Ozone Column (TOC) product integrating observations from multiple satellite
sensors and ground-based measurements, with a temporal scope spanning 2015-2024 (the past 10
years) and consisting of monthly average data (120 time points in total), a spatial resolution of
0.5°x0.5°(1atitude x longitude) that ensures sufficient spatial detail to capture regional variations over
NE China, a focus on the TOC variable expressed in Dobson Units (DU), and strict quality control
processes including noise reduction, sensor calibration, and cross-validation with independent
observations that guarantee high reliability for long-term trend analysis [40].

Time—pressure profiles of ozone concentration and temperature are based on and ERA-5
reanalysis. Developed by the European Centre for Medium-Range Weather Forecasts (ECMWEF),
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ERA-5 is a widely used global atmospheric reanalysis product with a horizontal resolution of
0.25°x0.25° (approximately 31 km at the equator) and coverage of 37 standard pressure levels, ranging
from 1000 hPa (near the surface) up to 1 hPa (in the upper stratosphere). Its comprehensive pressure-
level coverage and fine spatial resolution enable ERA-5 to effectively capture the vertical and
temporal variations of ozone concentration and temperature in time-pressure profile analyses [41].
In addition, this study employs the TOC data from Longfengshan Station (marked as a red dot
on the regional map in Figure 1b), a regional background station located in NE China (44.7°N, 127.6°E,
331 m as.l.), approximately 175 km NE of Harbin City. As a Regional Station of the Global
Atmosphere Watch (GAW) under World Meteorological Organization (WMO) Region II (Asia) with
GAW ID: LFS and WOUDC Station ID: 326, the station’s data is publicly archived and accessible via
the World Ozone and Ultraviolet Radiation Data Centre (WOUDC) platform (access link:
https://woudc.org/en/data/stations/?id=326&lang=en), with data provision ceasing after March 2022.
The dataset used in this study covers the period from January 2015 to March 2022. Managed by the
Institute of Atmospheric Chemistry, Chinese Academy of Meteorological Sciences, the station’s long-
term observational records provide reliable data support for the analysis of regional ozone variability.

3. Results

In Section 3, we analyze the temporal trends, variability and climatology of TOC in the Northeast
China using the MSR-2 data. Stratospheric ozone concentration and temperature relationships are
derived from the ERA-5 dataset. The Longfengshan Station Brewer MKII data are used in comparison
with TOC averaged over the NE China region.

3.1. Long-Term Trend of TOC

Figure 2 presents the 10-year (2015-2024) total ozone column time series over NE China (40—
53°N, 115-135°E) and the zonal mean TOC across the same latitude band (40-53°N, 180°W-180°E).
In Figure 2(a), blue filled circles denote the monthly mean TOC of NE China, while rose-red filled
squares represent the zonal mean TOC. Figure 2(b) shows linear trends (dashed lines in
corresponding colors) with semi-transparent shaded areas indicating 95% confidence intervals. All
data are derived from HDF datasets, with non-physical values (< 0) excluded as NaN. Notably, the
TOC over NE China shows no upward trend throughout the period, and it is consistently higher than
the zonal mean TOC at the same latitude. The excess is about 25 DU (7.4%) and is contributed mainly
by the higher winter TOC values in the NE China region than in the zonal means (blue and red
symbols, respectively, at its maximum levels in Figure 2). The minimum TOC values in summer are
close and do not affect the difference.

MSR-2 Total ozone column 2015-2024 Linear trend with 95% confidence interval
500 T ‘ ‘
(a) —e—northeast China (b) R ---- northeast China
----zonal mean °®
450 .
2 .
a L o o % N - % & ..0
@ 400 e, o % e s LY 0 .
g % o W -362 DU|
8 5 WP R I P T R sl
= 350 e . 0 =0 T8 1 S 000 i - (R
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Figure 2. (a) Total ozone column in Northeast China and the full longitude band; (b) Linear trend with 95%

confidence interval.
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Though the NE China’s TOC lacks an upward trend, mathematical signal analysis reveals a
strong positive correlation between the TOC variation signal of NE China and the full longitude band
with r=0.91. This consistency suggests that annual TOC dynamics in NE China is mainly dominated
by zonal-scale atmospheric processes that reflected in regional processes. Subsequent work will focus
on correlation characteristics across different latitude circles to further clarify the spatial consistency
of ozone variations.

3.2. Seasonal Variability of TOC

Figure 3(a) presents the monthly variations of TOC in the NE China region from 2015 to 2024.
The blue curves of different shades are monthly means for each year, red curve is 10-year monthly
mean, and dashed line is 10-year annual mean. The overlapping blue curves show how monthly TOC
varies between years, and notably, February 2018 and March 2024 stood out as periods of anomaly,
a phenomenon that underscores the inherent instability of winter atmospheric dynamics and
planetary waves [26]. The red curve highlights the consistent seasonal pattern of TOC over the decade
with a maximum in February and a minimum in August, which are one month earlier and two
months earlier, respectively, than usual in the NH midlatitudes [4].

MSR-2 Monthly variations of TOC 2015-2024 Monthly variance and range of TOC
500 500 80
(a), —e— 2015 —»— 2021 (b)

450 =\ I 58:? f gggg 400 mmm monthly variance
= —4— 2018 —— 2024 S —=— monthly range 60 5
a —v— 2019 — —annualmean | = 4 ‘ a

- —4— 2020 —=— monthly mean - \
2 400 © 300 \ P~ o
5 5 \ / ™\ r— a0 §
© SRR N S =] \ / =)
T 350 T 200 " \/ . / ]
=] =] =]
= ~ =
N 20
300 100
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Month Month

Figure 3. MSR-2 data for (a) Monthly variations of TOC during 2015-2024 (blue) with monthly mean (+20, red)
and annual mean (+20, gray); (b) Monthly variance and range of TOC in the NE China region.

Figure 3(b) quantifies TOC’s monthly volatility (variance s?) and dispersion (range R) via a dual-
Y-axis layout. The blue bar plot corresponds to the variance, which characterizes the temporal
variability of monthly TOC values across the 10-year study period. The monthly sample variance is
computed as:

5 :% 3 (x —3)2, 1)
i=1

This variance exhibits a distinct peak in February, indicating substantial interannual variability
in TOC during this month. Conversely, monthly TOC values exhibit minimal fluctuations during July,
August, September, and October, resulting in comparatively low variance for these periods. The red
curve, labeled “Range”, quantifies the difference between the monthly maximum and minimum TOC
values; mathematically, this range (denoted as R) is defined as:

R=max (x,,X,,...,%,)—min(x,X,,...,x, ), @)

Consistently with the variance pattern, the TOC range is notably larger across winter months,
while it remains substantially smaller throughout the summer season.

Building on the prior analysis of long-term TOC trend and annual cycle (Figures 2 and 3), Figure
4 displays the monthly mean NH TOC spatial distribution across 2015-2024, organized by seasons:
winter (December-February, a—c), spring (March-May, d-f), summer (June-August, g-i), and
autumn (September-November, j-1). The red dashed box in each panel demarcates NE China. Mid-
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and high-latitude regions (240°N) exhibit elevated TOC values in winter and spring (a—f), while TOC
decrease broadly in summer (g-i) before gradually recovering in autumn (j-1). Within this pattern,
following Figure 3a, NE China (red box) shows relatively high TOC in winter and spring (Figure 4a—
4f), transitions to low values in summer with minimum in July—-September (Figure 4h—4j), and the
regional TOC undergoes a partial rebound in autumn (October-November, Figure 4k and 41).
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Figure 4. Total ozone column from 2015 to 2024, the red box indicates 40-53°N, 115-135°E in the Northeast China

region.

This seasonal spatial pattern reveals that TOC in NE China aligns with typical mid-latitude
ozone dynamics: higher winter/spring TOC tied to enhanced Brewer—Dobson circulation (BDC), and
lower TOC in summer driven by increased photochemical destruction of stratospheric ozone and
weaker transport [4]. Notably, the TOC minimum in NE China and in the 40-53°N latitude band does
not differ in summer (Figure 2), indicating regional ozone levels are representative of mid-latitude
conditions rather than extreme regional depletion. The spatial-temporal distribution of TOC in Figure
4 provides a foundational context for subsequent analyses of the large-scale atmospheric processes
governing the NE China’s ozone variability.

ributed under a Creative Commons CC BY license.
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3.3. 10-Year Climatology of TOC

Figure 5(a) presents the 2015-2024 climatology of TOC over the Northern Hemisphere for the
JEM (January-March) season, with the TOC maximum over the NE China region (Figure 4b—4d) and
with the color scale spanning 200 to 450 Dobson Units (DU). A prominent polar-level TOC maximum
(exceeding 400 DU) dominates the Arctic region, and this high-ozone area, related to the enhanced
BDC, extends to NE China in JEM (see red curve in Figure 3a). Here, NE China in Figure 5a functions
as a transition zone: its NEern section aligns with the polar high-ozone levels of ~415 DU), while the
southwestern part shows a lower TOC of ~330 DU, closer to subtropical ozone levels (~300 DU; [42]).
The uneven TOC distribution in the NE China region in JFM that combines polar and subtropical
levels is noteworthy. Figure 5(b) displays the corresponding 2015-2024 TOC climatology for the JAS
(July-September) season, with a compressed color scale (200 to 340 DU) that reflects the seasonal
ozone minimum (red curve in Figure 3a). During JAS, TOC across NE China is notably more uniform
compared to JEM, with TOC stabilizing around 300 DU, which is somewhere around the minimum
level among the mid-latitude regions (Figure 3b). This creates a stark seasonal contrast: JEM marks
the regional ozone maximum associated with BDC, while JAS represents the regional ozone
minimum due to weakened ozone transport and enhanced photochemical loss.

(a) Climatology JFM 2015-2024 (b) Climatology JAS 2015-2024

DU —
200225250275300325350375400425 200 220 240 260 280 300 320 340

Figure 5. 10-year climatology TOC for JEM and JAS in the Northern Hemisphere, the white dot represents the
Longfengshan Station.

Figure 6 displays the spatial distribution of NH TOC for January, February and March of each
year from 2015 to 2024, with the blue box delineating NE China (consistent with the regional
boundary defined in prior analyses). Across all these January-March panels, the TOC within the NE
China domain consistently falls within the higher TOC range (per the color scale, typically 2400 DU),
an observation that aligns with the conclusion that JFM represents the annual peak in ozone levels
for this region (Figure 3a). This high TOC level is maintained despite the overall high variability of
the TOC pattern over mid- and high latitudes (Figure 6). In contrast, localized areas (e.g., parts of the
Arctic) exhibit far more pronounced interannual variability in TOC distribution, with some years
showing distinct low-ozone patches (2016, 2020 and 2022 in Figure 6).

Despite the interannual fluctuations in ozone distribution across surrounding or remote regions,
the maximum TOC levels in NE China remain relatively stable throughout the 2015-2024 January-
March period. With no substantial deviations from its typical high TOC state, this contrasts to low-
TOC appearance in Arctic noted above. The consistent, high-stability TOC in this region during JEM
is mainly associated with the pattern of the TOC maximum in the high latitudes due to the intense
BDC and its persistent penetration to the NE China region.
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Figure 6. Total ozone column (January—March) in the Northern Hemisphere from 2015 to 2024.

This condition further serves as a critical seasonal baseline for subsequent investigations into the
large-scale and regional drivers of NE China’s ozone dynamics.

3.4. Longfengshan Station

The TOC data at Longfengshan Station (44.7°N, 127.6°E, 334 m a.s.l.), a NE China-based site
(marked with a red dot in Figure 1), was retrieved from the World Ozone and Ultraviolet Radiation
Data Centre (WOUDC) platform. Figure 7 illustrates TOC variability and regional representativeness
at this station from Jan 2015 to Mar 2022: Figure 7a depicts daily TOC fluctuations, showing high-
frequency variability (200-550 DU) and clear seasonal peaks/troughs over the 7-year period; Figure
7b compares monthly mean TOC values (blue dots, Longfengshan; red dots, NE China regional
average); Figure 7c quantifies the monthly difference between NE China and Longfengshan as green
dots, with a dashed zero line to highlight deviation direction.
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Figure 7. (a) TOC at Longfengshan Station from Jan 2015 to Mar 2022; (b) monthly mean TOC of Longfengshan
Station (blue dots) and NE China (read dots); (c) monthly difference between the regional and station-based

monthly means.

Consistent with the broader NE China region (dashed line in Figure 7), Longfengshan Station’s
TOC data exhibit a high degree of quantitative coincidence in overall temporal variations. A
pronounced seasonal cycle is evident across all datasets, with elevated TOC values in winter and
spring and depressed values in summer and autumn. Notably, the monthly mean differences
between the target region and Longfengshan Station remain within +15 DU (+4.2%) of a 7-year annual
mean throughout the study period (Figure 7c), validating the station’s reliability as a representative
proxy for regional TOC levels. Summer differences tend to be positive (indicating slightly higher
regional concentrations), while winter differences are negative or near-zero, reflecting subtle seasonal
disparities in ozone distribution between the site and the broader region. Over the 7-year span, no
significant long-term increasing or decreasing trend is detected in either the station or regional TOC
data, indicating that natural interannual and seasonal variability dominates the observed fluctuations.

3.5. Ozone Concentration

Figure 8(a) displays the pressure-time cross-section of the zonal mean ozone concentration
(from the ERA-5 dataset, 2015-2024) for 40-53°N. The horizontal axis covers the years 2015 to 2024,
while the vertical axis represents pressure (ranging from 1 to 1000 hPa, in logarithmic scale), with the
color bar quantifying ozone concentration (units: 10'2 cm=). A dashed horizontal line marks the 50
hPa stratospheric level: across all years, ozone concentration peaks near this 50 hPa level (reaching
values close to 9x10'2 cm3), whereas it remains relatively low (typically < 3x10'2 cm™®) in the lower
tropospheric range (around 1000 hPa) and at the stratopause level (near 1 hPa), revealing distinct
vertical stratification of ozone distribution.

Figure 8(b) illustrates the variation of Pearson correlation coefficients r between NE China TOC
and zonal mean ozone concentration with pressure. The vertical axis also uses pressure and the
horizontal axis spans r values from -0.75 to 1, with the red shaded area denoting a strong positive
correlation (r > 0.8). The correlation coefficient fluctuates between about -0.5 and 0.7 in the
tropospheric pressure range (e.g., 300-1000 hPa), but rises sharply to exceed 0.8 in the lower-
stratospheric pressure region (corresponding to the red area, about 30-200 hPa), indicating a
significant and strong positive linkage between TOC and ozone concentration in this stratospheric
pressure range.
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Figure 8. (a) The ozone concentration at zonal mean 40-53°N region in pressure-time section for 2015-2024.
Dashed horizontal lines mark the stratosphere level at 50 hPa (black, maximum level); (b) Variation of Pearson
correlation coefficients between NE China TOC and zonal mean ozone concentration with pressure. The red area

represents high positive correlation (>0.8).
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Correlation decreases in the middle and upper stratosphere at the pressure levels <30 hPa,
however values near r =-0.25 and r = 0.25 in annual variations (Figure 8b) are statistically significant
at the 99% confidence level (Table 1).

Table 1. Pearson correlation coefficients between NE China TOC and zonal mean ozone concentration (OC). The

values significant at the 99% confidence level are in bold.

Correlation r (TOC- r (TOC- r (TOC- r (TOC- r (TOC-
coefficient " TOCOCD 50y 0C50) 0C100) 0C500)  OCsurf)
Annual 0.27 -0.29 0.92 0.95 -0.58 0.78
Winter -0.10 0.61 0.69 0.72 0.04 0.06
Spring 0.66 -0.51 0.63 0.91 -0.36 0.60
Summer -0.81 0.69 0.92 0.93 -0.07 0.83
Autumn 0.83 -0.78 0.86 0.91 -0.50 0.76

Table 1 displays the Pearson correlation coefficients  between NE China TOC and zonal mean
ozone concentration (OC) across distinct vertical levels (from 1 hPa in the upper stratosphere to the
surface) and seasons. Note the different criteria for the significance testing in the annual and seasonal
variations due to different time series lengths. The 99% confidence level corresponds to r = 0.23 for N
= 120 and r = 0.46 for N = 30, respectively. OC50 and OC100 make the largest contribution to
interannual variations in TOC with correlation between r = 0.63 and r = 0.95. The role of OC50 looks
somewhat weaker (r = 0.63 to r = 0.92) than OC100 (r = 0.72 to r = 0.95), although OC50 is at the peak
concentration by height. Overall, the correlation coefficients in winter are generally smaller than
those observed in other seasons. Notably, the lowest correlation (TOC-OC100) with »=0.72 is reached
in winter, increases to r = 0.91-0.93 in spring—autumn and maximizes annually with r = 0.95.

Regarding the surface level (OCsurf), the correlation coefficient in Table 1 in winter is
particularly low (only r = 0.06, nearly negligible), but response of OCsurf to TOC noticeably increases
in spring (r = 0.60), summer (r = 0.83), autumn (r = 0.76) and annually (r=0.78). At 10 hPa 1 hPa in the
middle and upper stratosphere, there exist distinct strong seasonal positive and negative correlations
r(TOC-OC10) and r(TOC-OC1), and this phenomenon, along with the connection between OCsurf
and TOC, deserves further study regarding seasonal variability.

3.6. Correlation Between TOC and Temperature

Figure 9 shows the monthly average temperatures across four atmospheric layers (1 hPa, 10 hPa,
100 hPa, and the surface) over the region 40-53°N, 115-135°E during 2015-2024, and Table 2 contains
their correlation coefficients with TOC. The curves in Figure 9 show that the surface temperature
Tsurf (reddish-orange curve) fluctuates most broadly (~260 K to ~300 K), the 1 hPa temperature T1
(blue curve) varies between ~240 K and ~270 K, the 10 hPa temperature T10 (purple curve) stays
relatively stable around ~230 K, and the 50 and 100 hPa temperature, T50 and T100 (green and orange
curves) remains the lowest (~210 K to ~220 K). All temperature series exhibit clear annual seasonal
fluctuations, with periodic peaks and troughs matching the region’s climatic cycles.

Table 2 presents Pearson correlation coefficients between the TOC and temperatures (at 1 hPa,
10 hPa, 50 hPa, 100 hPa, and surface Tsurf), as well as between Tsurf and stratospheric temperatures,
shown in Figure 9 and analyzed across annual and seasonal (Winter, Spring, Summer, Autumn)
scales. The correlation results, paired with the layered temperature ranges, underscore altitude-
dependent dynamics. The T50 and T100 temperatures represent the coldest lower-stratospheric
layers, which have a moderate to strong positive correlation with TOC, while T1, T10, and Tsurf show
predominantly negative associations. Similarly to ozone concentrations in Table 1, the role of T100 in
TOC variations in certain seasons, as shown in Table 2, appears to be somewhat more significant (r =
0.59 to ¥ =0.92), than T50 (r = 0.58 to r = 0.88).
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Figure 9. Monthly average temperatures at 1 hPa, 10 hPa, 50hPa, 100 hPa, and the surface (T1, T10, T50, T100,
Tsurf) over the region 40-53°N, 115-135°E during 2015-2024.

Table 2. Pearson correlation coefficients between TOC and temperature over Northeast China. The values

significant at the 99% confidence level are in bold.

Correlation r (TOC- r(TOC- r (TOC- r(TOC- r(TOC- r (Tsurf- r (Tsurf- r (Tsurf- r (Tsurf-
coefficient T1) T10) T50) T100) Tsurf) T1) T10) T50) T100)

Annual -0.30 -0.14 0.33 0.70 -0.68 0.84 0.40 -0.04 -0.54
Winter 0.35 -0.13 0.58 0.59 -0.04 —-0.03 -0.19 -0.10 0.06
Spring -0.62 -0.55 0.26 0.39 -0.74 0.88 0.57 0.11 -0.01
Summer 0.78 0.68 0.88 0.92 -0.59 -0.19 -0.02 -0.54 -0.70
Autumn —-0.84 0.12 0.21 0.75 -0.87 0.85 0.07 0.14 —0.53

Meanwhile, surface temperature is the warmest layer (Figure 9), and there are the strong
negative correlations (TOC-Tsurf) of r =-0.68 and (Tsurf-T100) of  =-0.54 in annual variations (Table
2). Consisting with (TOC-OCsurf) of r = 0.78 in Table 1, these results for the NE China region likely
reflect interaction between the surface and lower stratosphere at a statistically significant level.

Winter stands out for its uniformly weak correlations: TOC shows only weak positive links with
1 hPa (r=0.35) and negligible negative correlations with T10 (r =-0.13) and Tsurf (r=-0.04). Significant
at the 99% confidence level is only correlation with T100 (r = 0.59) and T50 (r = 0. 58). This is obviously
due to the dominant contribution of ozone concentrations OC50 and OC100 to ozone column
variability (Table 1) and well-known fact that the lower-stratospheric temperature is primarily
regulated by ozone changes [21]. Tsurf has almost no meaningful associations with all upper-air
temperatures (|r| < 0.20), making Winter the season with the lowest coherence between the variables.

4. Discussion

Based on MSR-2 satellite reanalysis data, ERA-5 reanalysis data, and ground-based observation
data from Longfengshan Station during 2015-2024, this study systematically analyzed the long-term
trend, seasonal variation, climatological characteristics of total ozone column (TOC) in NE China
(40-53°N, 115-135°E), as well as its vertical correlation with ozone concentration and temperature. It
reveals the key driving mechanisms and regional particularities of ozone distribution in mid-high
latitudes.

4.1. Spatiotemporal Characteristics of TOC

There was no significant long-term change trend in TOC over NE China from 2015 to 2024, but
it remained consistently higher than the zonal average level of the same latitude zone (40-53°N). This
regional difference of approximately 25 DU (7.4%) was mainly contributed by the high values in
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winter (Figure 2). This phenomenon stems from the large-scale circulation regulation of ozone in
mid-high latitudes. In winter, the Northern Hemisphere BDC intensifies, transporting high-
concentration ozone meridionally through tropical upwelling and extratropical downwelling and
influencing the vertical profile of stratospheric ozone and temperature [4]. As a transition zone
between mid and high latitudes, NE China is more prominently affected by this circulation. The high-
TOC patterns in the NH midlatitudes in winter—spring are formed by quasi-stationary waves (Section
1) with presence of zonal wave 1 and wave 2 [39]. The NE China region, in terms of longitude and
latitude, falls climatologically at the extended TOC maximum over East Asia reaching up to 450 DU
(Figure 5a). At the same time, large midlatitude sector of 30°W-90°E is filled with relatively low TOC
levels of about 370-380 DU (Figure 5a). The latter circumstance lowers the zonal mean values
compared to the regionally averaged ones and explains the 25-DU excess of the NE China TOC over
the zonal mean TOC in Figure 2b.

The correlation coefficient between TOC in NE China and the zonal average of the same latitude
zone reaches r = 0.91 (Section 3.1). This indicates that interannual variations in both time series are
mainly dominated by global-scale atmospheric processes associated with BDC and QSW and
reflected in regional processes. However, there are obvious seasonal differences: TOC in summer is
close to the zonal average level (Figure 2). The large-scale circulation anomaly in winter, which causes
a zonally asymmetric pattern of the TOC maximum (Figure 5a), is significantly weakened in summer,
so the TOC field becomes more zonally uniform (Figure 5b). Since the BDC shuts down, intense
photochemical depletion in summer, reduces ozone concentration and TOC tends to its annual
minimum both in the NE China region (Figure 3a) and generally across the NH midlatitudes [4,43].

We emphasize that NE China is located in the transition zone from the polar high-ozone region
to the subtropical low-ozone region (Figures 4-6). Affected by latitude gradient and circulation
partitioning resulted in the QSW structure in TOC in winter, the spatial heterogeneity is significant:
TOC in the NEern part can reach 415 DU under the influence of the polar TOC expansion due to the
QSW structure, while that in the southwestern part is close to the subtropical level of 330 DU (Figure
5a). This is a climatological regional property in the TOC pattern, which has not previously been
distinguished. During summer and autumn (JAS), TOC in the entire region is uniformly stable at
around 300 DU (Figure 5b), mainly due to the BDC cessation and photochemical ozone loss, as noted
above.

The seasonal fluctuation of the TOC pattern further reflects the influence of atmospheric
dynamics (Figures 4 and 6). The variance and amplitude ranges in the NE China region are the largest
in February (Figure 3b), corresponding to intense planetary wave activities in winter [4]. In addition,
the abnormally high TOC values in the NE China region in February 2018 and March 2024
(corresponding curves in Figure 3a) increased by about 50 DU compared to the 10-year average. This
is consistent with the estimate for March 2024, when Arctic TOC was 60 DU higher than the 1979-
2023 average, based on Microwave Limb Sounder (MLS) data [26]. The MLS data show that this
record ozone anomaly was concentrated in the lower stratosphere and can be related to extreme
planetary wave events, which forced poleward and downward ozone advection into the lower
stratosphere [26]. The overall consistency of the midlatitude and polar TOC anomalies confirms the
special connection of the NE China region with higher latitudes through wave activity and QSW
structure in TOC.

The variance is the smallest from July to October (Figure 3b), indicating the limitation of the
upward wave propagation due to stable easterly stratospheric circulation during these months [4].
This speculation needs to be further verified by combining more observational and model data.

During 2015-2022, the local ground-based observation data from Longfengshan Station were
highly consistent with the satellite-derived average TOC in NE China (Figure 7b), with the monthly
average difference always controlled within 15 DU (Figure 7c), verifying the reliability of MSR-2
satellite data in this region. The consistency between station and satellite data demonstrates the
effective characterization capability of satellite reanalysis data for the spatiotemporal variation of
regional ozone, but there are subtle seasonal differences: the regional average TOC in summer is
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slightly higher than the observed value at Longfengshan Station, while it is close to or slightly lower
in winter (Section 3.4). This may be due to the location of the station relative to the climatological
TOC field, which has a tendency for seasonal redistribution of the TOC level in the NE China region
(Figure 5).

4.2. Correlations Between TOC, Ozone Concentration and Temperature

The vertical structure of ozone shows that the zonal average ozone concentration in 40-53°N
reaches a peak in the stratosphere at 50 hPa (Figure 8a), while the concentration in the troposphere
and upper stratosphere is significantly lower. This is consistent with the photochemical mechanism
of stratospheric ozone formation [44] and the winter increase in ozone concentration in the lower
stratosphere due to the strong seasonal cycle in the BDC and the associated enhanced winter ozone
transport [4]. The TOC is significantly positively correlated with ozone concentration in the
stratospheric region of 30-200 hPa (r > 0.8, Figure 8b), confirming that TOC variation is mainly
contributed by the lower-stratospheric ozone. The correlation between ozone concentration and TOC
shows obvious dependence on altitude with alternating sign changes: if the lower-stratospheric
ozone is significantly positively correlated with TOC up to r = 0.7-0.8, then the mid-tropospheric
ozone at 400-600 hPa becomes negatively correlated reaching r = —0.5 and the near-surface
temperature is again in positive coupling with r = 0.75 (Figure 8b).

The correlation in the middle stratosphere is lower (r = -0.25), opposite in sign to the correlation
in the upper stratosphere (r = 0.25), but, as noted in Section 3.5, is still statistically significant at the
99% confidence level. In short, there are two atmospheric layers where TOC in the NE China is
positively (negatively) coupled with the interannual variability in the zonal mean ozone
concentration. This altitude dependence of the correlation is partially contributed by the vertical
ozone profile in the stratosphere due to the photochemistry and BDC, as well as the tropospheric
contamination, but a detailed analysis of these processes is beyond the scope of this work.

As follows from r-values in Table 1, the ozone concentration at the 100-hPa pressure level
(OC100) makes the largest contribution to interannual variations in TOC, despite the maximum OC
is at 50 hPa (Figure 8a). The same dominance of layer 100 hPa relative to layer 50 hPa is also found in
correlations between TOC and stratospheric temperature (Table 2). This dominance is observed in all
seasons and is generally consistent with the difference in the range of ozone anomaly variability
between the lower and middle—upper stratosphere.

By Chipperfield et al. [45], time series of ozone anomaly for 1998-2017, averaged from 60°S-
60°N, show approximately twice as much variation in the lower stratosphere than in middle and
upper stratosphere. A similar difference between ozone anomalies at 50 hPa and 125 hPa was
observed over Europe in 1979-2004 [46]. It should be noted that the relative role of the lower-
stratosphere pressure levels in the TOC variations has not previously been addressed. The
relationship between the correlations in Tables 1 and 2 indicates that the ozone maximum at 50 hPa
(6-9x10"2 cm3, Figure 8a) is a smaller contributor to TOC than ozone at 100 hPa (3-6x10'2 cm™3).

Most changes in stratospheric ozone are associated with dynamic processes [45], however, they
may have different relative importance at 50 hPa and 100 hPa. The 50-hPa level (maximum ozone
concentration in the vertical profile) may be more sensitive to ozone variability associated with its
downwelling from upper levels due to the BDC transport [4]. In contrast, the 100-hPa level (16 km)
is closer to the tropopause, which, through the evolution of tropospheric pressure systems, can
elevate or descend and affect ozone abundance here, while the tropopause shift effect becomes
negligible near the ozone maximum at 50-30 hPa (20-25 km; [47]). Because of seasonal change in
dynamical disturbances (e.g., winter-spring BDC intensification and winter maximum in cyclone-
anticyclone frequency), the dominant correlative coupling between TOC and OC100/T100 in all
seasons can not be fully explained in this limited discussion and should include a more complete
further analysis of altitudinal difference in contributing sources.

Correlations between the surface and stratospheric temperatures in Table 2 indicate their
significant coupling, both negative (100 hPa and 50 hPa) and positive (10 hPa and 1 hPa) in individual
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seasons. This type of temperature interaction was analyzed in the recent case studies of the
stratosphere impact on extreme weather events [48,49]. Our results for 2015-2024 in Tables 1 and 2
show that the surface and stratosphere can be interdependent with statistically significant
correlations between the monthly mean time series. This finding implies additional opportunities in
the study of weather and climate change.

The low correlation between TOC and OCsurf in winter (Table 1) suggests that stratospheric
intrusions play a negligible role in modulating surface ozone variations over NE China, even though
such intrusions and TOC both peak in winter [29,30]. Since TOC variability is dominated by ozone at
50 hPa and 100 hPa in the lower stratosphere, the wintertime lower stratosphere cannot be regarded
as a primary source for surface ozone changes. In contrast, surface ozone exhibits a pronounced
seasonal maximum in spring and summer, which is mainly driven by in situ photochemical
production and regional precursor emissions rather than stratospheric downward transport [27,28].
The prominent maximum correlation coefficients in Table 1 during spring—autumn likely reflect the
combined effects of intensified photochemical activity, favorable meteorological conditions for ozone
formation, and relatively stable stratosphere—troposphere exchange in these seasons. These processes
are consistent with the dominant role of tropospheric photochemistry and regional dynamical
transport in regulating surface ozone over East Asia, as documented in previous studies [29,30].

5. Conclusions

This study analyzes the variations and trend of total ozone column (TOC) over NE (NE) China
spanning 2015 to 2024 and using the Multi-Sensor Reanalysis Version 2 (MSR-2) dataset, with key
findings closely linked to the Brewer-Dobson Circulation (BDC), a quasi-steady meridional
circulation in the stratosphere that drives tropical lower-stratospheric ascent, poleward transport,
and extratropical stratospheric descent. A central finding from this analysis is that the TOC over NE
China in winter consistently remains higher than that observed in zonal means within the same
latitude band. This pattern is likely shaped by the BDC’s poleward transport of ozone-rich air and
persistent expansion of the high polar TOC into the midlatitude NE China due to the quasi-stationary
wave (QSW) structure. The weakening of wave activity and BDC due to easterly circulation in the
stratosphere in summer and early autumn, combined with photochemical ozone loss, results in
seasonal TOC minimum.

The main findings in this work can be summarized as follows:

1) The TOC over NE China shows no statistically significant linear trend throughout the period
2015-2024. The excess of annual mean TOC in the study region relatively the zonal mean TOC is
about 25 DU (7.4%) and is contributed mainly by the higher winter TOC values, whereas the
minimum TOC values in summer are close and do not affect the difference. The strong correlation
between the regional and zonal mean TOC with r = 0.91 suggests that the annual TOC dynamics in
NE China is mainly driven by large-scale atmospheric processes.

2) Seasonal cycle demonstrates TOC maximum (minimum) in February (August) occurring one
month (two months) earlier than typically in the NH midlatitudes.

3) In winter and spring, the increased TOC in NE China is tightly coupled with the extended
high-latitude TOC maximum due to the QSW structure, implying the dominance of enhanced ozone
transport, associated with BDC during these seasons, not only in the Arctic, but also in the study
region of midlatitudes.

4) As a transition zone between the polar and subtropical latitudes, NE China in climatology for
January-March 2015-2024 combines the highest TOC levels of ~415 DU in the NE part of the region
and the lowest TOC of ~330 DU in the southwestern (SW) part. The NE-SW direction of significant
TOC decrease is a characteristic feature of the TOC distribution over NE China in winter and spring,
which should be taken into account when analyzing ozone observations and studying the
stratosphere—troposphere coupling.

5) The ground-based observations at Longfengshan Station in 2015-2022 closely match MSR-2
data averaged over NE China. The monthly mean difference varies within +15 DU (+4.2% of a 7-year
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annual mean), validating the station’s reliability as a representative proxy for regional TOC
variability.

6) The stratospheric ozone concentrations (OCs) at 50 hPa and 100 hPa are main contributors to
monthly mean TOC variability over NE China in 2015-2024. It is important that the correlations of
TOC with the 50-hPa OC maximum (OC50) is systematically lower than with OC100 in all of four
seasons. The highest difference is in spring with r = 0.63 and r = 0.91, respectively. The distinct
importance of the two close pressure levels in the TOC variations may indicate a weaker variability
of ozone downwelling above 50 hPa due to the BDC compared to the change in the partial ozone
column below 100 hPa due to the tropopause effect associated with tropospheric pressure systems.

7) The surface ozone concentration (OCsurf) in the region is negligibly correlated with TOC in
in winter (only r = 0.06), but significantly correlated in spring (r = 0.60), summer (r = 0.83), autumn (r
= 0.76) and annually (r = 0.78). Since TOC is supplied mainly by the lower-stratospheric ozone,
correlative relationships indicate strong and positive dependence of OCsurf on the stratospheric
ozone in spring—autumn. Moreover, Tsurf has a similar significant but negative relationship with
TOC, demonstrating the close stratosphere-surface interaction in the NE China region, which has
been poorly investigated previously.

These findings enrich the understanding of ozone distribution dynamics in East Asian mid-
latitudes, particularly highlighting how the effects of BDC, QSW and the tropopause may underpin
the unique TOC traits of NE China relative to its latitudinal counterparts. However, the specific ways
in which different factors interact over the region to provide significant stratosphere—surface
coupling, remain to be explored. Future research will combine more site-based observational data
with the MSR-2 dataset to investigate the underlying mechanisms in depth, including refining the
analysis of links between Longfengshan Station data, regional TOC, BDC transport processes, QSW
pattern and the response of the tropopause to tropospheric pressure anomalies. Such efforts will
provide more robust support for a comprehensive understanding of ozone dynamics in East Asian
mid-latitudes.
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ERA-5 ECMWEF Reanalysis Version 5
MSR-2 Multi-Sensor Reanalysis Version 2
NE China Northeast China

NH Northern Hemisphere

ocC Ozone Concentration

DJF December, January and February
JJA June, July and August

JEM January, February and March
JAS July, August and September
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