Editor Comments:

Tao Wang

Comments to the Author:

Dear Dr. Xu,

| now have three referees’ reports on your revised paper; they are all supportive of its
eventual publication at ACP. Nonetheless, two have suggested a quite number of
improvements on the writing style, use of updated references, clarifying some discussion,
adding information on data availability, and eliminating grammatical errors. You are advised
to address them in the further revised version. | definitely suggest you to employ a
professional English editor to improve the text of the final manuscript.

With regards,

Tao Wang

Response: Thank you for your comments and suggestions. We have made revisions
according to referee’ s comments and suggestions and corrected the grammatical and
other technical errors we found. We are submitting our point-to-point responses and the
revised manuscript. To further improve the English language, we will asked for the assistance
of the ACP journal copy-editor. We hope the final manuscript can meet the quality
requirement of ACP. Thank you again for handling our paper.

Referee #3

MAJOR COMMENTS

1) The standard of English in the manuscript is quite good, but there are still many minor
grammatical errors. | recommend that the authors either find a colleague with excellent
English skills to edit the grammar line-by-line, or employ the assistance of an ACP journal
copy-editor.

Response:

Thank you for the suggestion, we have tried our best to remove the grammatical errors and
will ask for the assistance of the ACP journal copy-editor to further improve the English
writing in our manuscript.

2) Please be clear regarding what you mean when you use the term ‘background ozone” ,
which /s a model construct. In contrast, ‘baseline ozone” is the observed ozone that flows
into a region before it is impacted by local emissions. See the description and implications of
these two quantities in:

Cooper, O. R, A. O. Langford, D. D. Parrish and D. W. Fahey (2015), Challenges of a lowered
U.S. ozone standard, Science, 348, 1096-1097.

Response:



We understand that there has been no consensus among atmospheric scientists regarding
the terms “background” and “baseline” . In the Global Atmosphere Watch (GAW)
community, both  “background” and ‘baseline” are wused. The background
concentrations of certain atmospheric compositions generally refer to the atmospheric
concentrations over a defined area under the ideal status of being “well mixed” (i.e., no
significant direct effect of local sources) {Bronnimann, 2000 #1835}. Actually, the current
WMO/GAW programme is a consolidation of two observing networks, BAPMoN (the
Background Air Pollution Monitoring Network) and GOsOS (the Global Ozone Observing
System) (http://www.wmo.int/pages/prog/arep/gaw/history.html). The member stations of
the previous BAPMoN were all background stations. Most of them are regional background
stations. A small number of them are very distant from anthropogenic sources and
atmospheric compositions at these stations are often at the levels of “global baseline” .
These stations can be called “global stations” or “baseline stations” (e.g., Cape Grim
Baseline Air Pollution Station). Mt. Waliguan is one of the global GAW stations. In this sense,
“background ozone” at station can be called “baseline ozone” . To avoid
misunderstanding, we have changed “background ozone” to “baseline ozone” .

3) According to the ACP aata policy, the underlying chemical observations used in the
analysis should be publicly available, as described here:
Statement on the availability of underlying data.
htto.//www.atmospheric-chemistry-and-hysics.net/about/data_policy.htmi#data_availability
"Authors are required to provide a staterment on how their underlying research data can be
accessed. This must be placed as the section "Data availability” at the end of the manuscript
before the acknowledgements.”
This paper contains no data availability statement and the authors need to provide one.
Because Mt. Waliguan is a WMO GAW site the hourly data should be available from the
World Data Center for Greenhouse Gases. But when | visit their webpage | can only find
monthly or daily values, not hourly:
http.//ds.data.jma.go.jo/gma/wdcgg/cqi-bin/wdcgg/download.cgi?index=WILG236 NOO- CM
A&param=201405120001&select=inventory

Response:
The daily and monthly ozone data have been submitted to WDCGG. Permission from CMA is
needed for submission of other data from the GAW stations in China. We have added a
"Data availability" section in the revised manuscript.

“Data availability
The ozone data analyzed in this work are partly available at the World Data Center for
Greenhouse  Gases  (WDCGG)  (http://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/wdcgg
/download.cgi?index=WLG236N00-CMA&param=201405120001&select=inventory).  The
entire dataset can be made available for scientific purposes upon request to the authors.”

4) When reporting trends this manuscript uses ppbv per decade, but the standard units for
reporting ozone trends are ppbv yr-1. To be consistent with other studies and to make
comparisons as easy and simple as possible, please also use ppbv yr-1.


http://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/wdcgg

Response:
We agree with the referee and have accordingly changed the trend units to ppbv yr ™.

5) In the first paragraph of the Introduction references should be made to authoritative
ozone review papers. Staehelin et al. 2001 is not a good paper for these purposes as it s
now quite old.

Monks, P. S., A.T. Archibald, A. Colette, O. Cooper, M. Coyle, R. Derwent, D. Fowler, C. Granier,
KS. Law, G.E. Mills, D.S. Stevenson, O. Tarasova, V. Thouret, E. von Schneidemesser, R.
Sommariva, O. Wild, and M.L. Williams (2015), Tropospheric ozone and its precursors from
the urban to the global scale from air quality to short-lived climate forcer, Atmos. Chem.
Phys., 15, 8889-8973, doi:10.5194/acp-15-8889-2015.

The Royal Society. 2008. Ground-level Ozone in the 21st century: Future Trends, Impacts and
Policy Implications. Royal Society policy document 15/08 RS1276. Available at
http.//royalsociety.org/Report WF.aspx?pageid57924&termsbgroundlevellozone

Young PJ, et al. (2013), Pre-industrial to end 21st century projections of tropospheric ozone
from the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP).
Atmos. Chem. Phys 13: 2063-2090. doi:10.5194/acp-13-2063-2013

Response:
We thank the reviewer for suggesting the above references, they have been added to
replace Staehelin et al. 2001.

MINOR COMMENTS
If no explanation is given for a comment, please insert the suggested text into the
appropriate place in the manuscript

Page 1, Line 14-15
Long-term determination of trends of baseline ozone is highly needed information for
environmental and climate change assessment. So far, studies on the -

Page 2, line 7-8
The results of this study can be used for assessments of climate and environmental change
and in the validation of chemistry-climate models.

Page 2, line 17

Data on the spatiotemporal variations of ozone are greatly needed for assessing the impacts
of ozone on human health, ecosystems, and climate. Since ozone is a secondary pollutant
with a lifetime of 22 days [Young et al., 2013], its mixing ratios are influenced both by local
photochemistry and by transport of ozone and its precursors

Response:



The suggested changes have been adopted in the revised manuscript.

Page 2, line 22

There are many, many references here on STE, when you could just reference Stohl et al
2003:

Stohl A, Bonasoni P, Cristofanelli P, Collins W, Feichter J et al 2003
Stratosphere-troposphere exchange: A review, and what we have learned from STACCATO. J.
Geophys. Res 108(D12). 8516. doi:10.1029/2002)D002490

Response:

The references here are all on STE at high elevation sites, we do not think that the review by
Stohl et al. can fully replace them, however, we replaced some of the earlier works with the
reference you suggested and removed some of the later ones.

Page 2, line 32

= to monitor atmospheric composition including -

Response:

The suggested change has been adopted in the revised manuscript.

Page 3, line 3

Cooper et al. 2010 does not address ozone at the surface, only ozone in the
mid-troposphere.

Response:

This reference of Cooper et al. 2010 has been removed.

Page 3, lines 6-17

This section needs a lot of work as it has errors and incorrectly attributes part of the ozone
trend over western North America to STE. While these studies clearly show that STE impacts
ozone at the surface and in the free troposphere over western North America they did not
look for or find a trend in STE. Also, Cooper et al. 2010 did not attribute the ozone trend
specifically to China, they just concluded that the ozone was coming from the broad region
of South and East Asia. Finally, the most important result from Lin et al. 2015 is that 20 years
of data gives a robust trend above North America with both observations and the model
giving the same trend of 0.3-0.4 ppbv yr-1.

Response: We did not want to imply that there was a trend in STE events. We just wanted to
state that STE also has major impacts and these events may change the outcome of the
trend analysis. As for the other two points, we have rephrased the concerned sentences as
the following:

“China, as one of the rapidly developing countries, is contributing increasing ozone
precursor emissions to the atmosphere and transport from the South and East Asian sector
was thought to be most responsible for the increase in ozone in the western United States
(Cooper et al., 2010),"

- the observed western US ozone trend over the short period of 1995-2008 previously



reported by Cooper et al. (2010) was strongly biased by meteorological variability and
measurement sampling artefacts, resulting in an overestimate of the trend. Extending the
analysis to 1995-2014, a weaker ozone trend of 0.31+0.21 ppbv yr* was found from
observations and a similar one from model results.”

Page 4, lines 9-10
The text would sound better as:

“-downwind of the European, Central Asian and Indian outflow, representative of the
baseline of Eurasia.”
! removed the word ‘continent” because technically, Eurasia is not defined as a single
continent, as it is two continental masses joined together.

Page 4 line 15
a substantial portion of the airflow comes from

page 4 line 22
~may Improve understanding of ozone changes---

Page 4, line 23
~particularly in the rural and remote regions of Eurasia.

Page 4, line 29

“The non-linear variation of ozone mixing ratios with season and many other
meteorological factors--"
Here | changed climate to meteorological because changes in climate occur on the scale of
decades while the fluctuations you see in the ozone observations are on time periods /ess
than 5 years.

Page 5 line 31
With very low population

Page 6 line 1

far from major anthropogenic sources of ozone precursors.
Response:

The suggested changes have been adopted in the revised manuscript.

Page 6 line 6
You should discuss the impact of the highway that runs along Qinghai Lake west of Mt
Waliguan [Wang et al. 2015].
Response:
Thank you for the suggestion. We added a sentence to point out the possible impact of the
highway on WLG.

“The vehicle emission on the highway running from the northwest to the northeast of WLG
may also be another source for anthropogenic ozone precursors (Wang et al., 2015)"



Page 6 line 8
The mixing ratios of surface ozone have -

Page 6, line 12
Calibrations (8 points) have been conducted

Page 7 line 12
~-and Is influenced by boundary layer (BL) air, while during the night, winds are downslope---

Page 7 line 15
while the free-tropospheric air may sometimes contain signals of long-range transport or
STE events.

Page 7 line 17
between daytime and nighttime ozone mixing ratios in order to study the trends associated
with different air masses.

Page 9, line 17
but it has not yet been used on atmospheric composition data.

Page 10, line 7
!” m not sure what you mean by ‘according” . Would ‘associated” be a better word?

Page 10, line 16
!” m not sure what you mean by ‘but the first one” . Do you mean ‘accept for the first
one’ ?

Page 11 line 17
Figure 3

Page 12 line 2

The figure shows data at monthly intervals (12 per year) not at seasonal intervals (4 per year),
therefore you should discuss the monthly variation or annual cycle rather than seasonal
variation.

Response:
The suggested changes have been adopted in the revised manuscript.

Page 12 line 13

If you are going to mention controversial conclusions you should briefly summarize them so
that the reader understands the issue.

Response:

We agree with the referee and have added a brief summary for the two references to clarify



the issue.

Page 12 line 17

Better to use monthly instead of seasonal.

Response:

Although the discussions are based on monthly data, the monthly variations are reflecting
the variations with season, hence we would like to keep this term. Monthly-annual seems
odd.

Page 12 line 18
Again, the ozone mixing ratios peak in summer and are lowest during winter

Figure 5

This is a nice figure but it would be even more effective If the y-axis in each plot was exactly
the same. This would allow the reader to more clearly understand the decrease in ozone in
autumn and winter. If you have to make the panels a little taller to accommodate the larger
ozone range, then that would be fine.

Response: We agree with the referee and have unified the y-axis in all sub-plots. The
revised Figure 5 is as shown below:
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Page 14, line 6
northerly winds
Response: Thank you for the correction.

Page 14, lines 15-17

Monks et al. and Vingarzan et al. aren’ t very good papers when it comes to reviewing the
seasonal cycle. They are both out of date and Monks et al. has a heavy reliance on coastal
sites which experience major transport shifts from spring to summer, so the decrease in
ozone in summer Is due to transport rather than photochemistry. Vingarzen et al. just isn’ t
a very good paper at all, in my opinion. The peak is sometimes in spring, but often in
summer as well. So | don’ t think that Waliguan is unusual by having a summertime peak. In



fact this observation agrees very well with the peak in satellite detected tropospheric column
ozone above central Asia (see Figure 7 in Cooper et al. 2014, listed below). Better reviews of
the ozone seasonal cycle are:

Parrish, D. D., K. S. Law, J. Staehelin, R. Derwent, O. R. Cooper, H. Tanimoto, A. Volz-Thomas,
S. Gilge, H.-E. Scheel, M. Steinbacher and E. Chan (2013), Lower tropospheric ozone at
northern mid-/latitudes: Changing seasonal cycle, Geophys. Res. Lett, 40, 1631-1636, DO/
10.1002/gr.50303

Cooper, O. R, R.-S. Gao, D. Tarasick, T. Leblanc, and C. Sweeney (2012), Long-term ozone
trends at rural ozone monitoring sites across the United States, 1990-2010, J. Geophys. Res.,
117, D22307, doi:10.1029/2012)D018261.

Cooper, O. R, D. D. Parrish, J. Ziemke, N. V. Balashov, M. Cupeiro, I. E. Galbally, S. Gilge, L.
Horowitz, N. R. Jensen, J.-F. Lamarque, V. Naik, S. J Oltmans, J. Schwab, D. T. Shindell, A. M.
Thompson, V. Thouret, Y. Wang, R. M. Zbinden (2014), Global distribution and trends of
tropospheric ozone. An observation-based review, Elementa: Science of the Anthropocene,
2 000029, doi: 10.12952/journal.elementa.000029

Clifton, O. E., A. M. Fiore, G. Correa, L. W. Horowitz, and V. Naik (2014), Twenty-first century
reversal of the surface ozone seasonal cycle over the northeastern United States, Geophys.
Res. Lett, 41, 7343-7350, doi:10.1002/2014GL061378.

Response: Thank you for this valuable comment. We have gone through these references
and have revised this part of the manuscript as the following:

“The seasonal peak of ozone in the northern midlatitudes typically occurs in summer over
populated continental areas, due to local and regional photochemical production and in late
spring for remote continental areas, due to both enhanced stratospheric input and
photochemical production in that season (Monks, 2000;Parrish et al., 2013). Recently, a shift
in the seasonal peak towards an earlier time in year has been observed at several high
elevation sites (Cooper et al., 2014;Parrish et al., 2013). Unlike other remote sites in the
northern midlatitudes, the seasonal ozone peak at WLG occurs in summer.”

Page 14, line 21
-0zone-rich air mass transport from Eurasia.

Page 15, line 5
~-however, by shutting off North American emissions:-.

Page 15 line 10

There are two ozone sites at Whiteface Mountain in the state of New York. Please specify
that this is the Whiteface Mountain Summit site.

Response: Thank you for the advice, we have made it clear in the revised manuscript.



Table 2 has some errors and Is missing some recent important trends.

The Table caption says these are all GAW sites, but that is not true, only some are part of
GAW. For example Pinedale, Rocky Mtn and Whiteface Mtn are not part of GAW.

The correct name for Rocky is Rocky Mountain National Park. The correct name for
Whiteface is Whiteface Mountain Summit.

Other mountaintop trends are available for Mt. Happo, Japan, Summit, Greenland,; Arosa,
Switzerland; and Lassen Volcanic National Park, California. See Cooper et al. 2014.

Also, Table 2 of Cooper et al. 2014 has seasonal trends at Lassen, Gothic, Whiteface Mtn
Summit and Big Meadows.

Response: Thank you for the valuable information, we have made corrections to the names
of these two sites and have added Mt. Happo, Lassen and Gothic to the table. The time span
of the Summit site (2001-2010) and that of the Arosa site (1950-2000) is not very
comparable with that of the other stations in the table. The Big Meadows site only has an
elevation of 1073, which is why we did not include this site, either.

Page 17 line 9-10
“dip-down” Is not a standard scientific term and a better term needs to be found. Would
“decrease” or ‘local minima” be adequate replacements?

Page 17 line 29
Both daytime and nighttime surface ozone have increased significantly at WLG.

Page 18, line 14

Since eastern China is downwind of WLG, our results imply that under rising baseline ozone
condltions, even greater effort needs to be applied to reducing ozone precursors in eastern
China in order to improve ozone air quality.

Response: The suggested changes have been adopted in the revised manuscript.

Referee #4

The manuscript is generally well written and most figures are nicely crafted and readable.
Detailed comments are listed below. There are three general remarks which | ask the authors
to address in their final version:

1) “variation trend” - this term combination which appears throughout the manuscript
doesn’ texist. It s either ‘long-term variations” or ‘trend” , but not both. You can of
course speak about ‘changes in (seasonal) variation” etc.

Response: We thank the reviewer for this valuable suggestion and have made according
corrections in the revised manuscript.

2) In the introduction the authors ignore a large body of literature on the fundamental ozone
processes. If uninitiated readers see this introduction they could think that ozone research
began around the year 2000. For example, the OH radical formation involving ozone was
discovered by Levy in 1971, and not by Staehelin or Lelieveld and Dentener. Either the



original references should be cited or reference to standard text books should be made here.
This alludes to most of page 2. Note also that there are too many references given of STE
papers relative to the other processes.

Response: We have taken your advice into account and replaced/removed some of the
references.

3) There are too many references to the companion paper which shall explain processes
leading to the ozone variations described here. Sometimes these references lead to
speculative statements (the authors write several times ‘needs to be further explored” ),
and sometimes they appear as pure advertisements to read the other paper as well (i.e. a
aiscussion point is brought up only to refer to the companion paper but without significant
relevance to the present study). Please go through all of these references and remove ~1/3
of them.

Response: We are sorry to give the impression of advertising the companion paper, which is
absolutely not our intention. This study has been the first on a 20-year timeseries of surface
ozone in China and contains many results from fairly comprehensive analysis and
investigation, which could hardly be included in a single paper without losing the
conciseness and readability. Therefore, we decided to present them in two papers, with one
focusing on the overall trends and characteristics of ozone and the other on the variation
mechanism and influencing factors. The drawback of this arrangement is that integrity is lost
in some discussions. Therefore, we referenced to the companion paper a few times, but
maybe too often. We accept your suggestion and have deleted a part of the references.

Detailed comments:

P1L14. the first sentence of the abstract is a unnecessary ‘motherhood statement” . Please

bring out more clearly what exactly is needed in these assessments (possibly in a sentence

further down).

Response:

The abstract was shortened in previous revisions. It seems that we made it too short and lost

some important information. We have changed the beginning of the abstract to
“Tropospheric ozone is an important atmospheric oxidant, greenhouse gas and

atmospheric pollutant at the same time. The oxidation capacity of the atmosphere, climate,

human and vegetation health can be impacted by increasing of the ozone level. Therefore,

long-term determination of trends of baseline ozone is highly needed information for

environmental and climate change assessment.”

P2L27: Networked monitoring only addresses surface ozone changes and is part of a global
network of observations encompassing different platforms such as aircraft, ozone sondes,
and satellites. The specific advantages of surface based monitoring are that it Is
comparatively easy to perform long-term measurements with sophisticated instrumentation,
allow for regular calibration, and measure in a part of the atmosphere where it matters for
human beings and which is poorly resolved in either aircraft or remote sensing data.
Response: Thanks for pointing this out. We have rephrased the sentence to make it more
clear:



“So far, there has been no better way than networked monitoring to obtain the spatial
distribution and long-term temporal variation of surface ozone.”

P4L5-1L23: Please shorten the description of the station here, because a full description is
given in section 2.1.

Response: We have deleted some of the descriptions that repeatedly appeared in section
2.1. Thank you for the suggestion.

P4L27: References to Sen-Theil and Mann-Kendall should be given here (first occurrence of
these terms).
Response: We have modified the sentence and cited the related references.

P7L12: While correct in essence, the wording is somewhat misleading here. In reality one will
always observe a mixture between boundary layer and free tropospheric air during daytime,
and the relative contributions may vary considerably.

Response: The sentence has been rephrased as: “The WLG station experiences upslope
winds during the day and is influenced by boundary layer (BL) air-" .

PIL6: Replace ‘slope” by ‘magnitude” - strictly speaking, a slope already assumes a

linear model, whereas the non-parameteric Sen method does not require this. Also, please

be consistent with the naming of these statistical methods. In the introduction you mention
‘Sen-Theill” , here it is ‘Sen” , and in section 3 (including the figures) it is called the
‘Kendall” method.

Response: Thank you for this comment. We have made according changes.

P11L17: Reference to Figure 2 should be Figure 3.
Response: Thank you for the careful inspection, the mistake has been corrected.

P13L20: please replace  ‘Kendall’ s slopes” by  ‘Sen-Theil trend estimates” or
“Sen-Thell trend magnitude estimates”
Response: Replacements have been made in the revised manuscript.

P14124. There are more high altitude sites in the Northern hemisphere than those listed in
Table 2 (the TOAR database in Jiilich has 90 ozone records with at least 20 years of data at
Stations >= 1200 m in the NH). The selection appears to be that these are high-altitude sites
from the GAW network with sufficiently long time series? Please describe the selection more
accurately.

Response: Our intention was to compare our ozone trends with those at other high
elevations sites (>1200m), which are available in published studies. And also we chose
records with time spans similar to that of WLG. We have added results from Mt. Happo
(Japan), Lassen Volcanic National Park (USA) and Gothic (USA) to the table, which were
reported by Cooper et al. (2014). We have further clarified the selection criterion in the
revised manuscript.



P16L6: Why ‘“quasi-10-year periodicity” when the stationarity plot (Figure 8e) indicates 11
years?
Response: Thank you for pointing it out. We changed it to “11-year periodicity”

P16L7: While the segment trend analysis is interesting, the motivation for doing it is not quite
clear. If the underlying hypothesis is that the observed ozone trend is a combination of
anthropogenic (emission changes) and meteorological factors (e.g. solar cycle), then the
logical approach would be to try and remove the c5 component from the time series before
performing the trend analysis so that the remaining trend should be attributed to the
changes in precursor emissions and long-range transport. On the other hand if the authors
wish to demonstrate a possible impact of the solar cycle on ozone at Mt. Waliguan, then this
section requires more introduction and discussion.

Response: We understand the referee's consideration and suggestion. Theoretically, the
ozone mixing ratio at any site can be impacted by precursor emissions, meteorological
factors, solar cycles, etc., which have different periodicities. The HHT analysis make it possible
to reveal and attribute the periodicities contained in the long-term timeseries. The results of
our HHT analysis do give indications to some factors, including the solar cycle. However, our
intention in this paper (part 1 of this study) is not to separate, attribute, or even remove
impacts of different factors from the total trend, rather to present and characterize the
decomposition results, identify the phases, and quantify the slopes in different phases. In the
part 2 paper of this study, we will focus on the analysis of influencing factors, which needs
more comprehensive investigations, and perform some attributions including the one
suggested here by the referee.

Figure 5. axes labels are far too small and the legends with fit parameters will also not be
readable in the published manuscript.

Response: Thank you for the suggestion. We have adjusted the font size for the axes labels
and legends in the revised Figure 5. We hope that all the labels and legends can be better
read when the figure is plotted in a larger size in the final paper.
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Figure 8: the colored dots in panel d will be hard to see in the final paper. If possible, the



symbol size should be slightly increased.

Response: The colored “dots” are actually colored grids, whose sizes depend on the
frequency and time resolution, which is why we are not able to simply change their sizes. We
have already tried several color schemes, and the current one brings out the “dots” most
clearly. We hope they can be clearer when the figure is plotted in a larger size in the final

paper.
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Abstract

of baseline ozone is highly needed information
for environmental and climate change assessment. So far, studies the long-term trends
of ozone at representative sites are mainly available for European and North American sites.
Similar studies are lacking for China and many other developing countries. Measurements of
surface ozone were carried out at a global baseline Global Atmospheric Watch (GAW) station
in the north-eastern Tibetan Plateau region (Mt. Waliguan, 36°17° N, 100°54” E, 3816m a.s.l.)
for the period of 1994 to 2013. To uncover the variation characteristics, long-term trends and
influencing factors of surface ozone at this remote site in western China, a two-part study has
been carried out, with this part focusing on the overall characteristics of diurnal, seasonal and
long-term variations and the trends of surface ozone. To obtain reliable ozone trends,
we performed the Mann-Kendall trend test and the Hilbert-Huang Transform (HHT) analysis
on the ozone data. Our results confirm that the mountain-valley breeze plays an important role

in the diurnal cycle of surface ozone at Waliguan, resulting in higher ozone values during the
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night and lower ones during the day, as was previously reported. Systematic diurnal and
seasonal variations were found in mountain-valley breezes at the site, which were used in

defining season-dependent daytime and nighttime periods for trend calculations. Significant

positive trends in surface ozone were detected for both daytime ( ppbv

) and nighttime ( ppbv 1). The largest nighttime increasing rate
occurred in  autumn  ( ppbv 1),  followed by  spring
( ppbv 1), summer ( 0 ppbv 1) and winter
( 0 ppbv 1), respectively. The HHT spectral analysis identified four
different with different positive trends, with the largest increase occurring

around May 2000 and Oct. 2010. The HHT results suggest that there were 2-4a, 7a and 11a
periodicities in the timeseries of surface ozone at Waliguan. The results of this study can be
used climate and environment change and in the

validation of -climate models.

1 Introduction

Ozone (03) is one of the key atmospheric species and is closely related to climate change and
environmental issues (IPCC, 2013). The stratospheric ozone layer protects living organisms at
the Earth’s surface against the harmful solar UV radiation, while tropospheric ozone is an
important greenhouse gas and governs oxidation processes in the Earth’s atmosphere through
formation of OH radical (Monks et al., 2015;The Royal Society, 2008;Young et al.,
2013;Lelieveld and Dentener, 2000;Levy, 1971). In the surface layer, ozone is also one of the

toxic gases for human beings and vegetation.

Data the spatiotemporal variations of ozone needed for
assessing the impacts of ozone on human health, , and climate. Since
ozone is a secondary pollutant, (Young et al., 2013), its mixing

influenced both by local photochemistry and by transport of ozone and its
precursors (Wang et al.,, 2006a;Lal et al., 2014). Deep convection and stratosphere-to-
troposphere exchange (STE) events can also bring down ozone-rich air from above and
influence surface ozone mixing ratios at high-elevation sites (Stohl et al., 2003;Lefohn et al.,
2012;Jia et al., 2015;Ma et al., 2014;Langford et al., 2015;Lin et al., 2015a). In the troposphere,
particularly in the surface layer, ozone is highly variable in space and time due to the large

variabilities of its dominant sources and sinks, which are impacted by anthropogenic activities

2
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and meteorological conditions. So far, there has been no better way than networked monitoring

to obtain the spatial distribution and temporal variation of ozone.

The Global Atmosphere Watch (GAW) programme of the World Meteorological Organization
(WMO) has been one of the key international initiatives in long-term monitoring of the

chemical and physical properties of the atmosphere. Many GAW stations have been set up to

monitor compositions including surface ozone due to its importance and due to
the urgent need to evaluate the trends of ozone. Based on data from some
GAW sites and other sources, past trends in surface ozone have been

reported for Europe and North America (Cui et al., 2011;Gilge et al., 2010;Oltmans et al.,
2013;Vingarzan, 2004;Parrish et al., 2012;Logan et al., 2012), which mostly
strong increases in ozone before 2000 and slow or even no growth afterwards. Data from some
important regions, e.g., East Asia and South America, are very scarce, which them
even more valuable. China, as one of the rapidly developing countries, is contributing
increasing ozone precursor emissions to the atmosphere and

was thought to be most responsible for the increase in ozone in the western United
States (Cooper et al., 2010), though other studies suggest that STE events had an equivalent
important role in causing high-ozone events at western U.S. alpine sites during spring (e.g.
Langford et al., 2009; Ambrose et al., 2011; Lin et al., 2012a; Lin et al., 2015a). A recent study
by Lin et al. (2015b) found that although rising Asian emissions to
increasing springtime baseline ozone over the western U.S. from the 1980s to the 2000s, the
observed western US ozone trend over the short period of 1995-2008 previously reported by
Cooper et al. (2010) was strongly biased by meteorological variability and measurement

sampling artefacts

Nevertheless, the impact of Asian pollution outflow events on western

US surface ozone is evident (Lin et al., 2012;Lin et al., 2015a).

Besides the impact of Asian pollution outflow on the surface ozone in other regions, it is at least
equally important to know how the level of surface ozone in Asia, particular in China, has been
changing. Long-term changes in ozone in China, however, have only been reported in a few
publications. Ding et al. (2008) studied the tropospheric ozone climatology over Beijing based
on data from the MOZAIC (Measurement of Ozone and Water Vapor by Airbus In-Service

Aircraft) program and found a 2% yr™! increase of boundary layer ozone from the period of
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1995-1999 to 2000-2005 over Beijing in the North China Plain (NCP) region and a weaker
increasing trend of free-tropospheric ozone. Wang et al. (2012) reported a similar increasing
trend of lower tropospheric ozone and larger ozone increases in the middle and upper
troposphere for the period of 2002-2010 based on ozonesonde measurements over Beijing. Ma
etal. (2016)

Xu et al.
(2008) reported positive trends of extreme values and increased variability in 6 periods of ozone
measurements from 1991 to 2006 at Lin’an, a background site in the Yangtze River Delta (YRD)
region. Wang et al. (2009) found a significant increasing trend of 0.58 ppbv yr'! during 1994-
2007 at a coastal site of Hong Kong in the Pearl River Delta (PRD) region, which was caused
by rapid increases in 0zone precursor emissions in the upwind source regions. The above studies
all focus on the most polluted regions in the eastern part of China, i.e., the NCP, YRD and PRD,
aiming to study the impact of growing precursor emissions on ozone trends. The trend of ozone
over remote regions in China still remains to be studied based on long-term

observations.

Continuous long-term observations of surface ozone have been made only at a few

representative sites in China, among which is the Mt. Waliguan (WLG) GAW station,

has the longest ozone measurement record in China

. It is a pristine high
elevation site located downwind of the European, Central Asian and Indian outflow,
representative of the of . A few studies have
already been performed on short-term measurements of ozone at WLG. Surface ozone at the
site has been proved to be highly representative of free-tropospheric ozone (Ma et al., 2002b)
and hence is subjected to the influences of STE events (Ding and Wang, 2006;Zhu et al., 2004).
Air masses from the west are dominant at WLG and were found to be associated with the highest
ozone mixing ratios (Wang et al., 2006b). Only in summer a substantial of the
airflows from the eastern sector and exposes the surface ozone mixing ratio to some
regional anthropogenic influences (Wang et al., 2006b;Xue et al., 2011). Previous studies of
ozone at WLG, based on short-term measurements and modelling results, clarified the causes
for certain episodes or for the diurnal and seasonal of ozone (Ma et al., 2002a;Ma
et al., 2005;Zhu et al., 2004). The overall variation characteristics and long-term trend of ozone

at WLG have not yet been studied. Considering the geographical representativeness of the WLG

4



w N

O o0 9 N n A

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29
30
31
32

site, results on the long-term variations of ozone at WLG may understanding
of ozone changes in the northern mid-latitudes, particularly in the

of

The most common method used in the detection of ozone trends is the linear least squares
method (Tarasova et al., 2009;Cui et al., 2011;Wang et al., 2009;Xu et al., 2008). Other studies
directly compared mean ozone levels of different periods to detect possible trends (Ding et al.,

2008;Lin et al., 2014). Oltmans et al. (2013)
the Theil-Sen estimate together with the Mann-Kendall’s

tau test (Kendall, 1955;Sen, 1968)

The non-linear variation of ozone mixing ratio with season and many other
factors can introduce uncertainties into the linear trend analysis. Wang
et al. (2012) deseasonalized the monthly data by subtracting the average of all monthly data for
a given month from the original data of the same month before performing a linear regression
analysis. Oltmans et al. (2006) Oltmans et al. (2013) first performed an autoregressive
model fitting incorporating explanatory variables (that are known sources of ozone variability)
and a cubic polynomial fit to better represent the long-term variations of ozone, then used a
bootstrap method to determine the trends of ozone. However, surface ozone typically is
influenced by many factors, which makes it hard to determine which to incorporate. The
seasonal Mann-Kendall test, which is a modified version of the non-parametric Mann-Kendall
trend test, can account for the seasonal variation within the data Hamed and Ramachandra Rao
(1998). It has been widely applied in hydrology and seldom in atmospheric chemistry. The
Hilbert-Huang Transform (HHT) analysis, which has been widely applied on the analysis of
meteorological datasets and not yet on that of atmospheric composition data, is a precise and
adaptive spectral analysis method, that can divide the signal into various oscillation modes and
study the anomaly and periodicity within the data (Rao and Hsu, 2008). Applications of HHT
on temperature, wind, rainfall and solar radiation data have proved that the HHT method is
capable of capturing synoptic and climatic features, revealing known diurnal, seasonal, annual

and inter-annual cycles (Huang, 2014).

In this paper, we present the first part of an analysis on 20-year surface ozone mixing ratio at
WLG, focusing mainly on the overall, diurnal, seasonal and long-term variations characteristics
and the trends of surface ozone. We apply a linear regression as well as a seasonal

Mann-Kendall test together with the Theil-Sen estimate to calculate the overall trend
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of ozone. The HHT spectral analysis method used for the first time to investigate the
ozone trends during different periods and the underlying anomalies and periodicities within the
ozone data. A detailed discussion on the influencing factors contributing to the ozone variation

at WLG will be presented in a companion paper.

2 Data and Methodology

2.1 Site and Measurements

The Mt. Waliguan site (WLG, 36°17° N, 100°54° E, 3816 m asl) is located in Qinghai Province,
China. It is one of the global baseline stations of the WMO/GAW network and the only one in
the hinterland of the Eurasian continent. WLG is situated at the northeast edge of the Qinghai-
Tibetan Plateau and surrounded by highland steppes, tundra, desserts, salt lakes, etc.

With very population (about 6 persons km™) and hardly any industry within 30 km, the
WLAG site is far from major anthropogenic sources However, some impact
of long-range transport of anthropogenic pollutants from the NE-SE sector cannot be excluded,
particularly from the major cities Xining (about 90 km northeast of WLG, population ~2.13
millions) and Lanzhou (about 260 km east of WLG, population ~3.1 millions). Such impact, if
any, may be significant only during the warmer period (May-September), as suggested by

previous airmass trajectory studies (Zhang et al., 2011)

(Wang et al., 2015)

The WLG baseline station was established in 1994. The long-term monitoring program for
surface ozone began in August 1994. The mixing of surface ozone been
measured using two ozone analysers (Model 49, Thermal Environmental Instruments; one of
the analysers was replaced with a Model 491 ozone analyser in 2011) at a sampling height of 7
meters. The analysers have been automatically zeroed alternatively every second day by
introducing ozone-free air for 45 min. Seasonal multipoint calibrations (8 points) have been

using an ozone calibrator (Model 49PS, Thermal Environmental Instruments).
The analysers have been checked weekly for changes in instrument parameters. The inlet filters
have been replaced weekly. Maintenance on the observation system has been performed yearly
and whenever it was necessary. The yearly maintenance includes cleaning of absorption tubes,

pumps, inlet tubing and other connecting parts, and checking of the inlet loss. In the years 1994,

6
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1995, 2000, 2004, and 2009, the ozone calibrator and analysers at WLG were compared with
the transfer standard from the WMO World Calibration Centre for Surface Ozone and Carbon
Monoxide, EMPA Diibendorf, Switzerland. Intercomparison results show excellent or good
agreement between the WLG instruments and the transfer standard (Zellweger et al.,
2000;Zellweger et al., 2004;Zellweger et al., 2009). The two instruments performed parallel
measurements, recording surface ozone data as 5-minute averages, which were corrected
annually based on the zero-checks and multipoint calibrations. If the observed ozone values
from the two analysers agreed within 3 ppb, average values were calculated and included in the
final dataset. Otherwise, causes for the differences were searched by the principal investigator
and only data from the well-performing analyser were included in the dataset. 95% of the data
pairs show discrepancies within =1.0 ppb and the difference between two instruments shows a
nearly random distribution around zero. 5S-minute averaged ozone mixing ratios from Aug. 1994
to Dec. 2013 were then averaged into hourly data and used in this study. In the trend analysis,
monthly average ozone mixing ratios were acquired by first calculating the daily average ozone
values and then performing a monthly averaging. A data completeness of 75% was required for

each averaging step.

Meteorological observations have been made at the site using automatic weather stations (AWS)
installed on the ground level and on an 80 m tower at 2, 10, 20, 40 and 80 m height. These
observations provide meteorological parameters such as temperature, pressure, precipitation,
and wind speed/direction in 5 min resolution. Additionally, the vertical velocity is measured at
the 80 m platform. The 10 m horizontal wind and 80 m vertical wind data from Aug. 1994 to
Dec. 2013 are used in this study and have been accordingly averaged into hourly data, which

meet a data completeness requirement of 75%.

2.2 Determination of daytime and nighttime

Past research has already revealed that the surface ozone at WLG is governed by different air
masses during daytime and nighttime (Ma et al., 2002b). The WLG station experiences upslope
winds during the day and is by boundary layer (BL) air, while during the
night, winds downslope and the site is controlled by free tropospheric (FT) air. The
boundary layer air is largely influenced by local photochemistry and may contain pollutants

transported from nearby areas, while the free-tropospheric air
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may sometimes contain signals of long-range transport or STE events. Hence, it is of
necessity to differentiate between daytime and nighttime ozone mixing in order to

study the different air masses.

In the previous study (Xu et al., 2011), daytime and the-nighttime were defined as fixed time
ranges (e.g. 11:00-16:00 LT for daytime and 23:00-4:00 LT for nighttime). However, the actual
well-developed day and night time ranges vary with season, and so does the local wind. Figures
2a-c respectively show the season-diurnal variation characteristics of 10 m zonal (u#) and
meridional (v) wind velocity and the 80 m vertical (w) wind velocity. Due to the local
topography, the WLG station is under the influence of mountain-valley breezes and all three
wind vectors exhibit distinct diurnal variation characteristics. The height difference to the west
of Mt. WLG is much larger than that to the east, hence valley breezes during daytime come
from the west accompanied by upward drafts, resulting in a diurnal maximum u« and w vector
between noontime and middle afternoon depending on the season. The v vector changes from
southern to northern winds around noontime. Mountain breezes during the night come from the
south-east sector accompanied by subsiding air flows, resulting in low # and w and high v during
the night. The dominant air flow at WLG is westerly during the cold seasons, which enhances
the westerly valley breeze during the day and cancels out the easterly mountain breeze during
the night. During the warm seasons, easterly winds gain in frequency, which sometimes cancels
out the daytime valley breeze and enhances the nighttime mountain breeze. The distinct diurnal
variation of the wind can be used to define a daytime and nighttime range that varies with season.
The white dots in represent the monthly average occurrence hour of the diurnal maximum
u. In this study, a 6 hour time range that is centred around the white dots is used as the daytime
range (white dashed lines in The nighttime window also covers 6 hours and is

considered to be offset by 12 hours to the daytime window.

2.3 Trend analysis

The trend analysis performed using both the spearman’s linear trend analysis and the
modified Mann-Kendall trend test. The Mann-Kendall test is performed using a Fortran
program developed by Helsel et al. (2006). Here, a brief description on the modified Mann-

Kendall test given. The Mann-Kendall test is a non-parametric test commonly used to
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detect trends. Hamed and Ramachandra Rao (1998) modified the test, so that it can be used on

data with seasonality.

For two sets of observations X=x1, X2, ... , Xn and Y=y1, y2, ... , ¥n, the rank correlation test as

proposed by (Kendall, 1955) is performed as the following:

S = Xi<jaijbij (D
1 Xi < .X'j

Where a;; = sign(xj — xl-) =141 0 Xi = Xjand b is the equivalent for Y. 2)
-1 X > xJ'

If'Y is replaced with the time order T=1, 2 ,..., n, the test becomes a trend test and S = ZK]- aj.
The significance of the trend is tested by comparing the standardized test statistic Z =

S/+/var(S) to the standard normal variate at a given significance level (Z«). Here, a modified

var(S) is given by:
_ n(n—l)(2n+5)£
var(§) = M 3)

where nl represents a correction for the autocorrelation that exists in the data and can be
S

obtained by an approximation to the theoretical values.

Z=ld—— 3 (n—)(n—i—-D(n—i-2)p() )

ng n(n-1)(n-2)
Here ps(i) is the autocorrelation function of the ranks of the observations.

If |Z| > Zi-w2, then the data is non-stationary, a positive Z a positive
trend and a negative Z a declining trend. If |Z| < Z1-a2, then the data is
stationary. Here we use 0=0.05, hence the corresponding critical Z1-02=1.96. A non-parametric
method is then used to estimate the of the trend, details

can be found in Sen (1968).

2.4 The Hilbert-Huang Transform analysis

The Hilbert-Huang Transform (HHT) analysis is a combination of the Empirical Mode
Decomposition (EMD) and the Hilbert Spectral analysis proposed by Huang et al. (1998). It is
often used to analyse the time-frequency variation of non-linear and non-stationary processes.

The EMD acts as a time-frequency filter, it decomposes the data into several oscillation modes

9
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with different characteristic time scales. The HHT method has been proved to be an efficient
and precise method in investigating the periodicity, long-term oscillations and trends that are
embedded within the data (Huang and Wu, 2008). So far, it has been widely applied in

studies including wind field,
temperature, radiation and rainfall analysis (Rao and Hsu, 2008;Lundquist, 2003;EI-Askary et
al., 2004), but it has not been used on atmospheric composition data—et. Here we give a brief

description of the HHT method.

First, the EMD is performed on the data, to decompose the data into # intrinsic mode functions
(IMF), c1, c2..., cn, and one residual r»,, which are ordered from the smallest to the largest

variation time scale (Huang et al., 2003).
x(t) = Z;‘lzl Ci+ 1 (5)

Then the Hilbert transform is applied to each IMF using Eq. 6,

—oo t—t!
P is the Cauchy principal value. An analytical signal is then obtained with Eq.7,
z(t) = x(t) + iy(t) = a(t)e?®, (7

where, a(t) = [x2(t) + y?(t)]/? and 6(t) = arctan(% ) (8)

The instantaneous frequency  can be calculated as the following:

deo
w(t) = % 9)
Thus, Eq.5 can be transformed into the following expression:
x(t) =RYT, aj(t)exp(i Il wj(f)d‘r), (10)

where R is the real part of the complex number.

To obtain the Hilbert amplitude spectrum H(w,?), we assign for each time ¢, the calculated
amplitude a;(?) to the (). An integration of H(w,t) over the frequency
span yields the instantaneous energy (IE), which represents the time variation of the energy. An
integration along the time span yields the marginal Hilbert spectrum /A(w), which provides

information on how the frequency is distributed over the entire span.
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The degree of stationarity DS(w) is often used to investigate the stationarity and periodicity of

the data, it is defined as:

1 0T H(w,t
DS(w) =7 Jy (1 =2 dt. (a1

where T is the entire time span.

The volatility V(t,T) is defined as the ratio of the sum of certain IMF components Sx(¢) to the
original signal S(7). Here we use the summation of residual and all the IMFs the

first one as Su(?):

Sp(t) _ Xj=acj(®)+r(D)

VED =50 =" 50 (12)
where 7 is the number of IMFs.

2.5 The gap-filling of the monthly average ozone data

To perform the HHT analysis, a complete, even-spaced is required. Hence

we need to fill the gaps in the monthly average surface ozone mixing ratio data. In our monthly
ozone time series, gaps of one to six months can be found in 1997, 1998, 1999 and 2002. If the
gap is small and occurs in between the ozone seasonal low and peak value, then a spline
interpolation However, this is not the case for some gaps. In 1997 and

1998, the gaps occurred during summertime, when the seasonal peak of ozone mixing ratio

expected. In 2002, the gap continued on to winter, when the 0zone mixing
ratio A simple spline interpolation would
the seasonal peak value and the seasonal low. Hence,

we applied the following method to fill the gaps.

First, the monthly mean ozone timeseries from 1994 to 2013 is shaped into an array Os(i,j) of

the size [20 years x 12 months], where i=1994, ++-, 2013 and j=1,*+,12.
The gaps in Os(i,j) are filled by applying a spline interpolation on each row of the array:
O3 sp1ine (1994, ...,2013, j) = spline(03(1994, ...,2013,))),j = 1, ..., 12 (13)

In this way, both the average value of ozone mixing ratio at a certain month and the overall
ozone trend will be considered. A complete dataset of average monthly ozone mixing
ratio can then be recreated by using interpolated data only on months of missing observation

data:

11
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O3 spline, missing O3

03,complete = {03’ existing O (14)

Our method could yield a reasonable interpolated timeseries with both seasonal low and peak

values occurring at the right time of year.

3 Results and Discussion

3.1 Season-diurnal variation characteristics of ozone

The average season-diurnal variation of surface ozone during 1994-2013 is displayed in
Figure 3 with the monthly average local times associated with the diurnal minimum ozone and

maximum zonal wind. The seasonal maximum ozone occurs during summer, with an average

peak in June-July, while the minimum is found in winter ), which will be discussed

in detail in Section 3.2.

Daily maximum ozone usually occurs during nighttime, while the daily minimum ozone is
found around noontime, on average at 12 am, Beijing Local Time ). Ma et al. (2002b)
suggest that the WLG station is mostly influenced by boundary layer (BL) air that is brought
up through an upslope flow during the day, while a downslope flow brings down free
tropospheric (FT) air during the night. The BL air masses are typically characterised by lower
ozone mixing ratios in comparison with FT air masses, hence the occurrence of the daily ozone

minimum value indicates the time when the BL is fully developed and the air within is well

mixed.
From it can be denoted that, the occurrence time of the daily minimum ozone mixing
ratio (red dots) shows a significant variation similar to that of the maximum

zonal wind velocity (white dots), with the former occurring 1-2 hours earlier than the later. Due
to the variation of the development , the daily
minimum ozone should occur earlier in the day during warm seasons and later in the day during
cold seasons. This phenomenon can indeed be confirmed by , however, the ozone
minimum of June-August seems to occur later than expected. This phenomenon is not seen in
the season-diurnal variation of horizontal or vertical wind speeds, indicating that it is not caused
by development. A possible explanation might be that the photochemical
production of ozone enhanced at early noon during summertime, leading to a delayed
noontime minimum. The in-situ ozone production/destruction in different seasons is not well

quantified at the moment. Previous studies focused on modelling the photochemical net
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production in winter and summer, reporting net ozone production in winter and destruction in

summer (Ma et al., 2002b). Observation results, however, suggest that there should be net
photochemical production during summertime (Wang et al., 2006b)spring—and-summer-and

s—. Hence there is a need for more investigation into the

cause for such a phenomenon.

3.2 Season-annual variation characteristics of ozone

Fig. 4 displays the season-annual variation of surface ozone during 1994-2013. Again, the
ozone mixing ratio-peaksratios peak in summer and isare lowest during winter (Fig. 4b), with
an average seasonal peak occurring in June during 1994-2013 (Fig. 4c). Previous studies
reported the same seasonal ozone pattern, but attributed the summertime peak to different
causes, e.g., more frequent STE events (Ding and Wang, 2006;Tang et al., 2011), enhanced
vertical convection (Ma et al., 2005), long-range transport from eastern-central China, central-
southern Asia or even Europe during summer (Zhu et al., 2004) and stronger cross boundary
transport and vertical convection during the East Asian summer monsoon season (Yang et al.,
2014). From Fig. 2¢ it can be noted that nighttime subsiding wind is indeed strongest in summer,
which supports the hypothesis of downward transport of ozone. Zheng et al. (2011) argueargued
that STE reaches maximum strength in spring and shows a decline in late spring based on

10Be/’Be measurements, indicating that the continuous ozone increase in summer is caused by

the photochemical production.

The long-term variation of the annual average ozone exhibits a clear increasing trend (Fig. 4a).
A 2-4 year cycle seems to exist within the long-term variation of surface ozone. Previous study
has shown that there is a quasi-biannual oscillation (QBO) within the total ozone column
density over the Tibetan Plateau, which is in antiphase with the QBO of the tropical
stratospheric winds, exhibiting a 29-month cycle (Ji et al., 2001). The influence of the QBO
could extend to WLG station at the 3.8 km altitude via STE. Thus, surface ozone at WLG might
also have a QBO with a similar periodicity, which is related to that of the total ozone column.

The periodicity within the surface ozone data will be further discussed in sect. 3.4.
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3.3 Long-term trends of ozone

The trends of monthly average all-day, daytime and nighttime ozone during 1994-2013 are
displayed in Figs. 5al-cl, respectively. Ozone data in Figs. 5b1l and 5cl are the subsets of data
from the daytime and nighttime ranges determined in Section 2.2 based on the zonal wind
information. The increase in surface ozone in the past two decades is evident in all three data
subsets, with a slightly stronger increase in the nighttime data. The linear trends for all-day,
daytime and nighttime ozone mixing ratios reached and

-1

ppbv , respectively, while the

reached ppbv =

, respectively. The
is smaller than the linear regression slope, mainly because the
linear regression method is influenced by the seasonality within the data. However, both

methods yielded statistically significant increasing trends.

To further investigate the trend of ozone in different seasons, the trend of seasonal average
ozone during 1994-2013 was calculated and are shown in Figs. 5a-c (2-5). After eliminating the
seasonality in the data, the linear least squares fitting slopes and
yielded very similar results, thus only the linear slopes and p-values are listed
in Table 1. The strongest increase in surface ozone found in autumn (SON), followed by
spring (MAM), respectively reaching and ppbv in
the seasonal average of all-day ozone mixing ratios. In comparison, summer (JJA) and winter
(DJF) both much weaker increasing trends, with rates of and
0. ppbv -1 respectively, and the summertime trend even
reach a confidence level of 95%. In summer the daytime increasing rate is significantly lower
than the nighttime one, respectively reaching 0. and 0 ppbv
!, The nighttime slope the confidence level of 95%, while the daytime slope is

statistically insignificant.

Previous investigations on the air-mass origin of WLG have shown that WLG is mostly
governed by western and northwestern air-masses, air-masses coming from the eastern sector
takes up only 2%, 5% and 8% in winter, spring and autumn, respectively (Zhang et al., 2011).
However, a significant percentage (30%) of air-masses come from the eastern direction during
summertime. Since the two major cities in the vicinity of WLG are both in the east, summertime
is believed to be the season in which WLG is most influenced by nearby anthropogenic

activities. From the diurnal variation of the horizontal wind speeds (Figs. 2a-b) it can be
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discerned that daytime winds are weak nerthernnortherly winds, while nighttime winds are
rather strong north-easterly winds, which are more in favour of transporting anthropogenic

pollution to WLG.

As already mentioned before in Section 3.2, some researchers believe that STE is also most
frequent in summer at WLG (Ding and Wang, 2006). During the night the WLG site is governed
by downwards winds, which may bring down air with high ozone mixing ratios from above.
Hence, an increase in the frequency of STE events would also result in increasing nighttime
ozone mixing ratios in summer. Whether it is anthropogenic activities or rather meteorological

factors, that has led to the distinct daytime and nighttime ozone variation slopes in summer,

still needs further investigations-and-witbbe-discussedinPart 2ot ourstudy,

The seasonal peak of the NerthernHemisphere-background-ozone in the northern midlatitudes
typically occurs in spring-which-is-believedsummer over populated continental areas, due to
be-theresult-of enhaneed-local and regional photochemical production #springand in late

spring for remote continental areas, due to both enhanced stratospheric input and photochemical

production in that season (Monks, 2000;Parrish et al., 2013). Recently, a shift in the seasonal

peak towards an earlier time in year has been observed at several high elevation sites (Cooper

et al., 2014;Parrish et al., 2013)-. Unlike other remote sites in the NerthernHemispherenorthern

midlatitues, the seasonal ozone peak at WLG occurs durinein summer. However, the largest
increase in ozone mixing ratio wasis found in autumn rather than in summer. Lin et al. (2014)
also reported significant increasing ozone trends in autumn rather than spring at the Mauna Loa
Observatory in Hawaii in the past 4 decades and attributed this phenomenon to strengthened
ozone-rich air flowsmass transport from Eurasia. The fact that we observed the largest ozone
increase in autumn is possibly linked to changes in atmospheric circulation. Details will be

discussed in the companion paper.

Here we present a comparison between-theseasenalof our ozone variation-trends of-all-thein

different seasons with those at other high altitude (>1200 m asl) sites in the northern hemisphere,

which have been reported in literature and are based on time ranges similar to that of WLG

(Table 2). The stations have been sorted by latitude. The low latitude sites, Mauna Loa and
Izafia, both show increasing trends (3-1+0.731+0.07 and 1+-4+0.514-0.05 ppbv 10ayr") during
1991-2010 (Oltmans et al., 2013). Lin et al. (2014) compared the ozone levels at the Mauna
Loa site in Hawaii during the period of 1995 to 2011 to that of 1980 to 1995, and discovered a

strong increase during summer and autumn. The mid-latitude stations exhibit inconsistent
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trends. Significantly positive trends were detected at Mt. Happo. Japan (0.65+0.32 ppbv yr',

Cooper et al., 20144#), at the Rocky Mountains National Park site, USA
(3:30.533+0.05 ppbv +0ayr!, Oltmans et al., 2013), at Lassen Volcanic National Park, USA

(0.27+0.13  ppbvyr'  Cooper et al. 2014}) and at Jungfraujoch, Switzerland
(3:2+1-80.32+0.18 ppbv 10ayr’!, Cui et al., 2011). Tarasova et al. (2009) found evidence for

increased stratospheric contribution to surface ozone at Jungfraujoch. The strongest increase at
Jungfraujoch was detected in winter and the weakest in summer. Gilge et al. (2010) also
reported increased wintertime ozone at two other alpine sites in central Europe during 1995-

2007. Cooper et al. (2014) reported significant daytime increasing trends at Lassen Volcanic

National Park during spring (0.39+0.15 ppbv yr'") and winter (0.21+0.14 ppbv yr'!). Lin et al.

(2015b) reported an increasing trend of 0.31£0.21 ppbv ayr! in springtime free-tropospheric
ozone over western North America during 1995-2014, however, by shutting off North
American emissions in the model and focusing on the subset of ozone associated with Asian
influence (also possibly mixed with stratospheric intrusions), the backereundbaseline ozone
revealed a more significant increasing rate of 0.55+0.14 ppbv ayr! during 1992-2012. No

significant trends were found at Gothic, USA. Pinadale, USA and Zugspitze, Germany.

Negative trends were revealed at Kislovodsk, Russia (—3-7+1-40.37+0.14 ppbv 10ayr,
Tarasova et al., 2009) and the Whiteface Mountain Summit site, USA (-

2.240.622+0.06 ppbv 10ayr!, Oltmans, 2013). Tarasova et al. (2009) attributed the strong

decrease in ozone inat Kislovodsk to control measures of Europe and the breakdown of the
former USSR. Both the strong increasing and decreasing trends at Jungfraujoch and Kislovodsk
were mostly caused by the variation in ozone mixing ratios in the 1990s. The positive trend at
Jungfraujoch during the 1990s was strongest in spring and weakest in summer and autumn,
while the reduction at Kislovodsk was strongest in summer and weaker in autumn and winter
(Tarasova et al., 2009). After 2000, the eastern U.S. was revealed significant decrease due to
the implementation of NOx emission control measures, while ozone mixing ratios at the other
sites in the northern mid-latitudes have entered a steady stage with either slow or no growth

(Tarasova et al., 2009;0Oltmans et al., 2013).

In comparison, WLG shows a continuous rise of ozone mixing ratio throughout the past two
decades and the most significant positive trends appear in autumn and spring, unlike the other
mid-latitude stations.

O .
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3.4 Hilbert-Huang Spectral Analysis of surface ozoneat WLG

The long-term variation of surface ozone may be the result of changes in emissions of ozone
precursors, but may also be caused by year-to-year fluctuations or multiyear oscillations of
climate conditions. All the related factors have different periodicities, which the

non-linear . To unravel the potential oscillations
on different time scales in the ozone timeseries, we performed an HHT analysis on the ozone
data from WLG using the method described in Section 2.4. Our effort is the first time that the
HHT method has been applied in the analysis of atmospheric composition data. The first step
of this analysis was the EMD filtering of the timeseries of monthly average ozone mixing ratio.
The results of the EMD are shown in Fig. 6. The monthly average ozone signal could be
decomposed into 5 IMFs with different characteristic time scales. The lowest order IMF (c1)
shows an oscillation with the highest frequency. The second IMF (c2) shows the seasonal
variation in the ozone signal. C3 reveals 3-4 year oscillations, c4 shows 7 year oscillations and
the highest order IMF (c5 in Fig. 6f) shows the longest oscillations pattern, with a quasi- -

year periodicity.

A segmentation analysis was performed by finding the local extrema of ¢5. The total time span
be separated into 4 segments, as indicated by the dotted lines in Fig. 6a. The
of the segments of ¢5 indicate whether the value is increasing or declining. To
determine the significance of the trend, the modified Mann-Kendall trend test was performed
on each segment and the results are given in Table 3. The first segment lasted 3 years (from
Aug. 1994 to Jun. 1997) and revealed no significant trend (z=1.42), with an increasing slope of
ppbv "I, The second segment lasted for 5 years (from Jul. 1997 to May 2002) and
displayed a significant upward trend (z=3.66), with an increasing slope of ppbv
!, Afterwards the increase of the ozone mixing ratio at WLG slowed down in segment 3, lasting
6 years (from Jun. 2002 to Apr. 2008), with slope of 3-0.30 ppbv
!, however, the increasing trend remained significant (z=3.57) . In the last segment (from May
2008 to the end of Jul. 2013), the significant upward trend continued (z=3.65) with a larger

increasing slope ( ppbv ‘1) than that in segment 3.

Overall, surface ozone mixing ratio at WLG increased continuously from 1997 to 2013.
shows the anomaly of the interpolated monthly average ozone during 1994-2013, its overall
trend (represented by c5+r in Fig. 6) and its variation on a scale of 7-year or longer

(represented by c4+c5+r in Fig. 6). The corresponding variation slopes of the overall
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trend and the 7-year or longer variation depicted in Fig. 7b. The overall trend
confirms the continuous increase since Jan. 1997. The two largest slopes are respectively
detected in May 2000 and Oct. 2010. The 7-year or longer trend line displays a rise in ozone
after Aug. 1996, which reaches a maximum increasing speed in Sep. 2003. Afterwards, the
increase slows down and turns into a decreasing trend in Sep. 2005. After Jan. 2009, ozone

mixing ratios went up again, reaching a maximum increasing speed in Dec. 2010.

The Hilbert Energy Spectrum is depicted in Fig. 8d, along with the volatility, instantaneous
energy (IE) and the degree of stationarity (DS) (Figs. 8b, 8c and 8e). Both the volatility and the
IE reflect the variation of energy with time. Compared to the mean IE, which represents the
temporal variation of the frequency averaged energy, volatility rather focuses on the ratio of the
variation of certain signals to the total signal. Peaks in the mean IE be found in 1994-
1995, 2000-2001, 2003, 2008 and 2013 (Fig. 8c), which correspond to the high ozone mixing
ratio values in the data. High values of volatility found around 2003, 2008 and 2012
(Fig. 8b), which mostly agree with those of the IE. The cause for these high anomalies still

needs to be investigated.

The DS corresponding to each frequency, as displayed in Fig. 8e, can provide information on
the underlying periodicity within the original signal. The smaller the DS is, the more stationary
the data is at this frequency. Lower DS values are observed in the low frequency part. A

at the frequencies between 0.08 and 0.12 can be found, which corresponds
to the annual cycle of ozone. Other are found at even lower frequencies,
corresponding to 2.5a, 3.5a, 7a and 11a cycles. Among all the known atmospheric factors that
have an impact on the ozone mixing ratio at WLG, QBO, ENSO, etc., could be responsible for

these periodicities.

Overall, the HHT analysis able to detect variations in surface ozone trends during
different periods, and successful in finding the anomalies and periodicities within the data.
Results of this analysis can further facilitate the attribution of the variations of surface ozone at

WLAG to the influencing factors, which will be discussed in the companion paper.
4 Summary

In this paper we present the characteristics, trends and periodicity of surface ozone mixing ratio
at a global baseline GAW station in the eastern Tibetan Plateau region (Mt. Waliguan) during
the past two decades. The trends and periodicity of ozone investigated using a modified
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Mann-Kendall test and an adaptive method (Hilbert Huang Transform) that is suited for

analysing non-stationary and non-linear natural processes.

While confirming the reported diurnal and seasonal characteristics of surface ozone at WLG,
our study reveals a relationship between the seasonality in mountain-valley breeze and the
seasonal shift in the occurrence time of daily maximum and minimum ozone at the site. Based
on this relationship, season-dependent daytime and nighttime periods are defined for separately
analysing the daytime and nighttime trends of surface ozone. Both daytime and nighttime
surface ozone significantly at WLG. Autumn and spring
revealed the largest increase rates, while summer and winter showed relatively weaker increases.
A significant daytime and nightime difference in trend could only be found in summer, where
nighttime ozone was significantly increasing and daytime ozone had no significant trend.
Results of the HHT spectral analysis confirm the increasing trends in surface ozone mixing
ratio and further identify four different stages with different increasing rates. The overall trend
indicates that the largest increase occurred around May 2000 and Oct. 2010. The ozone signal

decomposed into five intrinsic mode functions with different time scales. 2-4
year, 7 year and 11 year periodicities found within the data, the cause of which still

needs further investigation.

The results obtained in this work are valuable for related climate and environment change
assessments of western China and surrounding areas, and can be used in the validation of

-climate models. As WLG is a high altitude mountain-top site in a remote
region, measurements of surface ozone and other species can well represent a large scale
situation. Previous air mass origin and modelling studies (Zhang et al., 2011;Li et al., 2014)
suggest that WLG is mostly under the influence of transport from the north-west direction,

hence the upward trend in ozone might be an indication of impact of transport from that

direction. Since eastern China is downwind , our results imply that under
rising ozone conditions, even effort needs to be
reducing ozone precursors . In the

second part of our study, influencing factors or potential causes of the observed long-term

trends of surface ozone at WLG will be addressed and discussed.
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The ozone data analyzed in this work are partly available at the World Data Center for

Greenhouse Gases (WDCGQG) (http://ds.data.jma.go.jp/gmd/wdcgg/cgi-bin/wdcgg
/download.cgi?index=WLG236N00-CMA &param=201405120001&select=inventory).  The

entire dataset can be made available for scientific purposes upon request to the authors.
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1  Table 1 The linear slope, 95% confidence interval (in ppbv

) and the p-values (in

2 parenthesis) of all-year and seasonal average surface ozone mixing ratio for the all-day data and

3 for the daytime and nighttime data subsets during 1994-2013

Data subset All year MAM JJA SON DJF
All-da 0.25+0.17 0.24+0.11 0.15+0.19 0.28+0.11 0.14+0.09
Y (<0.01) (<0.01) (0.12) (<0.01) (<0.01)
Da 0.24+0.16 0.24+0.11 0.07+0.18 0.27+10 0.15+0.09
Y (<0.01) (<0.01) (0.41) (<0.01) (<0.01)
Nicht 0.28+0.17 0.24+0.12 0.22+0.20 0.29+0.11 0.13£0.10
& (<0.01) (<0.01) (0.04) (<0.01) (0.01)
4
5
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Table 2 The linear slopes (in ppbv +0ayr™!) and the 95% confidence intervals of all-year and

seasonal average surface ozone mixing ratio at WLG and other north hemispheric high altitude

GAVW-sites.
Station (Location) Time Span All-year MAM JJA SON DIJF Reference
Mauna Loa, USA (Oltmans et al
(19.5N, 155.6W, 19912010 0.31£0.07 2‘(’)153;3 b
3397 masl)
Izafia, Spain
(283N, 16.5W, 19912010 0.14+0.05 (O“r;g?z;’t al,
2367 m asl)
Waliguan, China
(36.3N, 100.9E, 1994-2013 0.25+0.17 0.24+0.11 0.15+0.19 0.28+0.11 0.14 £0.09 This work
3816 masl)
19912011
Mt. Happo, Japan (Al year) (Cooper et al.,
(36.7N, 137.8E, 1850 m 0.65+0.32
1990-2011 2014
asl) )
(Seasonal)
Gothic, USA . . . (Cooperetal.,
39.0N, 107.0W, 1990-2011 0.01+0.20 -0.01+0.27 -0.02+0.12
2915 m asl) 2014)
Rocky Mountain National
Park, USA (Oltmans et al.,
(40.3N, 105.6W, 1991-2010 0.33+0.05 2013)
2743 m asl)
Lassen Volcanic National 1988-2010 C 1
(All year) . . . (Cooperetal,
Park, USA (40.5N, 19902011 0.27+0.13 0.39+0.15 0.22+0.28 0.21£0.14
121.6W, 1756 m asl) 2014)
(Seasonal)
Pinadale, USA (Oltmans et al.,
(429N, 109.8W, 1991-2010  —0.05+0.04
2743 m asl) 2013)
Kislovodsk, Russia (Tarasova et
(43.70N, 42.70E, 1991-2006  —0.37+0.14  —0.20+0.20 —0.14+0.24 —0.60+0.21 —-0.30+0.25
2070 m asl) al., 2009)
Whiteface Mountain (Oltmans et al.,
Summit, USA . N )
(444N, T3.9W, 1991-2010 -0.224£0.06  -0.02+0.32 -0.48+0.18 0.09+0.20 2013;Cooper
1484 m asl) etal., 2014)
Jungfraujoch, Switzerland (Cui etal
(46.5N, 8.0E, 1990-2008 0.32+0.18 0.33+0.22 0.22+0.28 0.33+0.16 0.49+0.17 2011) ?
3580 m asl)
Zugspitze, Germany
(474N, 11.0E, 19912010 0.05+0.04 (Olmz“(’)‘gft al,
2960 m asl)

~ Daytime (11:00 — 16:59 local time) ozone trends

28



1

2

Table 3 Modified Mann-Kendall trend test on segments based on the last IMF.

Theil-Sen trend

Segment Time Range Slope of ¢c5 Modified Mann-Kendall test (z) estimate of O3
(ppbv yr')
1 Aug.1994- Jun. 1997 - No significant trend (z =1.42) 0.27
2 Jul. 1997-May 2002 + Significant upward trend (z =3.66) 0.42
3 Jun. 2002-Apr. 2008 - Significant upward trend (z =3.57) 0.30
4 May 2008-Jul. 2013 + Significant upward trend (z = 3.42) 0.36
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Figure 1 The location of the Mt. Waliguan GAW site and the two major cities in its vicinity.

The shading stands for the topographic height.
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Figure 2 The average season-diurnal variation of surface zonal (a), meridional (b) and vertical
(c) wind weelecityvelocity on top of Mt. Waliguan during 1995-2013. The monthly average
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31



[©) NV, B 2\

ime of O3 nin
ime of Umax

T

Hour (L

1 2 3 4 5 6 7 8 9 10 11 12 48 50 52
Month O3 (ppbv)

40 45 50 55 60 65
O, (ppbv)

Figure 3 The average seasonal variation (a), season-diurnal variation (b) and diurnal variation
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respectively.
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Figure 5 1) Monthly, 2) spring (MAM), 3) summer (JJA), 4) autumn (SON) and 5) winter time
average all day (a), daytime (b) and nighttime (c) surface ozone mixing ratio during 1994-2013
(black solid curves or black circles) and its variation-trend (red lines: dotted line stands for the

linear variation and solid line stands for the Theil-Sen trend estimates).
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Figure 6 The interpolated monthly average ozone mixing ratio at WLG from 1994 to 2013 (the
interpolated data given in dashed lines, a) and its intrinsic mode functions c1-c5 (b-f, from the
lowest to the highest order IMF) and its residue, r (g). The time segments in (a) were determined
by the slope of the c5. The red slashed lines are the trends and the numbers
are the (in ppbv .
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Figure 7 a) The anomaly of the interpolated monthly average ozone (black line, with the dashed
line segments representing values interpolated using the method in section 2.5), the sum of last
IMF and the residual (c5+r, red line), and the sum of the last two IMFs and the residual (c4+c5+r,

blue line); b) the slope of the sum of last IMF and the residual (c5+r, red line) and the sum of
the last two IMFs and the residual (c4+c5+r, blue line).
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Figure 8 The interpolated monthly average ozone mixing ratio signal at Mt. WLG during 1994-

2013 (a), the volatility (b), the normalized mean value of the instantaneous energy (red lines:

+20) (c), Hilbert Energy Spectrum (d) and the degree of stationarity (e).
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