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Abstract Using a trajectory model (HYSPLIT) analyzed
the ozone episodes observed at urban Jinan in 2005. There
were 84 h (in 24 days) of ozone episodes (>100 ppbv)
observed during the study. June was the most polluted
month in the year. The earliest episode observed in May 4
was mainly caused by the favorable meteorological con-
dition for ozone production and accumulation. A multi-day
episode from 6 to 8 June was related to the passage of
typhoon Nesat. 39 h (in 11 days) of ozone episodes were
observed from June 10 to 24. Large scale stagnation,
recirculation of air mass, intense solar radiation, high
temperature and long-rang transport of pollutants were the
main reason for the ozone episodes during this period.
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Surface ozone is the most abundant photochemical oxidant
in the troposphere and often is considered to be the most
important photochemical pollutants affecting public health,
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agriculture, and forest (e.g., Fuhrer and Booker 2003;
Karnosky et al. 2007). In the lower troposphere, ozone is
mainly formed by the action of UV light from the sun on
nitrogen oxides, and the ozone level is significantly influ-
enced by Meteorological conditions, such as solar radia-
tion, temperature, precipitation, wind speed, and wind
direction, which could affect ozone formation, accumula-
tion, and transport (e.g., Thompson et al. 2001). Many
studies have shown that, both local photochemical pro-
duction and pollutant transport could arouse high ozone
pollution episode (e.g., Lam et al. 2005; Lee et al. 2002).

Jinan, a medium-sized provincial capital city in East
China, located between highly polluted Yangtze Delta and
Beijing-Tianjin Region, like other rapidly developing
cities in China, faces severe air pollution problems. As
our previous studies, ozone concentrations exceeding the
Chinese National Ambient Air Quality Standard for
common urban area (hourly average concentration 0.20
mg/m°, about 100 ppbv) were often observed in Jinan,
especially in summer (Shan et al. 2008). In this study, we
will present surface ozone episodes observed in 2005 at
urban Jinan. Surface meteorological data and the
HYSPLIT (Version 4.8) model were used to the analysis
of ozone episodes.

Materials and Methods

Measurements were carried out on the campus of Shandong
University (36°42'N, 117°08'E, 34.5 m a.s.l.), which is in
the eastern area of Jinan, lying in the second ring road.
Ozone was continuously measured by TE model 49C ozone
analyzer. The limit of detection is 2 ppbv and the precision
is £2 ppbv. The height of the air intake was 8.5 m above
the ground. More information about the observational site
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and Jinan city could be found in Shan et al. (2008). The
interval of each measurement was 1 min and the data
presented in this paper are mainly based on hourly aver-
aged values. The data capture rates were 97.9% and 100%,
respectively, during the whole year of 2005 and the
selected typical episodes.

Local meteorological data used in this study were
obtained from China Meteorological Data Sharing Service
System (http://cdc.cma.gov.cn/). The HYSPLIT model
(Version 4.8), used to compute the backward trajectories
used in this study, was developed by the National Oceanic
and Atmospheric Administration Air Resources Laboratory
(NOAA ARL). The meteorological input for the trajectory
model was the FNL dataset (reprocessed from NOAA’s
National Centers for Environmental Prediction Final
Analysis data by Air Resources Laboratory). Each back-
ward trajectory was calculated for 96-h duration (i.e.,
4 days) with 100m-agl vertical levels and labeled with
triangles at 02:00, 08:00, 14:00, and 20:00 local time,
respectively.

Results and Discussion

There are totally 84 h (in 24 days) ozone episodes with the
concentrations exceeding the Chinese Standard level of
0.20 mg/m>, about 100 ppbv, were observed from May to
September, with the maximum 1 h value of 147.83 ppbv.
The photochemical pollution in 2005 is more severe than
that in 2004, which has 65 h (in 23 days) ozone episodes
with the maximum 1 h value of 143.76 ppbv (Shan et al.
2008). Generally speaking, June was the most polluted
month with 54 h (in 14 days) episodes, more than half of
the episodes in the year. In addition, the maximum 1h
value of 147.83 ppbv and the maximum daily value of
91.15 ppbv were observed on 19 and 8 June, respectively.
The severe photochemical pollution in June might be
associated with some meteorological conditions, such as
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Fig. 1 Hourly averaged ozone concentrations for May 4 and 31

high temperature (28.56°C), sufficient sunshine duration
(8.5 h/d), and less days with rainfall (7 days).

Then, we will analyze some typical ozone episode cases,
especially the episodes in June, using the HYSPLIT model
and surface meteorological data.

The earliest episode was observed in May 4. Figure 1
presents the time series of hourly averaged ozone con-
centrations in this episode day. The diurnal variation of
ozone shows regular variation in the day, with a slightly
exceeding the standard ozone level by 0.86 ppbv at 16:00.
Ozone concentrations keep low level in the night, increase
rapidly after sun rise from morning to afternoon, and then
decrease gradually. Backward trajectory for 14:00 May 4
(local time) is shown in Fig. 2a. The trajectory came from
northeast China, and spent about 2 days passing over the
lower marine atmosphere before reaching Jinan. We also
analyzed the trajectory for the previous day (3 May, not
shown). Trajectories for the 2 days are quite similar
besides trajectory for May 3 spending more time in lower
continental atmosphere, which might be related to the
lower relative humidity in May 3 (see Table 1).

Fig. 2 The 96 h backward
trajectories of air masses for (a)
14:00 May 4 (a) and 31 (b)
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Table 1 Meteorological conditions of Jinan for May 3, 4, and 31

Date RF (mm) T (°C) SD(h) WS (ms™!)) RH (%)
5-3 0 23.9/306 11.7 6.1 23
5-4 0 23.6/28.9 8.3 1.6 44
531 0 26.8/31.6 8.0 6.0 52

RF Rainfall, T temperature, SD sunshine duration, WS wind speed,
RH relative humidity

* Daily averaged temperature/daily maximum temperature

Comparison of the meteorological conditions in the 2 days
shows that, the temperature and sunshine were both more
favorable for photochemical production in May 3. How-
ever, high wind speed (6.1 m/s) dispersed the produced
ozone quickly, so no episode observed in May 3. Low wind
(1.6 m/s) in May 4 accumulated the produced ozone,
resulting in a slight episode.

Diurnal variation of ozone concentrations in May 4
shows a typical pattern for polluted urban area, character-
ized by high concentrations during afternoon, low con-
centrations during late night and early morning, and big
variation magnitude between daytime and nighttime. This
variation pattern is obviously different from the pollution
caused by pollutant transport, such as the pollution in May
31. On that day, ozone shows high nighttime level and
small variation magnitude between daytime and nighttime
in May 31 (see Fig. 1). Backward trajectory for May 31
shows that, the air mass had passed over the highly polluted
Yangtze Delta and its surrounding areas (see Fig. 2b) and
might take plenty of pollutants form this region since there
was no rainfall on the way of transport, resulting in high
ozone levels both in the daytime and nighttime on May 31
at Jinan. However, due to the high wind speed (6.0 m/s) no
episode was observed on that day, despite the favorable
temperature and sunshine.

There is a multi-day episode observed from June 6 to 8
(see Fig. 3). During this period, ozone shows high night-
time level and significant variation magnitude between
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Fig. 3 Hourly averaged ozone concentrations from June 4 to 9

daytime and nighttime. Trajectory for June 6 shows that,
the air mass came from the nearby area and hovered in the
lower atmosphere over Jinan from the previous day, indi-
cating large-scale stagnation of the regional meteorology
(see Fig. 4a). Due to the approaching of typhoon Nesat (see
Fig 5), the origination of the trajectory moved from
Shandong Peninsula to South Korea gradually and the
ozone concentration shows irregular variation in June 7,
with high ozone levels observed at 18:00 and 19:00. On
June 8, the influence of typhoon Nesat was still effective.
The trajectory mainly came from southeast Korea and
south Japan and passed over the eastern coastal region of
China in the lower atmosphere (see Fig. 4b). In addition,
the meteorological conditions were all favorable for pho-
tochemical production (see Table 2). Therefore, this multi-
day episode might be related to both local photochemical
production and the pollutant transport/recirculation caused
by the passage of typhoon.

The low ozone level observed at 7:00 June 7 and 8
might be caused by the rush-hour traffic in the early
morning since NO from car exhausts can deplete ozone
rapidly. On the other hand, since there was no ozone pro-
duction at that time due to the lack of solar radiation, a
sharply decrease of ozone concentration was observed. The

Fig. 4 The 96 h backward
trajectories of air masses for (a)
14:00 May 4 (a) and 31 (b)
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Fig. 5 Synoptic chart for 14:00 June 7

Table 2 Meteorological conditions of Jinan for May 3, 4, and 31

Date RF (mm) T (°C) SD() WS(ms) RH (%)
66 6 251313 94 3.0 56
67 0 26.1/31.9  10.7 4.1 43
68 0 27.8/338 8.3 3.9 41

RF Rainfall, T temperature, SD sunshine duration, WS wind speed,
RH relative humidity

sunshine duration was zero due to rainfall on June 9, so the
ozone concentration kept lower than 30 ppbv.

The time series of hourly averaged ozone concentrations
from June 10 to 24 is shown in Fig. 6. Because June 9 was
cloudy, ozone precursors might accumulate in the regional
atmosphere. Therefore, ozone concentration increased
rapidly after sun rise and exceeded the standard level at
14:00 and 15:00 in June 10. A sharp increase of ozone level

160

Table 3 Meteorological conditions of some cities along the
trajectories

Site Date RF (mm) T (°C) SD (h) WS (ms™!) RH (%)
Jinan 6-19 0 29.8/38.5 11.3 25 50
Ganyu 6-17 0 28.2/359 126 1.5 65
Nanjing 6-16 0 28.3/35.1 11.4 1.2 49
Shanghai 6-15 0 26.2/30.1 88 3.5 76

RF Rainfall, T temperature, SD sunshine duration, WS wind speed,
RH relative humidity

from 02:00 to 04:00 June 11 was observed, which could not
be related to photochemical production since there was no
solar radiation on that time. The trajectory for 03:00 June
11 is shown in Fig. 7a, which was originated from the
Pacific Ocean, so the original air mass might be clean and
moist. However, the trajectory had stayed about 2 days in
the lower atmosphere around Jinan before ending at the
site. Therefore, transport of pollutants from the surrounding
areas might be the reason for the nighttime increase of
ozone level. Although there was high temperature (37.1°C)
and abundant sunshine (10.8 h) in June 12, high wind
speed (6.1 m/s) dispersed the produced ozone quickly.
Therefore, no ozone episode was observed in the daytime.
However, a nighttime ozone episode was observed from
20:00 to 22:00. Trajectory analysis show that, the air mass
traveled over the highly industrialized and urbanized
southeastern region all through the 96 h, so the nighttime
episode might be associated with the transport of pollutants
from this region.

From June 13 to 20, trajectories all came from the highly
polluted Yangtze Delta and its surrounding areas, and the
episodes were associated with both pollutant transport from
this region and local photochemical production. For
example, June 19, the most severe episode day with the
maximum 1 h ozone value of 147.83 ppbv observed in
the year. The trajectory originated from Yangtze Delta, at
the western region of Shanghai, and passed by the vicinity
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Fig. 6 Hourly averaged ozone concentrations from June 10 to 24
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Fig. 7 The 96 h backward trajectories of air masses for 03:00 June 11 (a), 21:00 June 12 (b), and 15:00 June 19 (c)

of Nanjing in June 16 and Ganyu in June 17 before
reaching Jinan slowly. Meteorological conditions for the
cities along the trajectory were all in favor of photo-
chemical reactions with warm weather and abundant sun-
shine duration (see Table 3). In addition, there was no
rainfall during the transport processes of air masses.
Therefore, there might be significant pollutants transported
from the highly polluted southeastern region, especially
from Yangtze Delta region. On the other hand, local pho-
tochemical production also might have contributed to this
severe episode since there was a distinct afternoon ozone
peak.

Acknowledgments The authors gratefully acknowledge the NOAA
Air Resources Laboratory (ARL) and China Meteorological Data
Sharing Service System for their provision of HYSPLIT model and
meteorological data, respectively used in this publication.

References

Fuhrer J, Booker F (2003) Ecological issues related to ozone:
agricultural issues. Environ Int 29:141-154. doi:10.1016/S0160-
4120(02)00157-5

Karnosky DF, Skelly JM, Percy KE, Chappelka AH (2007) Perspec-
tives regarding 50 years of research on effects of tropospheric
ozone air pollution on US forests. Environ Pollut 147:489-506.
doi:10.1016/j.envpol.2006.08.043

Lam KS, Wang TJ, Wu CL, Li YS (2005) Study on an ozone episode
in hot season in Hong Kong and transboundary air pollution over
Pearl River Delta region of China. Atmos Environ 39:1967—
1977. doi:10.1016/j.atmosenv.2004.11.023

Lee YC, Calori G, Hills P, Carmichael GR (2002) Ozone episodes in
urban Hong Kong 1994-1999. Atmos Environ 36:1957-1968.
doi:10.1016/S1352-2310(02)00150-4

Shan WP, Yin YQ, Zhang JD, Ding YP (2008) Observational study of
surface ozone at an urban site in East China. Atmos Res 89:252—
261. doi:10.1016/j.atmosres.2008.02.014

Thompson ML, Reynolds J, Cox LH, Guttorp P, Sampson PD (2001)
A review of statistical methods for the meteorological adjust-
ment of tropospheric ozone. Atmos Environ 35:617-630. doi:
10.1016/S1352-2310(00)00261-2

@ Springer


http://dx.doi.org/10.1016/S0160-4120(02)00157-5
http://dx.doi.org/10.1016/S0160-4120(02)00157-5
http://dx.doi.org/10.1016/j.envpol.2006.08.043
http://dx.doi.org/10.1016/j.atmosenv.2004.11.023
http://dx.doi.org/10.1016/S1352-2310(02)00150-4
http://dx.doi.org/10.1016/j.atmosres.2008.02.014
http://dx.doi.org/10.1016/S1352-2310(00)00261-2

	Analysis of Observed Ozone Episode in Urban Jinan, China
	Abstract
	Materials and Methods
	Results and Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


