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ABSTRACT
The impact of biogenic emission on regional ozone and emission control scenarios has been numerically studied through
a series of sensitivity model simulations. A typical episode with elevated ozone over eastern China from 12 to 16 August
2001 was investigated by using a tropospheric chemistry and transport model (TCTM), driven by a non-hydrostatic
mesoscale model MMS5. The meteorological conditions during this period were characterized by high-pressure systems
associated with low wind speeds, high temperatures and clear skies. Afternoon ozone concentrations exceeding 80 parts
per billion (ppb) occurred over broad areas of eastern China. There is a generally good agreement between simulation and
observation, indicating that the TCTM is able to represent major physical and chemical processes of tropospheric ozone
and well reproduce the diurnal and day-to-day variability associated with synoptic conditions. The sensitivity analysis
reveals a significant influence of biogenic hydrocarbons on regional ozone. Ozone levels are apparently enhanced by
biogenic emission over large areas of eastern China. The largest increase up to 30 ppb in daytime average concentration
is found in portions of the middle reaches of the Yangtze River, Yangtze Delta and northeast China. However, the
response of ozone to biogenic emission varies spatially, showing more sensitivity in polluted areas than that in clean
rural areas. The regimes limited by nitrogen oxides (NOy) and volatile organic carbon (VOC) in eastern China are
further investigated with respect to biogenic emission. Ozone shows a clear tendency to shift from VOC limitation to
NOy limitation as it moves from urban and industrial areas to rural areas. Most of the rural areas in southern China tend
to be NOy limited, whereas most of the northern parts of China appear to be VOC limited. By considering biogenic
emission, ozone tends to become more NOy limited and less VOC limited, both in extent and intensity, over eastern

china. Furthermore, some regions have completely shifted from being VOC limited to being NOy limited.

1. Introduction

China has been experiencing rapid economic expansion over
the past two decades. Energy and material consumption during
the processes of urbanization and industrialization has brought
about a large amount of anthropogenic emission of sulfur diox-
ide (SO,), nitrogen oxides (NOy), volatile organic compounds
(VOC) and particulate matter, and has raised serious concerns in
society and government.

Although the increasing rate of SO, emission had been sup-
pressed in the past decade by implementing emission control
strategies and utilizing low-sulfur coal, the emissions of NO,
and VOC show an increasing trend due to expansion of energy
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consumption and transportation (Elliott et al., 1997; Wang et al.,
2000; Streets et al., 2003). As a result, photochemical smog
episodes, which are characterized by high levels of ozone and
oxidants, often occur in urban and suburban regions (Zhang et al.,
1998), as well as wide rural areas of eastern China (Luo et al.,
2000; Vincent and Wang, 2001) under favourable meteorologi-
cal conditions. The surface ozone concentrations have attained
almost the same levels as in Europe and America during the sum-
mer months (Logan, 1989; McKeen et al., 1991), and in China,
pollution by photochemical oxidants has become a difficult
problem.

Ozone is akey trace gas, which controls chemical cycles in the
troposphere (Levy, 1971). Ozone is produced through a series
of nonlinear chemical reactions involving the oxidation of VOC
and CO in the presence of sunlight and a catalyser, NO, (Dodge,
1977; Liu et al., 1987). High ozone values are well known to

Tellus 57B (2005), 1



IMPACT OF BIOGENIC EMISSION ON REGIONAL OZONE 13

have adverse effects on human health and vegetation (Chameides
et al., 1999). Ozone and its precursors originating locally can
be transported over a long distance, leading to an increase in
ozone levels on a regional and sometimes even hemispherical
scale (Carmichael et al., 1998; Jacob et al., 1999; Lelieveld and
Dentener, 2000). Recent studies have revealed an upward trend
of ozone concentration in the lower troposphere over East Asia
during the last two decades; this was attributed to the increase in
anthropogenic emissions in those regions (Akimoto et al., 1996;
Oltmans et al., 1998).

Considering the increasing trend of ozone and its potential
impact on the environment, much effort has been devoted to the
study of the behaviour of ozone in East Asia. These works have
focused on the transport and chemical processes of tropospheric
ozone under specific weather conditions in different seasons (Liu
et al., 1996; Carmichael et al., 1998; Luo et al., 2000; Zhang
et al., 2002). During the summer months when photochemical
activity and biogenic emission reach their peak, high ozone con-
centrations are frequently observed over vast areas of eastern
China (Zhang et al., 1998; Vincent and Wang, 2001). The ele-
vated ozone level during these episodes may significantly dam-
age human health and the ecosystem, and potentially change the
composition of atmospheric chemistry.

Previous studies have revealed the important role of biogenic
hydrocarbons in ozone formation over wide rural areas as well
as over metropolitan areas (Trainer et al., 1987; Chameides
et al., 1988; Roselle et al., 1991). A recent study (Shallcross
and Monks, 2000) has also highlighted the role of isoprene, a
dominant VOC released by vegetation, in biosphere—climate—
chemistry feedback, and indicated the important influence of
isoprene on surface and free tropospheric ozone levels as well
as on remote atmospheric composition and chemistry.

Approximately 20% or more of the area of eastern China is
covered by forest, and large amounts of non-methane hydrocar-
bons are released from vegetation under intense radiation and
high-temperature conditions. In the summer, biogenic emission
is expected to reach a maximum under specific synoptic condi-
tions. However, the influence of biogenic emission on chemical
species and emission control strategies is still unclear and needs
to be investigated in detail.

In this paper, a typical 5-d episode from 12-16 August 2001
was selected and numerically simulated in order to explore a
series of issues as follows: the magnitude and distribution of
ozone during a typical smog episode and its response to the
changes in NO, and VOC emissions; how and to what extent
ozone responds to biogenic emission, and how biogenic emission
affects anthropogenic emission control strategies.

In Section 2, the model system and related parameters are in-
troduced. In Section 3, modelled ozone concentrations are pre-
sented, comparisons with observational data for meteorological
fields, ozone and related species are carried out, and some uncer-
tainties in model simulation and discrepancies in comparison are
discussed. Section 4 presents the impact of biogenic emission on
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the ozone level. Section 5 investigates the ozone sensitivity to
changes in anthropogenic NO, and VOC emissions and reveals
how biogenic emission affects the results of emission control
scenarios. Conclusions are finally made in Section 6.

2. Model system and input parameters

2.1. Model description

Two models are utilized in this study. One is a mesoscale
non-hydrostatic model MM5 (Grell et al., 1994) that has been
widely used in simulating mesoscale atmospheric phenomena
and boundary layer processes. Another is TCTM (the tropo-
spheric chemistry and transport model), which is used to study
the behaviours of chemical species in the troposphere and
lower stratosphere (Han et al., 2002). TCTM is a 3-D Eulerian
model, developed based on the regional acid deposition model
(RADM) (Chang et al., 1987). It includes major processes such
as advection, diffusion, gas chemistry and removal processes
in the terrain-following sigma coordinate system. An upstream
finite-difference advection algorithm with antidiffusive correc-
tion (Smolarkiewicz, 1983) is used to solve transport process,
ensuring positive values of concentration and fewer computa-
tion resources. The turbulent diffusion process is parameterized
by using layered horizontal and vertical eddy diffusivity patterns,
suggesting different mechanisms of turbulence in the boundary
layer and free troposphere (Lei and Chang, 1992a). Dry deposi-
tion process of chemical species are calculated by the approach
of Lei and Chang (1992b). An updated carbon bond mecha-
nism (CBM-IV) (Gery et al., 1989) with an isoprene mechanism
(Carter, 1996) is incorporated into the TCTM to represent gas
chemistry; this includes 91 reactions and 37 individual species
and is similar to the current version of CBM-IV in community
multiscale air quality (CMAQ)/Models-3 (Gipson and Young,
1999). Clear sky photolysis rates are calculated by using the
scheme of Madronich (1987). The influence of cloud on photol-
ysis rates is parameterized following the approach of Chang et al.
(1987). Aqueous phase chemistry is not taken into account.

2.2. Input parameters for model simulation

The model domain covers eastern China from longitudes 100.0°E
to 130°E and latitudes 18°N to 50°N, with the central point at
118.5°E and 34.5°N. Figure 1 illustrates the specific regions and
monitoring sites. For MMS5, 23 layers stretch unequally from
ground to 100 hPa, with a horizontal resolution of 30 km. The
reanalysis data sets are derived four times a day with a resolu-
tion of 1° x 1° from the National Centers for Environmental
Prediction (NCEP) (http://www.ncep.noaa.gov/). TCTM has 17
vertical layers, with about nine layers concentrated in the lowest
2 km of atmosphere in order to resolve boundary layer processes.
The model domain of TCTM consists of 79 x 123 grid cells in
east—west and south—north directions with the same horizontal
grid size as MMS5 on a Lambert conformal map projection.
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Fig 1. Specific regions and locations of monitoring sites over eastern
China.

The initial concentrations of chemical species are firstly taken
as clean background values according to Luo et al. (2000) and
brought to the real state through model initialization with actual
emissions. Pre-integration was carried out for 3 d, from 9 to 11
August 2001, to minimize the effect of initial conditions and al-
low ozone and its precursors to build up chemically equilibrated
states. The formal integration and analysis period is from 12
tol6 August 2001 when high ozone levels occurred over most
of the model domain. The lateral boundary conditions are set to
clean background values as initial concentrations and are held
fixed to reflect any enhancements of species caused by the pro-
cesses within the domain. Ozone concentrations at the top six
altitude levels are valued proportionally to PV (potential vortic-
ity) with 50 ppb per PV in order to reflect possible intrusion of
stratospheric ozone.

2.3. Emission data

2.3.1. Anthropogenic emissions. Anthropogenic emissions
of SO,, NOy, CO and NMHC (non-methane hydrocarbon) for
the year 2000 in Asia are derived from Streets et al. (2003)
used for TRACE-P project. The emission inventory used in this

study is girded at a resolution of 0.5°, and is assumed to be
time-independent during simulation. Emission data are appropri-
ately interpolated into the TCTM model grid. The total mass of
NMHC is divided into individual hydrocarbons according to the
specific splitting factors for East Asia (Carmichael et al., 1998).
Figure 2 displays the spatial distribution of anthropogenic NOy
and VOC emissions. It can be found that most of the anthro-
pogenic emissions are concentrated in eastern China, extending
from the Yangtze Delta, through Jiangsu and Shandong Province,
to the Greater Beijing district (including Beijing, Tianjing and
their satellite cities). Large amounts of emissions are also re-
leased from the Pearl River Delta, northeastern China and por-
tions of the middle reaches of the Yangtze River.

2.3.2. Biogenic emissions. Due to the limitations in observa-
tional study of biogenic emissions and the lack of vegetation leaf
biomass data in China at present, in this study we adopt the bio-
genic emission inventory of GEIA (global emissions inventory
activity, Guenther etal. (1995)), which is on a monthly basis, with
1° x 1° resolution. It is appropriately segregated into the 30 x
30 km model grid of TCTM. This inventory includes isoprene,
terpene and other unidentified compounds. Isoprene is found to
be dependent on both light and leaf temperature, whereas ter-
pene and unidentified NMHC show a strong relationship to leaf
temperature. Therefore, biogenic emission displays a distinct
diurnal variation, with the highest emission rate around midday
and a much lower one at nighttime. To reflect these features, the
emission rate is distributed to every hour over the course of a
day by using the approaches of Guenther et al. (1993) in which
the standard biogenic emission for isoprene is corrected by light
intensity and leaf temperature, and for terpene and unidentified
compounds by leaf temperature. The leaf temperature is assumed
to be represented by air temperature close to the surface (air tem-
perature at 2 m height), which is derived from MMS5. Isoprene
emission is assumed to be zero during the nighttime.

Figure 3 presents the horizontal distribution of total biogenic
and isoprene emissions at 14:00 LT (LT = UTC + 8 h) on 14 Au-
gust 2001. The large amounts of biogenic emissions are mainly
concentrated in southern China (south of 33°N), portions of

Fig 2. Anthropogenic (a) NOx and (b) VOC
emission in eastern China (unit: kg grid~!
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northeast China, northern parts of the Greater Beijing district
and the western portion of Shandong Province, in accordance
with large forested areas. Compared with Fig. 2b, the proportion
of biogenic to anthropogenic VOC emissions varies spatially.
Biogenic emission plays a dominant role in the large rural areas
of southern China, while anthropogenic VOC emission domi-
nates the large urban and industrial areas in northern parts of
China, extending consecutively from the Yangtze Delta to the
Greater Beijing district. In the Pearl River Delta, the southern
portion of the Yangtze Delta and northeast China, biogenic emis-
sion is nearly comparable with or even exceeds anthropogenic
VOC emission. Fig. 3b shows isoprene emission in the model
domain, generally consistent with the distribution pattern of to-
tal biogenic emission. Table 1 summarizes the total amount of
anthropogenic and biogenic emissions within the study domain
during the period of 12-16 August 2001. It clearly shows that
the total biogenic VOC emission is of the same order as the
anthropogenic emission, and isoprene makes up nearly 60% of
the total biogenic emission. Isoprene is treated explicitly in the
chemical mechanism, whereas terpene and other undefined hy-
drocarbons are treated according to the approach of Roselle
et al. (1991). One mol of monoterpene or «-pinene is treated
as 0.5 mol olefins, 6 mol paraffins and 1.5 mol higher aldehy-
des; 1mol undefined is treated as 0.5 mol olefins and 8.5 mol
paraffins.

Although the biogenic emissions in this study cannot be com-
pletely validated due to the lack of such observations in China,
they are generally representative of the major characteristics
of biogenic emissions over eastern China in the summer; pos-
sible uncertainty in the emission inventory could be consid-

Table 1.
the period of 12—-16 August 2001 (unit: Gg)

ered not to change the major aspects and conclusions of model
estimations.

3. Model results

3.1. Synoptic features

Figure 4a shows the MMS5-simulated potential height at the pres-
sure level of 850 hPa at 14:00 LT on 14 August2001. The isopleth
of 1500 m covers most areas of eastern China, with several high-
pressure systems located west of Shandong Province, northeast
China and on the coastal areas of southeastern China. Such a
synoptic pattern persisted for several days, and caused low wind
speed, lower humidity and high temperature over a wide area
of the model domain. The maximum temperature was found to
exceed 33 °C in the daytime. Relatively light cloud coverage
introduced sufficient radiation and favoured ozone production.
There was a weak low-pressure system over a small portion of
southern China, while to the north of model domain, a low-
pressure system occurred and slowly moved southward as the
episode progressed. The East China Sea was dominated by a cy-
clone, moving northwards, resulting in much precipitation over
the sea. On 17 August 2001, high-pressure systems over eastern
China weakened; Fig. 4b shows that the 1500 m isopleth receded
eastward to the China Yellow Sea, followed by increasing wind
speed and precipitation over southern China. MMS5 appears to
reproduce well the major features of synoptic systems, which
have a large effect on ozone behaviour during this period. A de-
tailed evaluation of the performance of MMS5 will be given in
Section 3.3.1.

Total amount of anthropogenic and biogenic emissions in the study domain during

Anthropogenic emissions

Biogenic emissions

Species SO, NOy NMVOC
Amount 294.8 184.6 238.5

1507.3 171.6 41.6 74.4

OVOC  Total
287.6

Isoprene  Terpene

Tellus 57B (2005), 1
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Fig 4. MMS5 predicted potential height at
850 hPa level at 14:00 LT on (a) 14 August
2001 and (b) 17 August 2001.
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3.2. Distribution of surface ozone over eastern China

Figure Sa presents the simulated ozone concentrations for the
first model layer at 14:00 LT on 14 August 2001 when high ozone
levels occurred over a wide area of eastern China, extending
from the southern portion of Huabei Plain (Shandong Province),
through the middle reaches of the Yangtze River (Hubei and
Hunan provinces) to the Pearl River Delta, with ozone maxima
reaching 126, 122 and 137 ppb respectively. Noticeably, ozone
levels in Beijing and Shanghai, which contain large amounts
of ozone precursors, were not so high. The lower ozone con-
centration in Beijing was mainly attributed to the unfavourable
meteorological conditions (cloud coverage, lower temperature
and higher wind speed) and ozone titration by large NO emis-
sions. As for Shanghai, the cyclone mentioned above moved
northwards with its western edge passing through Shanghai,
causing relatively high wind speeds, low temperature and an
easterly wind, which was characterized by a marine air mass
with low ozone levels. These conditions prohibited ozone build-
up in Shanghai. Further discussion will be given in the next
section.

BC
T
8a

8

3¢
2c
Fig 5. Predicted ozone for the first model
layer: (a) at 14:00 LT on 14 August 2001 and
(b) daytime ozone averaged over the 5-d
period (unit: ppb).

Figure 5b shows the ozone concentration of the first model
layer averaged over the daytime period (10:00 LT to 17:00 LT)
on 12-16 August 2001. The distribution pattern is similar to that
in Fig. 5a. Large ozone concentrations were found in and in the
vicinity of large cities such as Jinan, Wuhan and Guangzhou. El-
evated ozone also appeared in the southern portion of the Yangtze
Delta where an ozone maximum occurred on 16 August.

3.3. Comparison between simulation and observation

3.3.1. Meteorological fields. Synoptic conditions and mete-
orological fields play important roles in the evolution of tropo-
spheric ozone. Therefore, an evaluation of meteorological com-
ponents from the meteorological model (MMS5) is necessary.
Furthermore, such an evaluation will not only reveal the key fea-
tures of meteorology but will also provide insightful information
on ozone formation and transport for the specific episode.

Firstly, the modelled wind speed and temperature are com-
pared with hourly observations at Jinan, Hangzhou and Gu-
langyu, which were conducted at the same locations as species
observations (Fig. 6). The temperature at Gulangyu and wind

Tellus 57B (2005), 1



IMPACT OF BIOGENIC EMISSION ON REGIONAL OZONE 17

8
7
6 o
e o
Es by
2 5
17) o
93 g
8 15}
L) =
1
0
12/8 13/8 14/8 15/8 16/8
Date (site: Xiamen)
8
7
0 6 r —~
R S
EST bt
= 2
Saf £
2 b}
[=9
20
= =
2 b
1
0
12/8 13/8 14/8 15/8 16/8
Date (site: Xiamen)
8
7
6 —~
o S
Est 5
= =
Sat £
o S
@ | o
2’ 5
= 2 F =
1

12/8 13/8 14/8 15/8 16/8
Date (site: Gulangyu)

Fig 6. MMS predicted and observed wind speed and temperature for
the first model layer at (a) Jinan, (b) Hangzhou and (c) Gulangyu,
during the 5-d period. Open circles and black dots represent observed
wind speed and temperature, whereas solid and dashed curves
represent MM predicted wind speed and temperature, respectively.

speed at Hangzhou were measured every 6 h each day (at 02:00,
08:00, 14:00, 20:00 LT). A general consistency can be found
between simulated and observed variability of wind speed, al-
though relatively large differences exist in detail. These discrep-
ancies mainly result from the subscale fluctuations induced by
topography, land use and urban structures, which cannot be well
represented by a meteorological model with such a grid resolu-
tion. However, modelled wind speeds agree with observations
quite well at the Gulangyu site, implying more influence from
large-scale meteorology and a relatively homogeneous back-
ground around this site. The simulated and observed wind speeds
averaged over the 5-d period (from 00:00 LT on 12 August to
23:00 LT on 16 August 2001) are 1.9 and 1.4 m s~! for Jinan,
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2.5 and 1.5 m s~! for Hangzhou and 3.0 and 2.4 m s~! for the
Gulangyu site, respectively. This shows that MMS5 tends to over-
predict wind speed at all three sites. As for temperature, modelled
averages are 25.4, 27.6 and 28.8 °C for Jinan, Hangzhou and
Gulangyu, respectively, while corresponding observations are
27.2,26.5 and 28.7 °C. Compared with wind speed, MMS5 shows
a better performance on temperature and has the best perfor-
mance at Gulangyu for both wind speed and temperature.

To provide more information on synoptic conditions during
this period, meteorological fields at four representative big cities
in China (Beijing, Shanghai, Wuhan and Guangzhou) are pre-
sented in Table 2 and used for the evaluation of the performance
of MMS5 over a wider range of eastern China. Meteorological
fields including temperature, wind direction and speed, humid-
ity, precipitation, amount of cloud and weather description are
recorded every 6 hours per day (at 02:00, 08:00, 14:00 and 20:00
LT) at the above sites. It is impossible to present all the informa-
tion due to large data set, so here we chose meteorological fields
at 14:00 LT on 12-16 August 2001 to demonstrate the dominant
synoptic features and performance of MMS5 because the mete-
orological conditions at this time are crucial to ozone build-up,
accumulation and transport. On the other hand, as introduced
in Section 3.2, Wuhan and Guangzhou experienced high ozone
levels whereas Beijing and Shanghai showed lower ozone levels.
Although ozone observations are not available for these regions,
the synoptic conditions can provide an insight into daytime ozone
production during this period.

Some conclusions can be derived from Table 2:

(1) MMS has a good performance on temperature and rela-
tive humidity, except for Shanghai on 12 August when the tem-
perature was overpredicted and humidity was underpredicted.
Although the simulated temperature is somewhat lower than ob-
servation, there is little difference in absolute value on average.
Wind speed and direction appear to be predicted quite well with
the exception of Shanghai on 12 August and Wuhan on 13 Au-
gust. High wind speeds at Beijing and Shanghai and lower wind
speeds at Wuhan and Guangzhou are well predicted by MMS5.

(2) During this period, there was no or very little precipita-
tion over most of eastern China, both in observation and simula-
tion. Wuhan and Guangzhou experienced low wind speed, high
temperature and sufficient radiation which were favourable for
ozone production. In contrast, Beijing showed high wind speeds
and relatively moderate temperature that restrained ozone forma-
tion and accumulation. A similar situation occurred in Shang-
hai. In addition, easterlies from the East China Sea with low
ozone further diminished the effectiveness of ozone produc-
tion. Noticeably, the synoptic situations coincide with modelled
ozone patterns (Section 3.2) quite well over most areas of eastern
China.

(3) The simulated cloud fractions are generally smaller than
cloud amount observed (the number in the brackets in Table 2
represents the lower cloud amount). Several factors are probably
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Table 2. MMS5 modelled and observed meteorological fields and weather conditions at 14:00 LT from 12 to 16 August 2001 at four big cities in
China. WS is wind speed and WD wind direction. The unit of observed cloud amount is Oktas (from 0-8, see WMO code)

WS (ms™!) WD (°) Temp. (°C) RH (%) Rain (mm h~1) Cloud amount
Date Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. Weather
Beijing (39.93°N, 116.27°E)
12 Aug. 3 1.9 160 143.7 31.8 31.6 49 45.1 0 0 3(3) 0.1 F
13 Aug. 2 0.9 140 130.6 29.6 29.8 55 54.0 0 0 2(2) 0.1 F
14 Aug. 4 3.5 220 194.8 29.6 28.1 54 56.1 0 0 7 (0) 0.2 LC
15 Aug. 5 44 140 178.7 30.6 29.3 52 62.0 0 0 2(2) 0.2 F
16 Aug. 5 4.5 220 186.3 27.8 27.6 66 69.2 0 0 8 (8) 0.3 C
Shanghai (31.4°N, 121.46°E)
12 Aug. 3 3.2 340 214.7 25.8 29.6 81 61.2 1 0 7 (6) 0.3 C
13 Aug. 3 24 20 67.8 27.5 28.6 66 65.9 0 0 7(2) 0.3 LC
14 Aug. 3 2.9 90 72.2 28.5 28.6 66 58.1 0 0 3(2) 0.2 F
15 Aug. 3 4.2 70 115.3 29 29.1 70 63.9 0 0 6 (1) 0.3 F
16 Aug. 5 4.5 110 135.9 29.9 29.4 81 66.4 2 1 6(3) 0.3 F
‘Wuhan (30.93°N, 114.12°E)
12 Aug. 1 1.7 20 28.1 29 28.9 45 56.9 0 0 7(2) 0.3 LC
13 Aug. 1 0.8 290 119.7 31.9 29.4 42 55.5 0 0 3(3) 0.1 F
14 Aug. 2 2.3 160 115.5 31 30.6 56 54.2 0 0 7(0) 0.1 LC
15 Aug. 2 1.2 90 70 30.7 29.9 62 56.1 0 0 6 (6) 0.1 F
16 Aug. 1 0.5 140 90 31.5 32.6 57 54.7 0 0 6 (6) 0.1 F
Guangzhou (23.13°N, 113.31°E)
12 Aug. 3 2.8 90 178 32.7 324 58 55 0 0 7(7) 0.2 C
13 Aug. 1 0.5 270 243 33 31.1 56 54.3 0 0 6 (5) 0.2 F
14 Aug. 0 0.6 0 270 334 31 55 60.3 0 0 6 (6) 0.3 F
15 Aug. 2 0.3 340 225 33 30.5 61 49 0 0 7 (6) 0.5 C
16 Aug. 1 1.5 360 0 32.1 30.9 59 52.2 0 0 7(5) 0.5 C

responsible for these discrepancies. Firstly, cloudiness may be
less well reproduced by the model due to the inherent limitation
of current meteorological models in the prediction of cloud pro-
cesses, especially for subscale cumulus convection. Secondly,
the definitions of these two variables are somewhat different;
the modelled cloud fraction represents cloud percentage within
a specific model grid, whereas the amount of cloud represents
cloud percentage within the range of vision which may exceed
a certain grid area. Thirdly, the observed amount of cloud is of
limited accuracy owing to manual observation. Therefore, the
observed weather report is used as an additional indicator in the
evaluation of modelled cloudiness. In Table 2, C, LC and F rep-
resent cloudy, little cloud and fine weather respectively. It can
be found that simulated cloudiness is in a better agreement with
the weather report than with total cloud amount. Figure 7 shows
the predicted cloud fraction and observed weather condition and
total cloud amount at 14:00 LT on 14 August 2001. It indicates
that the dominant weather conditions during this period are rea-
sonably well predicted by the model.

3.3.2. Ozone and related trace gases (NO, and SO,). Before
model evaluation, it should be pointed out that ozone measure-
ments are still limited in China because ozone is not an item
requiring regular monitoring by SEPAC (the State Environmen-

tal Protection Administration of China) at present. Ozone mea-
surements in rural or remote areas are even scarcer. Currently,
ozone measurements are generally supported by local govern-
ments and are often conducted in or in the vicinity of urban areas.
In this study, three monitoring sites located in suburban areas of
Jinan, Hangzhou and Xiamen are available and used for model
comparison.

Jinan (117°02'E, 36°42'N), the capital of Shandong Province,
is located in the southern Huabei Plain, with the Yellow River
passing by its northern edge and mountains to the south. The
monitoring site is on the top of a five-floor building, about 20
m above ground. This site is about 3 km away from the urban
centre. Hangzhou (120°12'E, 30°18'N) is the capital of Zhejiang
Province, 210 km southwest of Shanghai. The monitoring site
is located in a suburban area which is about 4 km away from
the urban centre; the sampling height is about 10 m. Gulangyu
(118°06’E, 24°27'N) is a small scenic island with a population
of 20 000, which is about 6 km southwest of the urban centre
of Xiamen (a coastal city along the South China Sea). There are
no automobiles or industry on Gulangyu Island; bicycles and
electric cars provide the main transportation. The instruments
are placed on a small hill with a height of 40 m. This site reflects
a relatively clean background, influenced by both marine and
continental air masses.

Tellus 57B (2005), 1
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Fig 8. Model predicted and observed hourly O3 concentrations at (a) Jinan,

predicted daily maximum ozone at three sites, during the 5-d period.

Ozone concentration was measured by a UV photometry anal-
yser (model 49C of the Thermo Electron Corporation) at three
monitoring sites, following the standard procedure of measure-
ment implemented by SEPAC.

Figures 8a—c show the predicted and observed hourly ozone
concentrations at the three monitoring sites. The correlation co-
efficients for Jinan, Hangzhou and Gulangyu sites are 0.69, 0.75
and 0.60, respectively. Although a significant correlation be-
tween simulation and observation is obtained, systematic dis-
crepancies still exist. Table 3 presents the observed and modelled
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observed ozone (ppb)

(b) Hangzhou, (c) Gulangyu and (d) a scatter plot of observed and

ozone concentrations averaged over the 5 d (from 00:00 LT on
12 August to 23:00 LT on 16 August 2001) and over the daytime
period (10:00 LT to 17:00 LT) for the 5 d.

Table 3 shows that for the 5-d averages, the model tends
to underpredict the observed ozone by 24% and 20% at Jinan
and Hangzhou sites, respectively, and overpredict by 25% at
Gulangyu site. For the daytime averages, model performance is
better, with discrepancies within 20% at all sites.

Underprediction for high ozone observation and overpredic-
tion for low ones are common features of 3-D regional models
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Table 3. Simulated and observed average ozone concentrations (unit:
ppb) at three sites

5-d averaged Daytime averaged

Site Model Obs. Model/obs. Model Obs. Model/obs.
Jinan 39.2 51.6 0.76 67.2 79.7 0.84
Hangzhou 26.2 327 0.80 51.5 64.0 0.81
Gulangyu 18.5 13.8 1.34 28.5 242 1.18
Ave. over sites  28.0 327 0.86 49.1 559 0.88

(Brasseur et al., 1999). Underprediction often occurs near urban
sources, which is mainly attributed to the limitation of a regional
model in reproducing subscale urban plumes and incommensu-
rability in the comparison of point measurements with volume
averages by the model (Schere and Wayland, 1989; McKeenetal.,
1991; Roselle and Schere, 1995). Overprediction is found mostly
at remote locations, which is probably related to the low model
resolution and inherent overprediction of OH concentration by
regional scale models at lower NOy levels (Sillman et al., 1990;
McKeen et al., 1997). Nevertheless, other uncertainties in this
model simulation, such as boundary layer evolution and cloudi-
ness, magnitude and diurnal cycle of emission, as well as inherent
numerical diffusion related to the advection scheme, may also
contribute to the above discrepancies in ozone concentration.
Although some differences exist in absolute values, Figs 8a—c
show a general agreement between the observed and predicted

ozone tendency, indicating the model’s capacity to capture major
processes dominating ozone behaviour and to reproduce day-to-
day ozone variability associated with the evolution of synoptic
conditions. Ozone maxima are well reproduced by the model at
Jinan on 14 August, at Hangzhou on 16 August and at Gulangyu
on 12 August 2001, well consistent with the favourable synoptic
situations on those days. This also implies that ozone behaviour
is strongly influenced by the evolution of synoptic conditions
during this period.

Figure 8d shows a scatter plot of the predicted and observed
daily ozone maximum for all three monitoring sites during the 5-
d period. It indicates that the model is able to capture the general
features of diurnal ozone variations and there is no significant
bias between model prediction and observation.

Figure 9 shows the time-series of observed and predicted
hourly NO, and SO, concentrations at Jinan and Hangzhou
sites, which were measured with ozone simultaneously at the
same locations. NO, and SO, were measured respectively by a
chemiluminescence NO-NO,-NOy analyser (model 42C) and
a pulsed fluorescence SO, analyser (model 43C) of the Thermo
Electron Corporation. A general agreement can be found be-
tween the observed and simulated NO, trend. Diurnal variation
of NO, resulting from the cycle of boundary layer and chemistry
is well reflected in both observation and model simulation. It is
not surprising to see the larger differences in the early morn-
ing and late afternoon because the NO, emissions from trans-
portation are abruptly elevated around rush hour, whereas in the
model, NO, emission is treated constant and grid averaged, caus-
ing less variability in NO, concentration. SO, concentration is
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Fig 9. Model predicted (dashed) and observed (solid) hourly NO; and SO;concentrations at Jinan and Hangzhou during the 5-d period.
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Table 4. Simulated and observed average NO, and SO, concentrations (unit: ppb) at two sites

NO,

SO,

5-d averaged

Daytime averaged

5-d averaged Daytime averaged

Site Mod. Obs. Mod./obs. Mod. Obs. Mod./obs. Mod. Obs. Mod./obs. Mod. Obs. Mod./obs.
Jinan 14.9 229 0.65 12.6 18.9 0.67 17.5 12.2 1.43 19.1 14.9 1.28
Hangzhou 9.4 14 0.67 8.5 8.6 0.99 13.5 13.0 1.03 15.0 12.4 1.21
Ave. over sites 12.2 18.5 0.66 10.6 13.8 0.77 15.5 12.6 1.23 17.1 13.7 1.24

reproduced by the model fairly well in terms of day-to-day and
diurnal variability with the exception of 15 August at Jinan site
and 12 August at Hangzhou. Table 4 presents the observed and
modelled averages over the 5 d and the daytime period for the
5 d for NO, and SO, at Jinan and Hangzhou, corresponding to
Table 3. It shows that the model tends to generally underpredict
NO, observation up to 35% at the two sites, but model results for
NO; in the daytime appear to be better than that for the whole
day. SO, concentration averaged over 5 d is overpredicted by
30% at Jinan, and quite well simulated at Hangzhou. The above
discrepancies in primary pollutants are attributed to the effect of
subscale urban plume and uncertainties in the emission database
and predicted boundary layer variables.

Despite some discrepancies in model validation, they appear
to be reasonably within the expected uncertainty limits and of
an acceptable scope. Given a horizontal grid size of 30 km in a
regional model, the results appear to be satisfactory. In general,
meteorological fields modelled by MMS5 are reasonably good.
TCTM is able to represent most of the major features involved
in ozone evolution and reasonably reproduce day-to-day and di-
urnal variations of ozone and other related trace species. Given
such a validation result, we have more confidence in the reliabil-
ity of this model’s performance and subsequent model studies.

4. Impact of biogenic emissions on ozone
concentration

To investigate the impact of biogenic emission on regional ozone,
in addition to the base case mentioned above (with both anthro-
pogenic and biogenic emissions), two sensitivity model simula-
tions were performed with different emission data sets. The first
one (case 1) included only anthropogenic NO, and VOC emis-
sions; the second one (case 2) included anthropogenic NO, and
biogenic emissions with anthropogenic VOC emission elimi-
nated. The base case was used for reference. The meteorological
data and other model parameters were identical for the above
three simulations.

4.1. Sensitivity of ozone concentration
to biogenic emission

Figure 10a illustrates the differences (base case minus case 1)
in daytime (10:00-17:00 LT) averaged ozone concentrations for
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the lowest model layer from 12 to 16 August 2001. Remarkable
increases of ozone are predicted over wide areas of eastern China
when biogenic emissions are taken into account. Large increases
are found to occur in the middle reaches of the Yangtze River,
the Pearl River Delta, the southern portion of the Yangtze Delta
and northeastern parts of China. The ozone increment in all the
above areas exceeds 20 ppb, with a maximum up to 30 ppb
appearing to the northwest of Wuhan (capital of Hubei Province,
in the middle reaches of the Yangtze River) and in portions of
northeast China. These areas are characterized by high coverage
of forest, influence by human activities, as well as favourable
meteorological conditions. It is noticeable that ozone shows little
change over large rural areas of southern China even though
large amounts of biogenic emissions exist there, implying less
VOC sensitivity in those areas.

A small ozone response to biogenic emissions also occurs
in the northern Huabei Plain (including Beijing and Tianjing),
Shanghai and small portions of southern China, due to the rela-
tively small amount of biogenic emission or unfavourable meteo-
rological conditions discussed above. Over very clean vegetated
areas, ozone shows a little decrease, as a result of its interaction
with vegetative hydrocarbons.

The peroxyacetyl nitrate (PAN) concentration shows an evi-
dent increase as well (not illustrated), with average increase of
1.5 ppb for the daytime period of 5 d, and the areas of PAN
increase closely correspond to those of ozone. A significant in-
crease in PAN implies the potential influence of biogenic sources
on atmospheric composition on a larger scale through the trans-
port of precursor storage.

The enhancement of ozone is mainly attributed to the evident
increase in the HO, radicals (OH 4+ HO; + RO,, RO, being the
peroxyalkyl radical) by biogenic emission, which leads to higher
activity of the photochemical system. Figure 10b presents the per
cent increase from case 1 (defined as (Cpase — Cease1)/Cease1) 1
daytime HO, concentration averaged over the 5-d period. HOy
is increased by a factor of 1 to 8 in most vegetated areas. The
largest increase up to a factor of 8 appears in portions of northeast
China, the middle reaches of the Yangtze River and the southern
portion of the Yangtze Delta, in accordance with the regions
seeing largest ozone enhancement.

Elevated ozone in biogenic source regions can be transported
over a long distance, leading to an increase of ozone levels
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downwind. Figure 10a shows that in some portions of mid-
China (33°N-36°N, 112°E-116°E) where biogenic emissions
are scarce (shown in Fig. 3), daytime average ozone enhance-
ment reaches as much as 5—-10 ppb due to the transport of elevated
ozone from southeastern regions where large ozone increases due
to biogenic emission are found. Figure 10c shows the ozone in-
crease and wind vector at 12:00 LT on 14 August 2001; ozone
transport from biogenic source regions to downwind areas can
be found.

Figure 10d shows the per cent decrease from the base case (de-
fined as (Chase — Cease2)/ Chase) in daytime average ozone concen-
tration when only anthropogenic NO and biogenic emissions are
taken into account. In most rural areas of southern China, ozone
levels experience little change with per cent decrease <10%. An
apparent decrease of 40-70% is found in most urban and indus-
trial regions of northern China, the Pearl River Delta, the middle
reaches of the Yangtze River and the Yangtze Delta. However,
in wide transitional regions between urban and rural areas, the
per cent ozone reduction is only 10-30%, implying that bio-
genic emission may build up considerable ozone levels itself in
polluted areas.

Among the three categories of biogenic emission, isoprene is
found to be the most important species contributing to ozone

case 2. Values are for the first model layer.

formation due to its large percentage of total biogenic emissions
and high chemical reactivity.

4.2. Relationship between ozone and precursors

Ozone formation is well known to be nonlinear and controlled
by precursors, i.e. NOy and VOC (Liu et al., 1987). Such a
relationship was revealed in previous studies (Sillman et al.,
1990; Sillman, 1995), that is, ozone increases with increasing
NOy and is nearly insensitive to hydrocarbons for low-NOy
regimes (NOy limited), whereas ozone decreases with increasing
NOy and increases with increasing hydrocarbon for high-NOy
regimes (VOC limited). There exists a ‘turnover’ value or span
in NO, concentration, which separates low-NO, and high-NO,
regimes and exhibits a peak of ozone formation (Roselle and
Schere, 1995). The ‘turnover’ depends on a series of factors
including emissions, chemical activity, as well as meteorologi-
cal conditions, and varies spatially and temporally (Vogel et al.,
1999).

Figure 11 presents a scatter plot of O3 versus NO, and NO,
concentrations for the first model layer at 14:00 LT on 14 August,
for the base case and case 1. In total, 2488 grid points are selected,
eliminating grid points with ozone value below 40 ppb which are
less representative of typical photochemistry.

Tellus 57B (2005), 1
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For the base case (Figs 11c and d), a relationship can be dis-
tinguished clearly, i.e. ozone increases as NOy increases up to
4.9 ppb and then decreases as NO, goes on increasing. For NOy,
a ‘turnover’ value is around 18.7 ppb. This relationship is similar
to the results of previous studies in which the ‘turnover’ values
around 5 ppb for NO, and 20 ppb for NO, were found over the
United States during the summer (McKeen et al., 1991; Sillman
et al., 1990; Roselle and Schere, 1995). Noticeably, ‘turnover’
values are apparently enhanced by biogenic emissions, from 3.6
ppb and 14.4 ppb (case 1) to 4.9 ppb and 18.7 ppb (base case)
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for NO, and NOy, respectively. The ozone maximum rises from
116 ppb for case 1 to 137 ppb for the base case as well.

Figure 12 shows a corresponding picture of NOy concentra-
tion for case 1 and the difference in ozone concentration (base
case minus case 1) at 14:00 LT on 14 August 2001. Interestingly,
ozone increase is mainly confined to the areas where NOy con-
centration is around or more than 3.6 ppb, related to high NO,
emission (in or in the vicinity of big cities and industrial bases),
whereas less ozone response is found in broad rural areas of
southern China with relatively low NOy levels (<3.6 ppb).
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This aspect is well consistent with the relationship discussed in
Fig. 11. Ozone in some areas does not follow this rule, probably
due to the influence of transport processes, small biogenic emis-
sions and inactive photochemistry associated with unfavourable
meteorological conditions.

5. Sensitivity of ozone to reduction in
anthropogenic NO, and VOC emissions

Whether ozone is sensitive to the reduction of NO, or VOC
emissions is an important issue for emission abatement strate-
gies. However, ozone abatement becomes a complicated inter-
twining of meteorology, chemistry and biology (Brasseur et al.,
1999). Figure 12 gives a preliminary image of VOC-sensitive ar-
eas over eastern China. In this section, more model simulations
are conducted to further identify the NOy-limited and VOC-
limited regimes over eastern China, and to investigate how and
to what extent biogenic emission affects the response of ozone
to emission reduction scenarios.

To attain this goal, a series of simulations are carried out
with operational emission schemes: 50% reduction in each an-
thropogenic NO, or VOC emission, respectively, both with and
without biogenic emissions. Results are presented in terms of
daytime (10:00-17:00 LT) averaged ozone concentrations of the

"BHG8E 1 TOE 172E 1AL T1BE 110 1308 122E 124E 128E

Fig 13. Predicted (a) ozone decrease from
base case with 50% reduction in NO
emission, (b) ozone decrease from base case
with 50% reduction in VOC emission, (c)
ozone decrease from 50% reduction in VOC
emission minus that from 50% reduction in
NOy emission. The base case includes both
anthropogenic (NOy, VOC) and biogenic
emissions.

first model layer for the 5-d period of 12-16 August 2001. The
meteorological, initial and boundary conditions are identical for
these simulations.

The sensitivity simulations with biogenic emissions are shown
in Fig. 13. Figures 13a and b show the ozone decrease from the
base case (Fig. 5b) with 50% reduction in either anthropogenic
NO, or VOC emissions. Figure 13a clearly shows that with 50%
reduction in NOy emission, ozone is decreased by 10-25 ppb
over most of model domains except for a few regions which are
characterized by urban or industry with large NO, emissions,
such as the Yangtze Delta, portions of the Pearl River Delta,
the Greater Beijing district, portions of northeast China and the
middle reaches of the Yangtze River. On the contrary, these areas
experience an ozone increase of 5-20 ppb.

Figure 13b shows that a 50% reduction in VOC emission leads
to evident ozone decrease of 10-25 ppb over large northern parts
of eastern China, portions of the middle reaches of the Yangtze
River, the Yangtze Delta and the Pear] River Delta. A large ozone
decrease exceeding 15 ppb is found within or in the vicinity of
urban and industrial areas mentioned above. Most of the rural
areas in southern China where large biogenic emission exists
show little or no change in ozone concentration.

Figure 13c illustrates the differences in ozone decrease due to
50% reduction of VOC emission minus that due to 50% reduction

Tellus 57B (2005), 1
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Fig 14. Predicted (a) ozone decrease from
case 1 with 50% reduction in NOy emission,
(b) ozone decrease from case 1 with 50%
reduction in VOC emission, (c) ozone
decrease from 50% reduction in VOC
emission minus that from 50% reduction in
NOy emission, without taking biogenic
emission into account. Case 1 includes only
anthropogenic NOy and VOC emissions.

of NO, emission, showing a clear image of NO,- and VOC-
limited regimes over eastern China in the presence of biogenic
emissions.

It is found that ozone experiences more decrease from a 50%
reduction of NO, emission than that from a 50% reduction of
VOC emission in most of the rural areas of middle and southern
China and portions of northeast China, indicating that NOy lim-
itation generally applies in those regions. Large northern parts
of eastern China (north of 30°N) where clusters of cities mixed
with industrial bases are located are clearly VOC limited, gen-
erally consistent with the spatial distribution of anthropogenic
emissions (Fig. 2a).

There exist some transitional regions between cities and rural
areas where ozone response is nearly equivalent to reductions
in both NO, and VOC emission, including the areas lying be-
tween 30°N and 35°N in mid-China, portions of northeastern
China and the Pearl River Delta, as well as the western portion
of the Yangtze Delta. Figure 13 also shows that VOC-limited
regimes can be comparable with NO,-limited ones over eastern
China, implying the influence of increasing NO, emissions and
the decrease of rural areas in northern China in recent years.

Figure 14 presents the corresponding simulations without con-
sidering biogenic emissions. Figure 14a shows that although the
pattern is similar to that of Fig. 13a, the magnitude and extent
of ozone decrease becomes smaller, from a maximum of 25 ppb
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in Fig. 13a to 10 ppb in Fig. 14a over most of the rural areas.
Comparison of Figs 13b and 14b shows VOC-limited areas are
apparently reduced in Fig. 13a. Figure 14c presents the differ-
ences of ozone decrease from 50% reduction of VOC emission
minus that from 50% reduction of NO, emission, showing the
image of NO- and VOC-limited regimes over eastern China with
only anthropogenic emissions taken into account. NOy-limited
regimes are mostly confined to rural areas of southern China,
whereas VOC limitation applies over broad areas of northern
parts of China. Very VOC-limited regimes are the northern por-
tion of the Yangtze Delta, the Pearl River Delta, a portion of
the middle reaches of the Yangtze River and the Greater Beijing
district where large cities are located. Figure 14c may also pro-
vide an implication of sensitivity of ozone to emission changes
at times when biogenic emission is not so active (late autumn,
winter, early spring).

From the comparison of Figs 13c and 14c we find that NO,-
limited areas are apparently enlarged when biogenic emission is
taken into account (Fig. 13c), with the northern edge extending
far northward, reaching 32°N in general, and former NOy-limited
areas in southern China becoming more NOy dependent, with
ozone decrease varying from 5-10 ppb to 5-20 ppb. Apparent
changes occur in the middle reaches of the Yangtze River (in the
vicinity of Wuhan), the southern portion of the Yangtze Delta
and portions of northeast China where a former VOC-limited
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regime completely changes its attribution to NO, limitation, due
to the large biogenic emission released from forest in those areas.
On the contrary, VOC-limited areas are apparently decreased,
receding northward. Even in those urban areas, the VOC-limited
condition is somewhat mitigated and some of the suburban areas
become transitional or NO, limited. These results are consistent
with that of Pierce et al. (1998) in which a tendency to shift from
VOC to NO, limitation appears due to biogenic emission over
eastern America in summer.

This study reveals the fact that there exist quite different emis-
sion reduction scenarios with and without including biogenic
emission over eastern China, suggesting a potential larger impact
of NO, emission in the presence of biogenic emissions. Consid-
ering the current expansion of the economy and number of motor
vehicles in China, NO, and VOC emissions will both increase
in the future, which may enhance the levels of ozone and related
oxidants both in rural areas of southern China and most parts of
northern China. This trend will consequently aggravate photo-
chemical pollution in China which will have adverse effects on
the ecosystem and agriculture, as well on air quality. Therefore,
emission control strategies must be reasonably and effectively
designed by taking into account not only anthropogenic but also
biogenic emissions.

Although this work focuses on a particular episode, it is
conceivable that the impact of biogenic emissions will be felt
whenever favourable meteorological conditions occur during the
growing season (spring, summer and early autumn). Therefore,
biogenic emissions are expected to have a long-term influence
on regional chemical systems and emission control strategies.

6. Conclusions and discussions

A tropospheric chemistry and transport model (TCTM) driven
by MMS5 was utilized to investigate ozone behaviour and the
impact of biogenic emission over eastern China during a typical
episode in August 2001. Elevated ozone was found over large ar-
eas of eastern China, extending from the southern Huabei Plain,
through the middle reaches of the Yangtze River, the southern
portion of the Yangtze Delta to the Pearl River Delta, coinciding
with major economically developing regions. Model predictions
show a generally good agreement with observations both in me-
teorological fields and ozone concentration, indicating a good
capacity of this model system to reproduce major processes of
ozone evolution.

The role of biogenic emission in photochemistry has been
investigated through sensitivity model simulations, showing a
significant contribution to ozone increase in the daytime. The
ozone response to biogenic emission varies spatially, with more
sensitivity in high-NO, areas and less sensitivity in relatively
low-NOy areas. Biogenic emission may enhance ozone levels
downwind through transport processes, suggesting its potential
influence on a larger spatial scale.

Sensitivity of ozone to the reduction of NO, and VOC emis-
sions has been identified through a series of model simula-
tions. Generally, NO, limitation applies over broad rural areas of
southern China, portions of middle China and northeast China,
whereas VOC limitation applies over most of northern China.
Extreme VOC-limited regimes coincide closely with intense hu-
man activities, such as the Greater Beijing district, the northern
portion of the Yangtze Delta and the Pearl River Delta.

A general tendency towards more NO, limitation and less
VOC limitation is found when taking biogenic emissions into
account. The region with NOy-limited conditions is apparently
enlarged and intensified by biogenic emission over most of east-
ern China. Some regions completely shift to NO, limitation from
VOC limitation, such as the southern portion of the Yangtze
Delta, portions of the middle reaches of the Yangtze River and
northeast China. This study indicates the potential importance
and influence of biogenic emission on photochemistry, ozone
and oxidants, as well as emission control strategies over eastern
China in the growing season.
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