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Abstract. The MIRAGE-Shanghai experiment was designed tinuous enhancement of ozone concentrations in the down-
to characterize the factors controlling regional air pollution wind of the megacity of Shanghai, resulting in a significant
near a Chinese megacity (Shanghai) and was conducted duenhancement of ozone concentrations in a very large regional
ing September 2009. This paper provides information onarea in the surrounding region of Shanghai. The sensitivity
the measurements conducted for this study. In order to havetudy of the model suggests that there is a threshold value for
some deep analysis of the measurements, a regional chemswitching from VOC-limited condition to NQ(nitric oxide
ical/dynamical model (version 3 of Weather Research andand nitrogen dioxide)-limited condition. The threshold value
Forecasting Chemical model — WRF-Chemv3) is appliedis strongly dependent on the emission ratio of M@OCs.

for this study. The model results are intensively comparedWhen the ratio is about 0.4, the Shanghai region is under
with the measurements to evaluate the model capability fora strong VOC-limited condition over the regional scale. In
calculating air pollutants in the Shanghai region, especiallycontrast, when the ratio is reduced to about 0.1, the Shang-
the chemical species related to ozone formation. The resulthai region is under a strong N&imited condition. The es-
show that the model is able to calculate the general distimated threshold value (on the regional scale) for switching
tributions (the level and the variability) of air pollutants in from VOC-limited to NG-limited condition ranges from 0.1
the Shanghai region, and the differences between the modeb 0.2. This result has important implications for ozone pro-
calculation and the measurement are mostly smaller thamluction in this region and will facilitate the development of
30 %, except the calculations of HONO (nitrous acid) at PD effective G control strategies in the Shanghai region.
(Pudong) and CO (carbon monoxide) at DT (Dongtan).

The main scientific focus is the study of ozone chemical
formation not only in the urban area, but also on a regional
scale of the surrounding area of Shanghai. The results sho# Introduction
that during the experiment period, the ozone photochemi-
cal formation was strongly under the VOC (volatile organic Shanghai is the largest city in China. During the past two
compound)-limited condition in the urban area of Shanghai.decades, Shanghai has undergone a rapid increase in eco-
Moreover, the VOC-limited condition occurred not only in Nomic development. For example, between 1996 and 2008

the city, but also in the larger regional area. There was a conthe industrial gross output increased from 0.51 to 2.56 tril-
lion RMB (about 0.37 trillion USD), and the number of
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automobiles increased from 0.47 to 2.61 million (SMSB, et al., 2009b) suggested that ozone tends to be continuously
2008). Accompanying the rapid economic development, theproduced in the city plumes in the downwind region of Mex-
air quality has deteriorated in recent years, leading to a sigico City. Zaveri et al. (2003) found, in the 1999 Southern
nificant increase in the concentrations of air pollutants suchOxidant Study field campaign in Nashville, Tennessee, that
as NQ, and 3 in Shanghai (Geng et al., 2007, 2008). Thus, the downwind @ concentrations in the Nashville plume are
a better understanding of the characteristics of precursors ahore sensitive to NQemissions than anthropogenic VOC
O3 becomes an important issue for studying ozone formatioremissions. In contrast, the study of Kleinman et al. (2003)
and for developing effective £control strategies in Shang- suggested that ©production is VOC-limited in the high-
hai. NOy portions of the Philadelphia urban plume. Thielmann
Several studies regarding the air pollution in the Shanghakt al. (2002) suggested that in the rural area of Milan, Italy,
region have been described (Jiang et al., 2004; Zhao et algzone production per NOconsumed is less efficient when
2004; Yang et al., 2005; Geng et al., 2007, 2011; Tang et al.the advected air masses originated from Milan. However,
2008; Tie et al., 2009a; Cai et al., 2010). Jiang et al. (2004here is a lack of intensive studies for the ozone formation
studied the air pollution index (API) for P\, SO, and  at both urban and regional scales of the area surrounding
NO,. Zhao et al. (2004) studied the results obtained fromShanghai, which will be the scientific focus in this study.
the CHINA-MAP project, and suggested that small-scale dy- The data used in this study are from a field experi-
namical processes have important influences on the distriment conducted in September 2009. The field experiment
bution of G; concentrations in this region. Yang et al. (2005) called MIRAGE-Shanghai (Megacities Impact on Regional
measured black and organic carbons in Shanghai. They foundnd Global Environment — Shanghai case study) was jointly
that the concentrations of organic carbons were normallyorganized by the Shanghai Meteorological Bureau (SMB)
about two times higher than the concentrations of black carand the Atmospheric Chemistry Division (ACD) of the
bon. Geng et al. (2007) suggested thgtdBemical produc- National Center for Atmospheric Research (NCAR), with
tion is limited by the concentrations of volatile organic com- several university and research institute participants. The
pounds (VOCSs) in the city of Shanghai. Among the different goal of MIRAGE-Shanghai was to characterize the chem-
VOC species, aromatics and alkenes play important roles forcal/physical transformations associated with regional air
the formation of ozone. Tang et al. (2008) studied the “week-quality. The campaign integrated observations from 7 ground
end” effect. Their study suggested that the reduction of NO stations, with 3 enhanced ground stations in different parts of
during weekend produces an increase in ozone concentrdhe center of city as well as the rural area of the Shanghai re-
tions. Tie et al. (2009a) used a regional chemical/transporgion.
model (WRF-Chem) to study the variability of air pollutants ~ Another important goal of the experiment is to compare
in the Shanghai region, and found that meteorological conthe observational results with model calculations. The re-
ditions play important roles in controlling the variability of gional chemical/dynamical model used in this study is the
air pollutants in the Shanghai region. Cai et al. (2010) usedstate-of-the-art model WRF-Chem. We describe an evalua-
a receptor model (PCA/APCS; Principal Component Analy-tion of the model performance using measurements from the
sis/Absolute Principal Component Scores) to identify the in-field experiment. The model is then used to study the char-
dividual contributions of different VOC sources to VOC con- acteristics of air pollutants in the urban area and regional ex-
centrations. Their result suggested that liquefied petroleumports of air pollution from the urban center to the regional
gasoline, and solvent usages had important contributions tgcale to study regional ozone formation in Shanghai and the
the VOC concentrations in the Shanghai region. Geng esurrounding area.
al. (2011) studied the effect of major forests in the south The paper is organized as follows: in Sect. 2, we will de-
of Shanghai on ozone formation. Their result suggested thascribe the field experiment as well as the regional chemi-
there is a large amount of isoprene that is emitted fromcal/dynamical model (WRF-Chem). In Sect. 3, the simulated
forests. As a result, the carbonyls that are formed from thechemical species will be compared to the field measurement,
process of oxidation of isoprene can be transported to theo as to evaluate the performance of the model. Section 4
Shanghai region, and the further oxidation of the carbonylspresents model-based estimates gféolution in the city
leads to the chemical formation of ozone in Shanghai, enplumes and the regional ozone production in the surrounding
hancing the ozone concentration by about 20 %. These prearea of Shanghai.
vious studies provide very useful information regarding the
air pollution situations, especially ozone chemical formation
in the Shanghai region. However, there is a lack of a compre2  Experiment and chemical model
hensive study, in which more chemical species are integrated
together in order to get more comprehensive insights of the2.1 The measurement information
physical and chemical processes of the air pollutants in re-
gion. In addition, the ozone formation on a regional scaleA comprehensive field experiment (MIRAGE-Shanghai;
needs to be studied. Several studies (Apel et al., 2010; Tidegacities Impact on Regional and Global Environment at
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Table 1.List of institutions and instruments deployed at the PD and DT sites.

PD site

Shanghai Meteorological Bureau (SMB)

O3, CO, NO, NQ, SO,

BC, PM(, PMz 5, PMyo,

Meteorological data (MET), including winds, temperature, pressure,
RH J[NOy], lidar

Atmospheric Chemistry Division (ACD), NCAR

O3, NO, NO, NOy

Light NMHCs (online)

NHMCs, including OVOCs (online)

Analysis of biogenic VOCs sampled in southern forest

University of Texas A&M

HNO3, HONO

DT site

Shanghai Meteorological Bureau (SMB)

O3, CO, NO, NQ,

BC, PM, PMy 5, PM1q,

Meteorological data (MET), including winds, temperature, pressure,
RH JINOo]

Atmospheric Chemistry Division (ACD), NCAR

NHMCs (cartridges)

Shanghai) was conducted from 1 to 21 September 2009. Pacity. The distances from the center of Shanghai to PD and
ticipants in the experiment included Shanghai Meteorolog-DT are 7.1km and 54.8 km, respectively. These 2 sites pro-
ical Bureau (SMB), National Center for Atmospheric Re- vide useful information for comparing the characterization
search (NCAR), Fudan University, Texas A&M University, of air pollutants in an urban area to the situation in a re-
Peking University, and the Institute of Earth and Environ- mote area. The detailed information of the measured chemi-
ment (IEE) of Chinese Academy of Science (CAS). In addi- cal species is listed in Table 1. The instruments used in this
tion to the intensive measurements of the experiment, routinstudy have been used widely in various field experiments
measurements of air pollutants and meteorological paramand carefully calibrated. The detailed information regarding
eters in Shanghai were conducted since 2005 at 6 surfaciese instruments has been described previously (Geng et al.,
sites operated by Shanghai Meteorological Bureau (SMB)2007, 2008; Guenther et al., 2006; Zheng et al., 2008; Apel et
and were made available for this study. The routine mea-al., 2010; Molina et al., 2010). Figure 1 shows the measure-
surements include CO, NO, NOSQ,, Os, black carbon  ment sites and the corresponding emission distributions of
(BC), particulate matter (Pt and PMy), and solar radia- CO, NG, and VOCs in the region. The detailed locations of
tion. The meteorological parameters include wind speed andhe 3 super sites are indicated by large circles (red for PD and
direction, air temperature, humidity, and air pressure. In ad-DT), and routine sites are indicated by the small red circles.
dition to the routine measurements at the 6 stations, 3 super
sites were established with additional instruments for mea2.2 The WRF-Chem model
suring air pollutants, including N HONO, HNG;, and a
more complete suite of VOC, as well as aerosol composi-The calculations presented in this study are performed us-
tion and size distribution. Moreover, isoprene concentrationdng the WRF-Chem model (version 3) (Weather Research
were measured in the major forest region located south ofind Forecasting with Chemistry). This modeling system in-
Shanghai. The data from 2 super sites, including a site locludes two components: a dynamical module and a chemi-
cated at the urban center of Pudong (PD) and a remote siteal module. WRF, used here as the dynamical module, is a
located at the east edge of the city along the coast of thenesoscale numerical weather prediction system designed to
East Sea in Dongtan (DT), are analyzed. The center point oerve both for operational forecasting and atmospheric re-
Shanghai is at 31.284N/121.472 E. The PD and DT sites search needs. The effort to develop WRF has been a part-
are at 31.219N/121.550 E and 31.469N/121.939 E, re- nership between the National Center for Atmospheric Re-
spectively. The DT station is located in a wetland area atsearch (NCAR), the National Oceanic and Atmospheric Ad-
the coast of Shanghai, which is relatively remote from theministration (NOAA), the National Center for Environmental
Prediction (NCEP), the Forecast Systems Laboratory (FSL),
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Fig. 1. The measurement sites (top panel) and the corresponding emission distribution of CO (bottom panel) in the Shanghai region. The
small red points indicate the routine measurement sites operated by SMB, and the large red points show the 3 super sites during the fielc
experiment.

the Air Force Weather Agency (AFWA), the Naval Researchditions in the Shanghai region (Tie et al., 2009b). In the cur-
Laboratory, the University of Oklahoma, and the Federalrent WRF-Chem model, we use the FTUV (fast TUV) mode
Aviation Administration (FAA). The model equations are for the photolysis calculation. The FTUV mode includes the
solved for fully compressible and nonhydrostatic conditions.impact of aerosols on ozone chemistry (Tie et al., 2005).
A detailed description can be found on the WRF websiteDue to high aerosol concentrations in China, the impact of
http://mwww.wrf-model.org/index.phgdn addition to dynam-  aerosols on the photolysis and ozone chemistry is a very in-
ical calculations, a chemical module is coupled online with teresting topic. However, this will be a very complex process;
the WRF model. A detailed description of the chemical com-a comprehensive analysis should be individually performed.
ponent of the model is given by Grell et al. (2005). The We are planning another separate paper to address this issue.
ozone formation chemistry is represented in the model by For this study, the selected horizontal model resolution is
the RADM2 (Regional Acid Deposition Model, version 2) 6 km in a 900 kmx 900 km domain centered around Shang-
gas-phase chemical mechanism (Chang et al., 1989), whichai. An example of the horizontal distributions of CO, O
includes 158 reactions among 36 species. The model is useahd VOC emissions is shown in Fig. 1. The emission was ini-
here with some modifications introduced by Tie et al. (2007, tially based upon the work of Streets et al. (2003), especially
2010). The model was applied to study the regional distribu-the spatial distributions. However, several previous works
tions of O3 concentrations in the Shanghai region. The modelhave made some improvements for the emission data. For ex-
result was evaluated by comparing the calculated concentraample, Tie et al. (2009a) and Geng et al. (2008, 2009) used
tions with the measured abundances, and the model evaludhe WRF-Chem model to compare extensively with the mea-
tion suggested that the model is able to predict the large varisurements and to improve the emission inventory. The high
ability of ozone concentrations under different weather con-resolution (1 kmx 1 km) urban surface data (photographed
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Fig. 2. Measured temporal variations of wind speed {m)s wind direction (degree), and photolysis ratdNO5]) (left panels) at DT site
(the red dots in this panel indicate the amount of precipitation). The right panels show the corresponding measured temporal variations CO,
PM, 5, and G concentrations at PD (black dots) and at DT (red dots).

by airplane) is also applied to improve the horizontal emis-winds (occurring about 62 %). As indicated in Fig. 1, the pre-

sion distribution. We should note that this high-resolution vailing wind transported the less polluted marine air from the

emission is only limited in the city of Shanghai (from 22 Pacific Ocean. However, the wind was from the north of the

to 122 E inlongitude, and 305N to 31.5 N in latitude). As  city for about 10 % of the time. Because there is a heavy in-
a result, the emission inventory has been improved and cadustrial complex located in the north of the PD site, the north

be represented for the current emission inventories in Shangwind could produce high pollution events at the measurement
hai. The total emission of CO, NQand VOCs is listed in  site. The detailed effects of the wind direction are analyzed
Table 1 of Tie et al. (2009a). in the following sections.

In addition to the anthropogenic emissions, the biogenic Figure 2 shows the temporal variations of wind speed
emissions from vegetation are calculated in this model. Thegms™1), wind direction (degree), and photolysis rate
calculation of biogenic emission is particularly important, (J[NO2]), as well as the corresponding CO, Pl and Q3
because this study focuses on the interaction between argoncentrations. It shows that the wind speed had a strong di-
thropogenic and biogenic emissions. Biogenic emissions irurnal variability, with higher wind speeds during the daytime,
the model are generated by a biogenic emission modul@and lower speeds during the nighttime. The range of wind
(MEGAN — Model of Emissions of Gases and Aerosols from speeds was from near-zero to 5mswith a mean speed
Nature) developed by Guenther et al. (2006). The biogeniof about 2ms?, indicating that the winds were not strong
VOC emission distribution can be seen in a separate papeduring the experiment period. The wind directions showed a
(in this special issue), i.e., Fig. 1 of Geng et al. (2011). high variability. The dominant wind direction was east wind

(about 90 degree). However, during several periods, the wind
directions switched from east to north winds. There were 3

3 Result and analysis major north wind periods (defined by the north winds oc-
) N curring more than 2 days), occurring on 1-2, 8-10, and 12—
3.1 The background meteorological conditions 13 September, respectively. There were also 2 minor north

. ) L ) ) wind periods (defined by the north winds occurring on only
The analysis of wind direction during the period from 30 Au- 4 day) that happened on 6 and 19 September, respectively.

gust to 23 September 2009 shows that the prevailing windsq,o corresponding CO and PMtemporal variation showed
during the experiment period were east and east—north-east i
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a strong correlation with the wind direction. For example, 1.27

during the major north wind period of 12—13 September, the 0 %

CO and PM s concentrations increased rapidly, reaching to ’g 0.8 . 2
06 ' 1

1.5ppm and 130 ugn? at the PD site, compared with the £ ' . ‘2.
concentrations of 0.4-0.5 ppm and 30-50 pgrduring the 8 04 £ $1 041 g
east wind period, suggesting that the wind direction had a Ty R y 02" o
significant impact on the air pollutants, especially the pri- 0.0:
mary air pollutants that are directly emitted from the surface.
In the following sections, we define the three major north
wind periods as the “north wind period”, and the east wind
period as the “east wind period”.

Some important characterizations are also shown in thed
measurements in Fig. 2. First, during the “north wind pe-
riod”, the high aerosol loadings had an impact on the pho-
tolysis rate of J/[NO2]. For instance, the photolysis rate
on 13 September was significantly lower than the rate on
14 September. During both days, there was a clear sky con-
dition without precipitation, suggesting that the UV radia-
tion was reduced by heavy aerosol conditions. Second, theé’ 50
differences of CO, PMs and G between the urban (PD) &
and remote (DT) sites were not the same. For longer lifetime o
species (CO), the concentrations were not very different be- ~ 8/31 /4 90 O/14.0/10 O/24 B/31 O/4 O/ O/14 9/10 0/24
tween PD and DT during the “clean period”. This result sug- Date Date

gests that there was a background CO concentration (abOL'J_lg 3. The measured and calculated CO angh@riability at PD
400 ppbv), which was regionally transported from surround- (left panels) and DT sites (right panels). The measured results are

ing areas. In contrast, for shorter lifetime species {BM  represented by the orange dots and calculated resuits by the black
the concentrations were very different between PD and DTqots, respectively.

The concentrations of PM were significantly higher in the
urban site (PD) than in the remote site (DT), suggesting that
the local emissions of Pi dominated impacts on the R

(ppb)

pollution in the urban areas of Shanghai. the “north wind period”, the model calculation of CO was
similar to the measured results, suggesting that the small-
3.2 Model evaluation scale transport from the urban area to the remote region can

be simulated by the model.
The model performance for calculating the variability of air ~ The calculated @concentrations were very similar to the
pollutants is evaluated at 2 measurement sites (PD and DT)neasured values at both the PD and DT sites. The calculated
The differences between urban (PD) and rural areas (DT) foand measured $concentrations showed a larger variabil-
the characteristics of air pollutants and ozone chemical fority at PD compared with the variability at DT. Unlike the
mation are analyzed from the results at the 2 sites. Figure 8alculated CO at DT, the calculated ©oncentrations were
shows the measured and calculated concentrations of gO, Cconsistent with the measured value and variability. For ex-
and PM s at PD and DT, respectively. At the PD site, the ample, the @ peak on 21 September was similar for both
calculated CO concentrations were generally consistent withhe measured and calculated results, indicating that the cal-
the measured results, except that the small-scale variabilitgulated photochemistry and long-range transport ofr@s
cannot be simulated due to the relatively coarse resolutiomeasonable compared with the measured results.
(6 km) of the model. However, at the DT site, the calculated The calculated PMs concentrations were generally in
CO concentrations consistently underestimated the measuregbod agreement with the measured concentrations. The cal-
values during east wind periods (“clean period”). The un-culated temporal variability was larger, which was consis-
derestimation of the CO concentrations at this remote sitdent with the measured variability. For example, during the
during east wind period suggested that the calculated long“polluted period” (12—13 September), both the measured and
range transport of CO was underestimated. During the nortltalculated PM s concentrations rapidly increased. However,
wind periods (“polluted period”), the calculated CO concen- there was an indication that the calculated 22Moncentra-
trations were elevated, indicating that the CO pollution wastions were underestimated during the “clean period”.
transported from polluted sources in Shanghai. Because there Figure 4 shows the measured and calculated temporal vari-
were no local CO sources at DT, the regional transport musations for the nitrogen family (including NG=NO + NOy,
have an important role in controlling CO concentration. In HNO3z, HONO, and NQ (sum of the total nitrogen species))
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Fig. 4. The measured (orange dots) and calculated (black dots) tem'-:'g' 5.Th§ mgasured (orange dots) gnd calculated (black dots) tem-
poral variability of VOC concentrations as alkanes, alkenes, aro-

E?La|ljvset12§:rl1“ty of NG, NOx, HNO3, and HONO concentrations matics, and OVOCs at the PD site.

relative humidity has an important impact on the formation
at the urban site (PD). Some of the nitrogen species, such asf HONO in southern China.
PAN (peroxyacetyl nitrate) and MPAN (peroxymethacrylic ~ Figure 5 shows several important volatile organic com-
nitrate) were not measured during the experiment. Howeverpounds (VOCS), including alkanes, alkenes, aromatics, and
we find that the calculated and measured ratios of/NQy oxygenated VOCs (OVOCs). At the PD site, there are 2 on-
were 0.92 and 0.99, respectively, indicating that the domi-line VOC instruments. One instrument (Apel et al., 2010)
nated nitrogen species was fN@nd the missing nitrogen is the Trace Organic Gas Analyzer (TOGA), an in situ gas
species had only a small contribution to the total nitrogenchromatograph/mass spectrometer (GC-MS). The TOGA in-
family during the experiment. The variability of NCGand  strument continuously measured every 2.8 min 32 species in-
NOy was large, varying from 5 to 80 ppbv. BecauseN©OnN- cluding select NMHCs (non-methane hydrocarbons), halo-
tained more than 90 % of total nitrogen species, the variabil-genated compounds, and monofunctional non-acid OVOCs.
ity of NOy was similar to NQ. The large variability of NQ The detailed species measured by TAGO are listed in Ta-
suggested that there were large local impacts or K- ble 1 of Apel et al. (2010). Another instrument is the GC-
centrations at the PD site. The calculated HN\NfOncentra- MS/NCAR-ACD for continuously measuring light hydrocar-
tions were consistent with measured values during the “cleaons (including GHg, CoH4, C3Hg, CsHg, CoHa, iC4H1g,
period”. However, during the “polluted period”, the calcu- and nGHyg) with time resolution of 45 min. The measured
lated HNG; concentrations overestimated the measured valvalues show a high variability for alkanes, with relatively
ues. The calculated HONO concentrations were significantlyhigh concentrations. The calculated alkane concentrations
underestimated compared to the measured values, indicatingere within the range of the measured values. For example,
that some important chemical processes for the formation othe high episodes of alkane concentrations 12-13 Septem-
HONO were not included in the current WRF-Chem model. ber were measured and simulated. However, the high con-
For example, as suggested by Qin et al. (2009), the effect oentrations predicted by the model for 15-16 September
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Table 2. Comparison of the calculated mean values (variances) at the PD and DT sites with the measured results.

Measured Calculated Meas—Calcu
Species Sites  Mean (Vari) Mean (Vari) Diff  Diff (%)
CO (ppb) PD 439.80 (206.30) 479.30 (177.96)-39.5 -5.9
DT  327.07 (94.02) 172.73 (91.69) 54.3 47.1
O3(ppb) PD 3496 (17.66) 41.23 (13.75) —-6.2  —17.9
DT 4891  (10.74) 50.94 (11.34) -2.0 -4.1
PMos(ugm3) PD 3640  (16.70) 339 (21.80) 2.5 6.8
DT 6.04 (4.08)
NOy (ppb) PD 2251 (12.43) 21.20 (16.47) 1.3 5.8
DT 1.99 (1.46)
NOy (ppb) PD 2249 (13.28) 23.80 (14.33) —-1.3 -5.8
HNO;z (ppb) PD 1.08 (0.61) 1.42 (1.15) —-0.3  —-31.4
HONO (ppb) PD 0.58 (0.31) 0.06 (0.03) 0.5 89.6
Alkane (ppb) PD 1241 (5.36) 10.96  (12.24) 1.4 11.6
Alkene (ppb) PD 4.27 (9.50) 5.16 (4.93) —-0.8 —-20.8
Aromatic (ppb) ~ PD 2.71 (3.10) 1.91 (2.58) 0.8 29.5
OVOCs (ppb) PD 5.13 (2.60) 6.03 (4.80) —9.0 17.5
VOC_sum (ppb) PD 24.53 24.06 0.4 1.8
100000 = T T ST 7 TR T The overall comparison of the mean values and varia-
i tion between the model calculations and the measurements
I are shown in Table 2 and Fig. 6. Table 2 shows that the
100.00 . . . R
: biggest inconsistency between the model calculation and
_ measurement is the HONO concentrations. The calculated
10.00L HONO concentrations in WRF-Chem (with only gas-phase
g : , chemistry of HONO) underestimated the measured values by
E HNO3 about 90 %, indicating that heterogeneous chemistry might
= 100 play an important role in Shanghai. The high value of HONO
F - HOW was also measured in the PRD (Pearl River delta) region. As
I shown by Qin et al. (2009), the HONO concentration mea-
°'1°§_ sured in PRD had a maximum value of 2 ppbv, which is con-
i ‘1Line sistent with the measured high values of HONO in this study.
0.01

In order to test the underestimation of HONO on the cal-
culated @ concentration, a sensitivity model study is con-
ducted by multiplying the photolysis rate of HONO by a
Fig. 6. Comparisons of the mean values of measured (y-coordinatefactor of 10. The result of the sensitivity study shows that
and calculated (y-coordinate) air pollutants (CQ, @M, 5, etc) at  the calculated @concentration has not significantly changed
the PD site. by the increase in the photolysis rate of HONO. The maxi-
mum change (about 1 ppbv increase ig @ncentration) is

near the city area. This sensitivity study suggests that the fol-

ove_restlmated_ the observed_values. _For the al_kene Concerpéwing study on the ozone formation in the Shanghai region
trations, the high concentrations during the episode of 12—

) ~should not be significantly affected by the underestimation
13 September were predicted by the model that was CONSiS5¢ HONO concentrations.

tent with the measurements. However, the calculation under- The other important inconsistencies between calculation

estimated observed values for other periods. The calculategnd measurement include the underestimation of CO at DT

aromatic concentrations were generally consistent with théyg entioned previously, the underestimation at this remote
measurements, except during some high variability eventSqjse \yag mainly due to long-range transport. Other calcula-

The OVOC concentrations had a smaller variability than joqs ingicate that the modeled mean differences were within
alkane and alkene concentrations. The calculated result Wasy o, of the measurements. For example, the calculated O
Ye|ry similar to the measured values, especially during the;centration differences at the PD and DT sites were within
clean periods”. 18 and 4 % compared to the measured values. The important
precursors of @ (NOx and VOCs) were within 6 and 4 %,

0.01 0.10 1.00 10.00 100.00 41000.00
Calculated
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) . . Fig. 8. The calculated horizontal distribution of CO in different me-
Fig. 7. The measured and calculated chemical age at the PD Sitgq510gical conditions. The upper panel shows a typical eastern
(upper panel) and calculated age at the DT site (lower panel) duringying condition in September 2004, resulting in a lower CO con-

the experiment. The black a_nd red dots_ represent the calculated anghirations in the Shanghai region. The lower panel shows a typical
measured ages at the PD site, respectively. northern wind condition, producing higher CO concentration in the
Shanghai region.

respectively, at PD. The calculated Pdiconcentration was

within 7 % compared to the measured mean value at the Plyanel) during the experiment. In the urban part of Shang-
site. The variations of the calculated results were generally; (at PD), the measured chemical ages were young, with
tal resolution (6 km). This model evaluation suggests that theyith AG of 1-2. The calculated AG at PD and DT shows
model estimates of Pis and G and its precursors are gen-  that the values of chemical age at PD range of 0-1 (young
erally consistent with measured values, and the WRF-Chemge), which is consistent with the measured result. This result
model can be applied to study the processes controlling atsyggests that, in the urban site of Shanghai, local emissions
mospheric chemistry in the Shanghai region, especially thgjay important roles in controlling the concentrations of air
formation of G. pollutants. At the remote site (DT), the calculated values of
chemical age were higher than the age at PD, in the range of
0-2 with frequent values of 1-2, showing that, at the DT site,
regional transport plays an important role in controlling the
4.1 The chemical ages concentrations of air pollutants.

4 Discussions

The chemical ages at the PD and DT sites are analyzed ift-2 The 0zone plumes in the region
this study. The chemical age of the city plume is defined by

Kleiman et al. (2003) and is expressed by Apel et al. (2010) and Tie et al. (2009b) showed that there

was considerable ozone formation in the aged city plumes
AG = —LNn(NOy/NOy). (1) in the Mexico City region. In this study, the ozone chemical
production in the aged city plumes is studied in the Shang-
This age analysis was applied to the ozone formation in thehai region. As we mentioned before, the PD site was in the
Mexico City plume by Tie et al. (2009b). Their study sug- young plume. In order to study the ozone production in the
gests that the age of city plumes was generally young (withold city plumes in Shanghai, the WRF-Chem model, evalu-
AG of 0-1) near the city, and middle-aged (with AG of 1-2) ated in Sect. 3, was applied.
or old-aged (with AG-2) in the several hundred kilometers  Figure 9 illustrates the city plumes in 2 different cases.
downwind of the city. The first case (case 1; the upper panels) shows the calculated
Figure 8 shows the measured and calculated air age at th€O and Q plumes in the Shanghai region on 4 September,
PD site (upper panel) and calculated air age at DT site (lowerhen the city pollution was defined as “clean period”, with
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(A) CO Sept/04

Height (km)

o 100 200 300

0 10 50 100 200 300 400 500 600

(B) O, Sept/04

Height (km)

’

[o] 100 200 300
Downwind plume (km)

0 30 40 50 60 70 80 90 100 110

Height (km)

200 300

O 10 100 200 300 400 600 800 1000

os g z : g e g g

2ol (D) 0, Sept/12 |

s | ( ) 3 P / | CHZO/NOY

0 : ﬁ Fig. 10.The calculated ratio of C4D/NOy on 4 September (clean

22 N period) and 12 September (polluted period), respectively. When the
o

100 200 300 ratio is less than 0.28 (as indicated by the blue area), the area is un-

Downwind plume (km)
O 30 40 50 60 70 80 90 100 110

Height (km)

l

der the VOC-limited condition for ozone formation, while a higher

ratio indicates that the area is under the,Ninited condition.

Fig. 9. The calculated cross section (altitude—downwind distances)

of the city plumes of CO and £on 4 September (clean period) and

12 September (polluted period), respectively. the city, and was dispersed at 150 km from the downwind
of the city. However, the ®@concentrations had a minimum
within 20 km of the city, and enhanced at 100—150 km down-

a typical east wind condition. The second case (case 2; thevind of the city. In case 2, the maximum of CO occurred at

lower panels) shows the calculated CO angplumes inthe 80 km within the city, and dispersed at 200 km downwind of

Shanghai region on 12 September, when the city pollutionthe city. In contrast, the ©concentrations had a minimum

was defined as “polluted period”, with a typical north wind within 20 km of the city, and enhanced at 100—-300 km down-

condition. In both cases, the long-lived CO plumes are usedvind of the city. In addition, the enhancement in the ozone

to trace the city plumes. As shown in Fig. 10, during casewas much higher in the downwind areas in case 2 than in

1, the CO concentrations have a maximum in the city, andcase 1, which will be investigated in the following sections.

were transported westerly to the downwind area. In contrast,

the G concentrations had a minimum in the city, and were 4.3 Ozone formation in the city plumes

enhanced in the downwind areas of Shanghai. During case

2, the CO concentrations had a maximum in the city, andin order to analyze the ozone formation in the city plumes,

were transported southerly to the downwind areas of Shangthe sensitivity of @ photochemical production to its main

hai. The same as with case 1, the &ncentrations had a precursors (VOC and N in the Shanghai region is ana-

minimum in the city, and were enhanced in the downwind lyzed. Several previous studies (Geng et al., 2007; Ran et

areas. The evolution of the CO and; @lumes along the al., 2009; Tie et al., 2009a) suggested that the ozone forma-

downwind areas was clearly shown in Fig. 11. For exam-tion in the city of Shanghai is limited by the concentrations

ple, in case 1, the maximum of CO occurred at 50 km within of VOCs (VOC-limited). These studies also suggest that the
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other method suggested by Kleinman et al. (2003), which
used the calculation of radical budget to determine the ozone

E sensitivity to VOC and N@Q. The comparison of the two

E methods is very similar, indicating that the Sillman’s method

2 is very robust and suitable for the ozone sensitivity study.

I For example, for case 1, in the western part of Shanghai,
there was a large area with a ratio smaller than 0.28, indicat-

' 0 100 200 300 ing that the ozone formation was in the VOC-limited region.

Along the downwind city plume, the initial ozone formation
was strongly under the VOC-limited region (in the urban area

£ of Shanghai). As a result, the ozone concentrations were de-

X pressed by high NQconcentrations near the city, leading to

‘g a minimum of ozone in the urban area.

‘36:; The lower panel of Fig. 11 shows that, during case 2, the

ozone formation was under the VOC-limited regime along
the city plume pathway. This result suggests that ozone can
0 100 200 300 be continuously produced along the pathway when additional
VOCs are emitted in the city plume. According to the study
by Geng et al. (2011), there is a large area of forest south
15 of Shanghai. The biogenic emission of isoprene from the
forest leads to very high isoprene concentrations in this re-
gion. According to their study, isoprene concentrations of 1—

Height (km)
5

05 6 ppbv were measured in the forest area. These high isoprene
0.0 concentrations produced important ozone production on are-
' gional scale.
W%EWWOO Model sensitivity runs were performed to test the hypothe-
0, (ppb) sis that ozone production was continuously increased by en-

hancement of VOCs along the city plume in case 2, includ-

Fig. 11. The calculated cross section (altitude—downwind distancesjnd (&) Run 0 (base run), (b) Run 1 (the emission ofyN©O
of the city plumes of @ on 12 September, due to different emis- doubled), and (c) Run 2 (the emission of VOCs is doubled).
sions, such as the base model run (upper panel), doublgeeh@- Figure 12 shows the cross sections (latitude height) along
sions (middle panel), and doubled VOC emissions (lower panel). the city plumes on 12 September (as indicated in Fig. 9) of
the 3 model studies. The results show that in Run O there
was an ozone minimum in the city, and ozone concentrations
ozone concentrations were significantly depressed by NOwere enhanced downwind of the city. The result of Run 1
concentrations in the city, indicating that the ozone forma-shows that the ozone concentrations were significantly re-
tion in the urban areas of the city was VOC-limited. This duced by the higher NOconcentrations compared to Run
VOC-limited case leads to the ozone minimum in Shanghai0, indicating that, in the VOC-limited regions (in the city and
(as shown in Fig. 9). In this study, the scientific focus is not the surrounding areas of Shanghai), highydOncentrations
only ozone formation in urban Shanghai, but also ozone forplay an important role by depressing ozone concentrations.
mation on a regional scale, such as the rural and surroundin{n contrast, by increasing VOC emissions, the ozone concen-
areas of Shanghai. trations were significantly enhanced in the city plume. For
Figure 11 shows the ratios of GB/NOy in the Shanghai  example, in the 150 km downwind, the ozone concentrations
region. According to the study by Sillman (1995), this ratio were 100, 40, and 140 ppbv, for Run 0, Run 1, and Run 2, re-
can be used to identify whether the ozone formation is undespectively. This result shows that ozone concentrations were
the VOC-limited or NQ-limited conditions. According to increased by the emissions of VOCs in the city plume, which
the study of Sillman (1995), a correlation ofENO,—VOC was under the VOC-limited condition.
sensitivity with an indicator of HCHO/NQis calculated by
a photochemical model. The indicator correlation is based ort.4  Impact of NOy / VOCs emission ratio on ozone
a series calculation with varying rates of anthropogenic and formation
biogenic emissions and meteorology. The results suggest that
when the ratio of CHO/NO, is smaller than 0.28, the ozone The above sensitivity study suggests that the change from
formation is under the VOC-limited condition, while a ra- VOC-limited to NQ-limited conditions in Shanghai is
tio of CH,O/NGQ, larger than 0.28 indicates ozone formation strongly related to the ratio of NCand VOC concentrations
that is under the N@limited condition. We have used an- in the region, suggesting that changes in the emission ratio
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Fig. 12. The calculated OH reactivity for different species in
the Shanghai region, including CO, alkane +alkene +aromatics
OVOCs, and isoprene.

of NO/VOCs can significantly affect the ozone formation The changes in VOC emission are only limited to the an-
on a regional scale. Thus, it is important to find a thresh-thropogenic emission in the whole model domain. Under the
old value of emission ratio (Ng& VOC) in the Shanghai re- lower emission ratio (e.g., in Mexico City), the ozone forma-
gion, under which the VOC-Ilimited condition is switched to tion was VOC-limited only in the center of the city, while
a NO-limited condition. According to the studies by Apel in the rural and surrounding areas of Mexico City, the ozone
et al. (2010), the concentration ratio of NO/OC in Mex- formation was under the N@imited condition. However, in
ico City in 2006 was about 0.36, with an emission ratio of the Shanghai region, because the ratio ofyN@OCs was
0.1 (Tie et al., 2010). In contrast, the NO/OCs ratio in  very high, it resulted in a very strong VOC-limited condition
Shanghai was about 0.9, with an emission ratio of 0.4 in thison a regional scale. As a result, the ozone concentration was
study, which was much higher than Mexico City. In Mexico continuously increased in the city plumes. According to the
City, the major fuel used for industrial and human activities study by Tie et al. (2009b) and Geng et al. (2011), the ozone
is oil/gas, while in Shanghai the major fuel is coal. The dif- enhancement downwind of the city was mainly attributed to 3
ference in the major fuel usages in the two megacities causefactors: including (a) the oxidation of OVOCs in the plumes,
a very different NQ/VOCs emission ratio. Four model runs (b) the oxidation of CO in the plumes, and (c) the biogenic
with the different emission ratio of NOVOC (0.1, 0.2, 0.4, emission of isoprene. These important factors for affecting
and 0.8) are conducted in the study. To change the emissiothe ozone formation in the Shanghai region are shown in
ratio, the rate of NQ emission is fixed, and the emission ra- Fig. 13. The figure shows that the OH reactivity for CO had
tio of NOx /VOC is increased or decreased by changes of thehigh values in a wide region surrounding the city, especially
rate of VOC emission. For example, the default emission ra-in the city plume. The OH reactivity is defined by several
tio is 0.4. The emission ratios of 0.8, 0.2, and 0.1 changedrevious studies. For example, the R-4 of Apel et al. (2010),
the VOC emission by decreasing VOC emission by a fac-and the unit of the OH reactivity, is 18. The OH reactiv-
tor of 2, and increasing by a factor of 2, and 4, respectively.ity of OVOCs had the most important impact on the ozone
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formation in the city plume downwind of the city. This result

is consistent with the study by Tie et al. (2010) for the Mex-
ico City case. The OH reactivity due to the biogenic emission
of VOCs (isoprene) had an important effect on ozone forma-
tion in the major forest located south of Shanghai, which is
consistent with the result of Geng et al. (2011). The above
study suggests that understanding the regional ozone forma-
tion (either under VOC- or N@limited condition) has very
important implications for ozone pollution control not only
in the urban area of large cities, but also on a regional scale
for the areas surrounding large cities.

In order to quantify the effect of the emission ratio of
NOy /VOCs on the ozone formation condition on a regional
scale, 4 different model runs are performed in this study, in-
cluding (a) the emission ratio of 0.4 (Run 1), (b) the emission
ratio of 0.8 (Run 2), (c) the emission ratio of 0.2 (Run 3), and
(d) the emission ratio of 0.1 (Run 4). The result with these 4
model runs is shown in Fig. 14. The figure shows that with
the ratio of 0.4 (base run in the model), the city of Shanghai
was under a very strong VOC-limited condition. In addition
the urban area of the city, a large regional area, especially
in the downwind city plume, the ozone formation was also

under the VOC-limited condition. With the enhancement of 4.

NOx emissions in the model (Run 2 with the ratio of 0.8),
most regions in the areas surrounding Shanghai, except the
ocean area, were under the VOC-limited condition, under
which the enhancement of N@trongly depressed the ozone
formation in the region. In contrast, by reducing Némis-
sions or increasing VOC emission (Run 3 with the ratio of
0.2), the VOC-limited areas were significantly reduced, and
the NGQ-limited condition dominated the region. By further
reducing NQ emissions or increasing VOC emission (Run
4 with the ratio of 0.1), the VOC-Ilimited condition was lim-
ited to the center of large cities, and the ozone formation was
strongly controlled by the N@limited condition in the re-
gion. The ozone formation was enhanced by the increase of
NOx emission in most regions including in the city plumes.
This result suggests that the emission ratio ofyN@OC is

very sensitive to whether the region is under VOC- or,NO
limited conditions, with a threshold emission ratio between
0.1 and 0.2 on a regional scale around the Shanghai region.
When the ratio is greater than 0.8, the ozone formation is
not sensitive to the emission ratio. Under this high ratio con-
dition, the entire region is under strong VOC-limited condi-
tions for the formation of ozone.

5 Summary

The highlights of the results of this study of the Shanghai
region are as follows:

1. The air pollution had very strong variability due to the

influences of meteorological conditions, especially the
wind direction. The air pollution was low with the east
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5667

wind and much higher with the north wind. We note that
this effect is only limited in the Shanghai region.

2. The model is able to simulate most of the measured

3.

chemical species, including CO30PMy 5, the nitro-

gen family, and most VOC species (alkanes, alkenes,
aromatics, and OVOCs), with the differences between
model simulated and measured values being smaller
than 30 %. However, some discrepancies are also no-
ticeable. For example, the calculated HONO signifi-
cantly underestimated the measured values (90 %), with
only gas-phase HONO chemistry in the model.

During the experiment period, the ozone photochemical
formation was strongly VOC-limited. The VOC-limited
condition occurred not only in the urban area, but also
in a large regional area surrounding Shanghai. In ad-
dition, the regional distribution of VOC-limited condi-
tions changes with different meteorological conditions.
The VOC-limited area was larger for north wind con-
dition (polluted period) than for east wind condition
(clean period).

The ozone formation was enhanced in the city plumes
in the downwind region because the city plumes were
under VOC-limited conditions, resulting in an enhanced
ozone formation in a large regional area. This study sug-
gests that ozone was continuously produced in the city
plumes and could be mainly attributed to the oxidation
of OVOCs in the plumes, the oxidation of CO in the
plumes, and the biogenic emission of isoprene.

5. The threshold value of the emission ratio (NQYOC),

under which the ozone formation is switched from
VOC-limited to NQ.-limited conditions, is studied in
the Shanghai region. It shows that, with the ratio of 0.4
(base run in the model), the city of Shanghai and the
downwind city plume were under a very strong VOC-
limited condition. With the enhancement of N®mis-
sions in the model (Run 2 with the ratio of 0.8), most
regions in the areas surrounding Shanghai were under
the VOC-limited condition. By reducing NGemissions

or increasing VOC emission (Run 3 with the ratio of
0.2), the NQ-limited condition dominated in the re-
gion. By further reducing N emissions or increas-
ing VOC emission (Run 4 with the ratio of 0.1), the
ozone formation was strongly controlled by the NO
limited condition in the region. This result suggests that
the emission ratio of the threshold value for switching
from the VOC-limited to NQ-limited conditions ranges
from 0.1 to 0.2 in the Shanghai region.
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