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[1] SO2 in central China was measured in situ from an aircraft and remotely using the
Ozone Monitoring Instrument (OMI) from the Aura satellite; results were used to develop a
numerical tool for evaluating the tropospheric sulfur budget - sources, sinks, transformation
and transport. In April 2008, measured ambient SO2 concentrations decreased from
�7 ppbv near the surface to �1 ppbv at 1800 m altitude (an effective scale height of
�800 m), but distinct SO2 plumes were observed between 1800 and 4500 m, the aircraft’s
ceiling. These free tropospheric plumes play a major role in the export of SO2 and in the
accuracy of OMI retrievals. The mean SO2 column contents from aircraft measurements
(0.73 DU, Dobson Units) and operational OMI SO2 products (0.63 � 0.26 DU) were close.
The OMI retrievals were well correlated with in situ measurements (r = 0.84), but showed
low bias (slope = 0.54). A new OMI retrieval algorithm was tested and showed improved
agreement and bias (r = 0.87, slope = 0.86). The Community Multiscale Air Quality
(CMAQ) model was used to simulate sulfur chemistry, exhibiting reasonable agreement
(r = 0.62, slope = 1.33) with in situ SO2 columns. The mean CMAQ SO2 loading over
central and eastern China was 54 kT, �30% more than the estimate from OMI SO2

products, 42 kT. These numerical simulations, constrained by observations, indicate that
�50% (35 to 61%) of the anthropogenic sulfur emissions were transported downwind, and
the overall lifetime of tropospheric SO2 was 38 � 7 h.

Citation: He, H., et al. (2012), SO2 over central China: Measurements, numerical simulations and the tropospheric sulfur budget,
J. Geophys. Res., 117, D00K37, doi:10.1029/2011JD016473.

1. Introduction

[2] Driven by the rapid economic development in the past
decades, the consumption of energy and raw material in
China increased dramatically. Coal burning accounts for
70% of the total energy consumption in China [CESY,
2005], and estimated total anthropogenic sulfur dioxide
(SO2) emissions were �31.3 Tg in 2008 [Lu et al., 2010].
Atmospheric SO2 is oxidized to form sulfate (SO4

2-) aerosols
and leads to acid deposition through sulfuric acid (H2SO4).
The sulfate aerosols can exert influence on weather and cli-
mate [Intergovernmental Panel on Climate Change, 2007;

Stier et al., 2007], cause visibility impairments [Hand and
Malm, 2007], and pose a hazard to public health [U.S.
Environmental Protection Agency, 2004; He et al., 2002;
Hu et al., 2010; Kan et al., 2010; Schlesinger and Cassee,
2003]. These sulfur-compounds can be transported far from
the source regions [Dunlea et al., 2009; Prospero et al., 2003;
Singh et al., 2009; van Donkelaar et al., 2008].
[3] A number of studies have been conducted to investi-

gate the sulfurous pollution in China. Surface observations
of SO2 were made in and near Beijing [C. Li et al., 2007;
Sun et al., 2009], Yangtze River Delta (YRD) [Costabile
et al., 2006], Pearl River Delta (PRD) [Zhang et al., 2008],
and rural areas [Meng et al., 2010]. Aircraft measurements
were also performed to study the vertical distribution of SO2

in the Northeast [Dickerson et al., 2007], South [Wang et al.,
2008], and East of China [Geng et al., 2009; Xue et al.,
2010]. Both surface and airborne measurements demon-
strated high SO2 concentrations with large variations in
spatial and temporal distributions. For instance, ambient SO2

measurements in ten background and rural sites revealed
concentrations (�standard deviation, s) of 0.7 � 0.4 ppbv at
Waliguan on Qinghai Plateau and 67.3 � 31.1 ppbv at Kaili
in Southwest China [Meng et al., 2010]; over the PRD,
investigators observed 18.5 ppbv SO2 at 2100 m and up to
107.5 ppbv SO2 within the planetary boundary player (PBL)
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during one research flight [Wang et al., 2008]; over north-
eastern China 5� 20 ppbv SO2 in the PBL and <1 ppbv SO2

aloft were observed [Dickerson et al., 2007].
[4] Remote sensing of tropospheric SO2 over China using

the OMI instrument has been used to track an individual SO2

plume [Krotkov et al., 2008; Li et al., 2010a] and to identify
changes in emission sources [Li et al., 2010b; Witte et al.,
2009]. OMI SO2 products showed reasonable agreement
with the in situ measurements and estimated SO2 emission
reductions based on a bottom-up approach. Numerical
regional air quality models, such as the USEPA CMAQ
model, have been employed to simulate the SO2 chemistry
and transport in East Asia [Lin et al., 2008; Liu et al., 2010;
Wang et al., 2010a, 2010b]. However, most of the studies
focused on the highly industrialized regions of eastern China,
and it is crucial to also investigate SO2 pollution and chem-
istry in the developing areas of central and western China.
[5] The majority of tropospheric SO2 is removed by dry

deposition or oxidization to form sulfate aerosols (SO4
2-).

The SO2 dry deposition velocity has been measured at
0.2 � 0.4 cm/s in northern China [Clarke et al., 1997;
Sorimachi et al., 2003; Sorimachi and Sakamoto, 2007;
Wesely and Hicks, 2000]. In the PBL, the lifetime of SO2 is a
few days due to dry deposition alone [Berglen et al., 2004;
Chin et al., 1996], and the observed lifetime is greatly
decreased by oxidation processes. When lifted to the free
troposphere (FT, higher than 2000 m), the atmospheric SO2

has a longer lifetime, and the long-range transport of atmo-
spheric SO2 from China becomes important [Igarashi et al.,
2006; Kim et al., 2001; Tu et al., 2004]. In the U.S., it was
estimated that �30% of the emitted SO2 is subsequently
removed through dry deposition and �37% is exported
[Shannon and Sisterson, 1992]. During transport, the reac-
tive SO2 is oxidized to form sulfate aerosols and other sul-
furous compounds [Calvert et al., 1978; Cox and Penkett,
1971; Eggleton and Cox, 1978; Lee et al., 2011]. Sulfate
aerosols impact the global radiative balance through direct
effects [Haywood and Boucher, 2000; Stier et al., 2007] and
indirect effects on clouds [Albrecht, 1989; Twomey, 1977].
Therefore, a budget analysis including the long-range trans-
port and evolution of tropospheric SO2 is essential to inves-
tigate regional air quality and large-scale climate effects.
[6] In April 2008, a joint China-U.S. field experiment was

carried out under the East Asian Study of Tropospheric
Aerosols and their Impact on Regional Climate (EAST-AIRC)
[Li et al., 2011], following the East Asian Study of Tropo-
spheric Aerosols, an International Regional Experiment
(EAST-AIRE) [Z. Q. Li et al., 2007]. In addition to ground-
based campaigns at four locations in southern and northern

China, an airborne campaign on ambient SO2 was conducted
in Henan province, central China (Figure 1). Coalmines and
power plants are concentrated in western and southern Henan,
and coal burning is ubiquitous for domestic cooking and
heating. In 2007, Henan emitted 2.3 Tg SO2, around 7% of the
total emission of China, and the power plants emissions were
1.1 Tg SO2, ranking 3rd in China by province [Lu et al., 2010].
Central China is a major source of sulfur emissions that has not
been thoroughly investigated.
[7] In this article, we present a study of tropospheric sul-

furous pollutants over central China, employing in situ
measurements (aircraft campaign), satellite remote sensing
(NASA OMI SO2 products), and numerical simulations (the
CMAQ system). Section 2 presents the data set and methods
applied. Section 3 describes results from aircraft measure-
ments of tropospheric SO2. In section 4, we compare OMI
SO2 products with in situ measurements. Section 5 describes
the set-up of CMAQ system, management of emission
inventory, and model modification. In section 6 we discuss
the CMAQ results, model evaluation, SO2 lifetime and
transport of sulfur-compounds. Finally we summarize the in
situ observations, remotely sensed observations and numer-
ical simulations to estimate the fraction of sulfur emitted into
the atmosphere then exported from central China to the
atmosphere over the Pacific.

2. Data and Method

[8] For the aircraft campaign, a Y-7 turboprop transport
aircraft (the Chinese version of Antonov An-26, Figure 1)
was employed as the measurement platform. This airplane
with a cruise speed of 400 km/h was based at the Xinzheng
International Airport (IATA code: CGO, 34.52°N, 113.84°E)
in suburban Zhengzhou, the capitol city of Henan with
7 million residents. The aft-facing inlet and the temperature/
relative humidity (T/RH) probe provided by the local Henan
Meteorological Bureau (HMB) were installed on a rack to
the left of fuselage. HMB also provided GPS and other
logistical support.
[9] A commercially available Thermo Electron Corpora-

tion (TECO) 43C trace level pulsed fluorescence SO2 ana-
lyzer was modified to measure the ambient SO2 [Luke,
1997], with a detection limit enhanced to �0.3 ppbv for
10 s averaging time [Hains, 2007]. The instrument was
calibrated with a National Institute of Standard and Tech-
nology (NIST) traceable SO2 gas standard (Scott Marrin
INC., Riverside CA, U.S.A.). HMB provided 1 s data of
altitude, longitude, latitude, ambient temperature (T) and
relative humidity (RH), which were processed to 10 s aver-
age data and checked for quality assurance.
[10] Flight routes were selected based on the near real-

time OMI SO2 maps (http://so2.gsfc.nasa.gov/pix/daily/
0408/china_0408z.html) provided by the NASA OMI SO2

group. Synoptic circulation patterns were tracked through
satellite images, surface analyses and forecasts (http://web.
kma.go.kr/eng/index.jsp) from the Korea Meteorological
Administration (KMA). Flight plans were designed to mea-
sure ambient SO2 over locations with both strong and weak
OMI SO2 signals under different weather conditions. We
took off around 1 P.M. local time (0500 UTC), so the spirals
were conducted between 1 and 2 P.M. local time, close to
the OMI overpass time (1:45 P.M.). The research flights

Figure 1. Location of Henan province and Y-7 research
airplane used for air sampling.
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were confined within the province, and the spirals were
restricted to altitudes of 900 � 4500 m for safety concerns.
We retrieved the information of SO2 within the PBL (lower
than 1000 m, a typical PBL height during spring in China)
during the descents into the airport.
[11] The backscattered UV radiation measurements from

OMI were used to retrieve SO2 PBL column amounts
through the operational Band Residual Difference (BRD)
algorithm [Krotkov et al., 2006]. This algorithm was vali-
dated over Northeastern China during the EAST-AIRE
campaign [Krotkov et al., 2008] and utilized to create oper-
ational products. Daily OMI SO2 and cloud composite ima-
ges were available from the NASA SO2 web site (http://so2.
gsfc.nass.gov). In this study, we applied the OMI daily
gridded products (SO2L2G, hereafter named OMISO2 pro-
ducts, available at http://disc.sci.gsfc.nasa.gov/Aura/data-
holdings/OMI/OMISO2g_v003.shtml). These daily products
were filtered to remove data with high radiative cloud frac-
tion (OMI cloud fraction >0.3) and large solar zenith angle
(SZA > 70°).
[12] In an effort to improve the detection and quantifica-

tion of SO2 from OMI, we have also utilized an advanced
retrieval technique, the iterative spectral fitting (ISF) algo-
rithm, previously applied to volcanic clouds [Yang et al.,
2009a, 2009b, 2010], to take advantage of the large num-
ber of spectral measurements available from the hyper-
spectral instruments, such as OMI and GOME-2. The ISF
algorithm provides less noisy and potentially more accurate
column estimates under the diverse range of conditions
encountered in global observations, and has been extended
to extract the height of a volcanic SO2 layer in the atmo-
sphere [Yang et al., 2009a, 2010]. The ISF products were
generated deliberately off-line for 2008 campaign over the
East Asia area.
[13] We applied the WRF (Weather Research and Fore-

casting) - MCIP (Meteorology-Chemistry Interface Proces-
sor) - CMAQ system to conduct numerical simulations for
our campaign. NASA 2006 Intercontinental Chemical

Transport Experiment Phase-B (INTEX-B) emission inven-
tory [Zhang et al., 2009] was utilized to create emission input
data for CMAQ. MCIP was developed to correct SO2 dry
deposition velocity, and CMAQ was modified to calculate
the flux of pollutants entering and exiting the modeling
domain. Hourly outputs of CMAQ simulations were stored
and analyzed. Details on the model system are described
in section 5.

3. Results of Aircraft Campaign

[14] During the month-long aircraft campaign for cloud-
seeding operations, seven research flights were conducted
on April 4, 5, 15, 16, 18, 20, and 22, 2008. These flights
were within 150 km of the CGO airport, covering regions
with strong OMI SO2 signal such as Changyuan (34.52°N,
113.85°E) and those with weak OMI SO2 signal such as
Yexian (33.62°N, 113.35°E). Figure 2 shows the SO2 pro-
files observed on 04/15/2008. The destination, Shangcai
(33.25°N, 114.26°) had a moderate OMI SO2 pollution, and
relatively high SO2 concentration (up to 1.5 ppbv) was
observed at high altitudes, �4000 m. Table 1 presents a
statistical analysis of ambient SO2 concentrations averaged
in 500 m layers from the surface to 4000 m. Over Chan-
gyuan (April 4th and 5th), we observed up to 7 ppbv SO2 at
2000 m, while over Yexian (April 18th and 22nd) the
ambient SO2 concentration was below the detection limit
(�0.3 ppbv). The results were consistent with the OMI SO2

maps. During the descents over the CGO airport, relatively
high concentrations of SO2 were observed consistently,
pointing to the urban area of Zhengzhou as a stationary
source of the SO2 pollution. High concentrations of SO2

were found below �500 m altitude, implying that the sub-
stantial amount of ambient SO2 was concentrated within
the PBL.
[15] A summary of flight routes (auxiliarymaterial Figure S1)

shows a relatively homogeneous sampling over the prov-
ince, with the exception of mountainous northwest region,
where complex terrain makes spiral flights unsafe.1 In April
2008, the monthly mean daily average temperature in
Zhengzhou was relatively stable at 16.0 � 5.0 C° (data from
www.wunderground.com), so we assumed the sulfur emis-
sions from coal burning for electricity generation, domestic
heating, and cooking did not change dramatically during the
campaign. Therefore, we selected the region covered by the
research flights (33.0° to 35.5°N, 112.5° to 115.5°E, here-
after named the campaign area) and calculated the campaign
average SO2 profile from the airborne measurements
(Figure 3). The integral of SO2 with respect to altitude gives
a mean SO2 column content of 0.73 Dobson Unit (DU,
1 DU = 2.69 � 1016 molecules/cm2). The majority of SO2

was found in the PBL and in the lower atmosphere with an
effective scale height of SO2 of �800 m, from surface up to
�1800 m. The mean profile also showed substantial amounts
of SO2 aloft in the FT, where atmospheric SO2 has a longer
lifetime, and is more likely to be converted to sulfate aerosols.
The relatively strong winds in the FT transport sulfurous
pollutants over greater distances, and SO2 in the FT has a
greater impact on large-scale air quality and climate.

Figure 2. SO2 Altitude profiles from research flight 04/15/
2008. Shangcai (33.25°N, 114.26°E) was a moderate OMI
SO2 signal region, and the descent was over CGO airport
(34.52°N, 113.84°E).

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JD016473.

HE ET AL.: SULFUR COMPOUNDS OVER CENTRAL CHINA D00K37D00K37

3 of 15



[16] Figure 3 also shows all the SO2 measurements from
the campaign. The distribution of SO2 measurements exhi-
bits large variability, especially between 1000 and 3000 m,
which is above the typical PBL height during spring in cen-
tral China. During the campaign, we frequently observed
isolated SO2 plumes in the FT, and the statistics of SO2

concentrations aloft were greatly influenced by these plumes.
All of the research flights were conducted under calm and
stable weather conditions without strong convection, so the
FT SO2 plumes were likely related to up wind or large-scale
vertical transport. Similar characteristics were observed in
Mid-Atlantic region of the U.S. [Hains et al., 2008; Taubman

et al., 2006]. In Table 2, we summarize the FT SO2 plumes
observed during the campaign. To study the transport pro-
cesses, we calculated 72-h back-trajectories using the NOAA
Hybrid Single Particle Lagrangian Integrated Trajectory
Model (HYSPLIT, http://www.arl.noaa.gov/ready/hysplit4.
html), with the Global Data Assimilation System (GDAS)
meteorological fields. Time and height of the observed SO2

plumes were utilized as release time and release height
(plume height� 500 m). For example, Plume 1 demonstrated
a stagnant case with air circulating within a radius of 400 km.
The deep polluted dry air mass indicated that the lower
atmosphere was well mixed. The back-trajectory calculation
for plumes 2 and 5 did not demonstrate an upward lifting

Table 1. Summary of Research Flightsa

Date

Spiral Descent

Altitude (m)

SO2 Conc. (ppbv)

Altitude (m)

SO2 Conc. (ppbv)

Mean Stdev Median Mean Stdev Median

4/4/2008 1000 4.67 0.29 4.67 500 7.16 0.87 7.02
1500 3.74 0.27 3.84 1000 5.14 3.38 3.13
2000 2.71 0.34 2.63 1500 1.31 0.33 1.25
2500 1.72 0.26 1.65 2000 1.00 0.06 1.01
3000 1.79 0.32 1.81
3500 1.23 0.22 1.21
4000 0.87 0.06 0.89

4/5/2008 1000 4.81 0.32 4.93 500 9.48 4.18 8.51
1500 6.08 0.75 5.94 1000 2.07 1.42 1.29
2000 7.31 0.13 7.34 1500 0.97 0.52 1.24
2500 5.96 1.06 6.26 2000 0.20 0.06 0.21
3000 2.29 0.83 2.00
3500 1.50 0.07 1.49
4000 1.08 0.16 1.07

4/15/2008 1000 3.00 0.12 2.95 500 4.99 1.86 6.00
1500 1.86 0.79 1.58 1000 0.88 0.72 0.52
2000 1.07 0.04 1.08 1500 0.51 0.05 0.50
2500 0.91 0.07 0.91 2000 0.54 0.03 0.53
3000 0.93 0.18 0.92
3500 1.28 0.09 1.24
4000 1.34 0.05 1.35

4/16/2008 1500 0.29 0.12 0.31 500 3.62 1.52 4.35
2000 0.18 0.05 0.19 1000 0.42 0.05 0.41
2500 0.23 0.03 0.23 1500 0.16 0.23 0.11
3000 0.21 0.10 0.22 2000 0.15 0.08 0.19
3500 0.32 0.09 0.35

4/18/2008 1500 �0.06 0.06 �0.04 500 3.30 0.35 3.40
2000 �0.08 0.04 �0.07 1000 1.38 1.08 1.63
2500 �0.11 0.08 �0.10 1500 0.00 0.03 �0.01
3000 0.04 0.11 0.09 2000 0.03 0.05 0.02
3500 0.25 0.13 0.19

4/20/2008 3000 0.98 0.05 0.98 500 4.14 1.71 4.65
3500 1.08 0.17 1.12 1000 0.29 0.15 0.22
4000 1.98 0.44 1.79 1500 0.22 0.02 0.21
2000 0.70 0.31 0.58

4/22/2008 1500 �0.14 0.02 �0.14 500 3.82 0.10 3.83
2000 �0.11 0.07 �0.06 1000 1.04 1.13 0.41
2500 �0.14 0.09 �0.19 1500 0.35 0.09 0.38
3000 �0.09 0.09 �0.04 2000 0.38 0.07 0.36
3500 �0.03 0.04 �0.03
4000 �0.05 0.05 �0.04

aNegative values are beyond the detection limit of 43C SO2 analyzer. Spirals were conducted over Changyuan (April 4 and 5), Shangcai (April 15),
Suiping (33.15°N, 113.95°N, April 16), Yexian (April 18 and 22), and Weishi (34.41°N, 114.17°E, April 20). Descents were all conducted over CGO
airport. Conc., concentration.

HE ET AL.: SULFUR COMPOUNDS OVER CENTRAL CHINA D00K37D00K37

4 of 15



motion, implying the sub-grid convection could be impor-
tant. Figure 4 presents the case study of Plume 3, which
existed at a high elevation with high RH value. The back-
trajectory suggested a case of long-range transport with what
appeared to be isentropic lifting from southern China. The air
mass was lifted from the surface to 4200 m and transported
around 1500 km in 72 h. Based on GPS data, this plume had a
minimum size of 22 km in width and 1000 m in depth. With a
mean concentration of 2 ppbv, the total mass of atmospheric
SO2 in the plume was estimated to be at least 1.5 tons. The
substantial amount of SO2 in FT shows the importance of
studying large-scale lifting to understand inter-continental
transport of pollutants from East Asia.

4. Evaluation of OMI SO2 PBL Products

[17] OMI SO2 products proved useful for research flight
planning during the campaign, and in this section we quanti-
tatively evaluate the products. To estimate the accuracies
and characterize the limitations of these OMI SO2 retrievals
(both archived operational OMISO2 PBL product and new
off-line research ISF product), independent coincident column

measurements were needed. The ceiling of in situ measure-
ments conducted during the aircraft campaign was �4500 m,
well into the free troposphere. These vertical SO2 profiles
showed that during this campaign, significant amount of
ambient SO2 was found within the PBL (<1 km). Therefore
the integration of aircraft vertical profiles can be used to vali-
date OMI satellite retrievals.
[18] We compared the in situ SO2 vertical columns with co-

located archived OMISO2 PBL values and with the research
ISF retrievals using prescribed SO2 shapes with center of mass
altitude (CMAs) similar to the measured in situ profiles over
the aircraft spiral locations and their surrounding areas. Fol-
lowing the comparison approach described earlier [Krotkov
et al., 2008], the average values of the nearest eight pixels in
30 km radius of spiral locations were compared with the cor-
responding vertically integrated in situ SO2 columns. The
uncertainties of the satellite measurements were estimated as
the largest of the OMI average background noise (i.e., 0.62DU
for 8 pixel mean error for the PBL product [Krotkov et al.,
2008] and standard deviations of the eight nearest pixels).
Note that this error estimate approach yields an upper limit,

Figure 3. In situ measurements and the mean SO2 profile. The mean profile is calculated by averaging
every 200 m from the surface to 4500 m. Green and red lines indicate the 25th and 75th percentiles.
The numbers on the right are the number of valid SO2 data points within the 200 m layer. The concentra-
tion of SO2 decreases from the surface to �1800 m with an effective scale height of 800 m, but strata of
SO2 were frequently observed aloft.

Table 2. Summary of SO2 Plumes Observed in the FTa

Number Date Time (UTC) Location Conc. (ppbv) Altitude (m) Size (km) RH (%)

1 4/15/2008 6:05–6:13 33.85N°, 114.50E° 2.0�8.0 2500�4000 30 30
2 4/16/2008 7:00–7:07 34.36N°, 114.31E° 1.3 3700 26 75
3 4/20/2008 3:34–3:42 35.26N°,114.70E° 2.6 4200 22 90
4 4/20/2008 4:00–4:13 34.54N°,115.20E° 2.2 4300 18 100
5 4/22/2008 6:53–7:03 33.93N°,113.11E° 1.6 3700 22 20

aConc., concentration; RH, relative humidity.
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because it includes the natural variability of SO2 spatial dis-
tribution as part of the error.
[19] To estimate the error of total column integrated from

the in situ concentrations, we need to account for the fact that
during the campaign over Henan, many spirals were restricted
to altitudes above 1000 m, therefore concentrations below this
altitude (down to the ground) were not simultaneously mea-
sured. The column amount missed by the aircraft measure-
ments below �1000 m usually accounts for 10–30% of the

total SO2 PBL column [Lee et al., 2009], and it makes the
largest contribution to the error budget of aircraft measured
total columns. To compensate for these missing columns, we
used the in situ SO2 measurements obtained during the aircraft
landings at the airport, whose location is different from those
of the spirals. In doing so, we assumed that the partial column
SO2 amount in the lowest part of the atmosphere is homoge-
neous, and therefore is the same as the mean value observed
during descent on the same day. Under this assumption the
uncertainty of the total vertical SO2 column is estimated to be
half of the added partial column, as the distance between the
descent and spiral is less than 200 km. A certain degree of
correlation of PBL columns between the two locations is
expected.
[20] We compared SO2 columns estimated using in situ

measurements and OMISO2 PBL products as the Ordinary
Least Squares (OLS) linear regression (auxiliary material
Figure S2). The OLS slope (0.16) was low, indicating that
OMI greatly underestimated the SO2 PBL column contents.
The OMISO2 PBL products have variable bias, which need to
be removed empirically [Fioletov et al., 2011]. Here we added
0.4 DU to all OMISO2 PBL data to make them physically
meaningful, and compared the results with in situ measure-
ments (Figure 5a), The comparison showed a strong correla-
tion (r = 0.84), higher than that obtained from validation
studies over North America, but the slope (0.54) was still
lower than the previously reported slope found in the com-
parisons of improved OMI products during INTEX-A and
INTEX-B campaign [Lee et al., 2009]. In that study, OMI
PBL data were post-corrected applying local air mass factor
(AMF) calculated using monthly SO2 profile shapes and
aerosol climatology from the global Goddard Earth Observing
System (GEOS-CHEM) chemical transport model. The cor-
rection resulted in typically reduced SO2 values over oceans,
including INTEX-A and INTEX-B regions. However, over
China the local AMFs [Lee et al., 2009] were close to the
operational value �0.4 [Krotkov et al., 2008]. Therefore, no
local AMF correction was applied in this study. The OMI PBL
products underestimated the tropospheric SO2 column by
�50% likely due to (1) systematic negative biases in OMISO2
PBL values when the satellite field of views were cloud con-
taminated; (2) reduced satellite measurement sensitivity to
SO2 in the lowest levels due to the presence of aerosols, and
(3) spatial averaging of local SO2 plumes over large OMI pixel
size. Low visibility (high aerosol concentrations) conditions
were common during our research flights. Visibility observa-
tions (available at www.wunderground.com) at the CGO air-
port at 9 A.M. (local time) from March 28 to April 26 2008
showed most of the flight days with visibility less than 5 km.
The OMI instrument has lower sensitivity to the SO2 close to
the surface compared to those in the upper atmosphere. The
presence of aerosols above or co-located with the SO2 layer
would further reduce this sensitivity, leading to an SO2

underestimate, since aerosol effects are not accounted for in
the operational PBL products. During the EAST-AIRE cam-
paign, the local AMFs could be reduced to �0.2, half of the
operational AMF (0.4), due to dust aerosols [Krotkov et al.,
2008], implying the OMISO2 PBL products could be dou-
bled to compensate the underestimate of AMFs, while no
correction of AMFs was conducted in this study.
[21] To reduce these random errors, we averaged all OMI

PBL pixel values over the campaign area for April 2008.

Figure 4. SO2 plumes in FT and the HYSPLIT back trajec-
tory. (a) Ambient SO2 concentration versus aircraft altitude;
(b) 72-h back trajectory (ending at 0400 UTC, 04/20/2008)
of Plume 3. These high altitude plumes affect the OMI
retrieval and can be transported relatively long distance.
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The resulted regional monthly mean (�s) SO2 column was
0.63 (�0.26) DU, close to 0.73 DU obtained from averaging
all aircraft measurements. This suggests that averaged over
a month and a large region, the OMI PBL data can capture
the PBL SO2 column contents better than them for individual
days.
[22] We also compared the integrated in situ data with off-

line ISF retrievals (Figure 5b). The ISF algorithm demon-
strated similar correlation (r = 0.87), but less noise and better
evaluation (slope = 0.86) of PBL SO2 columns, compared
with the operational OMISO2 products. Systematic bias was
not observed, though our comparisons indicate that current
ISF retrievals still have low bias with respect to the airborne

observations over central China. The underestimate could
be caused by the similar reasons discussed above, so the
algorithm needs to be improved in this respect possibly
through incorporation of tropospheric aerosols information
in future.

5. Numerical Simulations of SO2 Over Central
China

5.1. WRF-CMAQ Model Setup

[23] In this study, we used the WRF V3.1 model [National
Center for Atmospheric Research, 2010] to generate meteo-
rological fields for the CMAQmodel. Figure 6 shows the two
WRF domains in a Lambert projection. The coarse domain
(30 km grid cells) covered the central and eastern part of
China, where most of the population and industry were
located, and the nested domain (10 km grid cells) focused on
the campaign region. The U.S. Geological Survey (USGS)
24-category data were used to determine the terrain and land
use. We used the NCEP Final Operational Model Global
Tropospheric Analyses (FNL) (http://dss.ucar.edu/datasets/
ds083.2) as initial and boundary conditions. The NCEP FNL
are on 1° � 1° grids with 26 vertical levels from 1000 to
10 hPa with a time frame of 6 h. The major physics options
used in theWRF simulation included Thompsonmicrophysics
scheme [Thompson, 2006], YSU boundary layer scheme
[Hong and Lim, 2006], Kain-Fritsch (new Eta) cumulus
scheme [Kain, 2004], Monin-Obukhov surface-layer scheme
[Foken, 2006] and Noah land-surface scheme [Ek et al., 2003].
The model was run with 35 vertical layers from the surface to
50 hPa with the first 12 layers in the PBL, and re-initialized
every 5 d to reduce simulation errors. MCIP V3.5 was applied
to process the WRF outputs to create CMAQ-ready meteo-
rology inputs [Byun and Ching, 1999].
[24] We used the CMAQ version 4.6 (released in September

2006) [Byun and Schere, 2006] to conduct a 45-d simulation

Figure 5. Evaluation of in situ measurements with (a) mod-
ified OMISO2 PBL (+0.4 DU) and (b) ISF SO2 Column Con-
tent. The dotted line represents the Y = X line. X and Y error
bars describe the uncertainties of aircraft observation and
OMI PBL column respectively. Solid line presents the OLS
linear regression passing through zero. Both retrievals cap-
ture the average column content, but the ISF algorithm shows
substantially better fit to individual daily observations.

Figure 6. Domains of the WRF simulation. Both the coarse
and nested domains are centered at Zhengzhou City (34.8°N,
113.7°E). The coarse domain has 97 � 69 grids and 30 km
resolution, and the nested domain has 117 � 102 grids and
10 km resolution. The CMAQ domains are 2 grid cells smal-
ler on each side of the WRF domains to eliminate the lateral
effect.
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from 03/13/2008 to 04/26/2008, with the first 15 days as
spin-up. CMAQ was run with a coarse and nested domain
with the same horizontal and vertical resolutions as the WRF
simulation. Chemical initial and boundary conditions for the
coarse domain were obtained from the Regional Acid
Deposition Model, version 2 (RADM2) concentration pro-
files [Community Modeling and Analysis System, 2007;
Stockwell et al., 1990]. The SAPRC99 scheme and the 4th
generation aerosols scheme (AE4) were selected as the gas-
chemistry mechanism and aerosol modules respectively. The
Regional Acid Deposition Model (RADM) based cloud
processor with the asymmetric convection model (ACM) was
applied for the aqueous/cloud chemical mechanism. The
CMAQ output files included hourly 3-D fields of gaseous
and aerosol species concentrations.

5.2. The Emission Inventory

[25] We selected the NASA INTEX-B emission inventory
(available at http://mic.greensource.cn/intex-b2006) for the
CMAQ simulations, although there is evidence that emis-
sions decreased between 2006 and 2008 [Witte et al., 2009].
This latest emission inventory of East Asia was based on the
year 2006 with estimates of all major anthropogenic sources
[Zhang et al., 2009], including major pollutants (SO2, NOx,
CO, PM10, PM2.5, BC, and OC) and 30 lumped VOC spe-
cies for SAPRC-99 chemical mechanism with a resolution
of 0.5° � 0.5°. Compared with EPA’s National Emission
Inventory (NEI) database, INTEX-B only contained area
emission sources, and lacked point sources, mobiles sources
and other geographic information. Therefore, we could not
use the Sparse Matrix Operator Kernel Emission (SMOKE)
model to create the 3-D emission input data for CMAQ, and
had to create our own emission input data through the fol-
lowing steps. First, we incorporated the 2008 NH3 emission
prediction from the REAS program (available at http://www.
jamstec.go.jp/frsgc/research/d4/emission.htm) as supplement.
Second, INTEX-B had each pollutant calculated individually
for four sectors: Electricity Generation, Industry, Residential
Emission and Transportation, and we allocated them into two
groups: the Electricity Generation and Others. Since stack
parameters such as plume exit velocity and plume exit tem-
perature were not available, Electricity Generation emissions
were located 200 m above the surface as an approximation
of average stack height and plume rise. Third, we speciated
the emission data of NOx and PM2.5 into NO2, NO, sulfate
and nitrate aerosols to accommodate the SAPRC99 mecha-
nism. Last, we averaged the yearly emission values into
hourly values arithmetically, and allocated them into the
CMAQ grid cells through bilinear interpolation, to create a
3-D emission input data with constant values for all chemical
species.
[26] The INTEX-B inventory estimated total emission of

SO2 for China was 31.0 Tg per year with �12% reported
uncertainty, and the arithmetic mean daily SO2 emission
was 84.9 kT, which was close to 84.8 kT and 78.9 kT from
the arithmetic mean from March and April emissions
respectively [Zhang et al., 2009]. These values implied that
the seasonality of SO2 emissions was negligible during
spring in China. We ignored the diurnal cycle of emissions
by assuming constant emission rates since there was no
available information on diurnal variation. For demonstra-
tion, we presented the resulting SO2 emission maps

(auxiliary material Figure S3), which correspond well to
the location of cities, populations and industrial centers in
China such as YRD. This spatial accuracy was crucial to the
CMAQ simulations. The manipulation of INTEX-B emis-
sion inventory created CMAQ emission input files without
seasonal and diurnal variations. The effects of using 2006
INTEX – B emissions on CMAQ simulations for 2008 will
be discussed in section 7.

5.3. Modification of the CMAQ System

[27] Version 3.5 of MCIP was used to ingest the WRF
output and create meteorological input files for the CMAQ
model. We modified MCIP to write out the percentage of
each WRF grid cell that is urban, and the new urban fraction
variable was used to calculate vertical diffusion in CMAQ
[Castellanos, 2009]. The SO2 dry deposition velocity was
calculated in the MCIP program. In the default MCIP set-
ting, the mean SO2 dry deposition velocity (�s) was 0.58 �
0.07 cm/s over the campaign area, which is substantially
higher than 0.2 � 0.4 cm/s measured over northern China
[Sorimachi et al., 2003; Sorimachi and Sakamoto, 2007] and
other areas [Clarke et al., 1997]. To decrease the simulated
dry deposition rate, we set the mesophyll resistance of SO2

from 0 (default value) to 8000 s/m [Pfanz et al., 1987] in the
MCIP model. Similar modification successfully decreased
the CO dry deposition velocity from �0.4 cm/s to�0.1 cm/s
[Castellanos et al., 2011].
[28] The CMAQ model was modified to facilitate our

analysis of the sulfur budget. To estimate the export of S
(sulfur) from China, the CMAQ code was modified to output
the flux of each species due to horizontal advection entering
and leaving the domain through changing the advection
scheme from the Yamartino (HYAMO) scheme to the new
Piecewise Parabolic Method (HPPM) scheme [Loughner,
2011; Loughner et al., 2011]. This allowed pollutant fluxes,
deposition, and emissions to be studied collectively, and we
applied these results to study the S budget and export in
section 6.3. To investigate influences on SO2 chemistry from
these modifications, we conducted three sensitivity runs: (1)
default mesophyll resistance (MR), and HYAMO advection
scheme; (2) default MR and HPPM scheme; and (3) updated
MR and HPPM scheme. They are named NoMR_HYAMO,
NoMR_HPPM, and MR_HPPM respectively.
[29] To isolate effects of modifying SO2 mesophyll resis-

tance, the difference between results from NoMR_HPPM
and MR_HPPM was calculated. We selected data over
the campaign area (mostly grassy plain with good vegetation
coverage), on days with calm weather and no precipitation to
minimize the effects of SO2 wet deposition. The monthly
average dry deposition velocity (�s) of the MR_HPPM run
was 0.24 � 0.06 cm/s, �60% lower than the NoMR_HPPM
run with the value of 0.58 � 0.07 cm/s. We also investigated
the SO2 dry deposition flux, calculated in the CMAQ model.
The monthly mean value (�s) decreased from 0.093 �
0.039 mg/m2 s with NoMR_HPPM to 0.045� 0.031 mg/m2 s
with MR_HPPM, a 52% reduction. The MR_HPPM value
is around 50% less than a lab experiment conducted in
northern China, but the SO2 dry deposition process is influ-
enced by other factors such as soil type and meteorological
conditions [Sorimachi and Sakamoto, 2007]. These results
show that a better parameterization of SO2 dry deposition
is needed for future development of the CMAQ model.
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Hereafter in the following sections, we use results from
MR_HPPM run and discuss the details of the three sensitivity
runs in section 6.1.

6. Results of CMAQ Simulation and Discussion

6.1. Evaluation of CMAQ Simulations

[30] We compared two days’ flight data with the CMAQ
results, and found that the SO2 profiles were not precisely
simulated especially within the PBL (Figure 7). We also
checked CMAQ simulations for the FT SO2 plumes dis-
cussed in Table 2, and the model did not reproduce these
plumes well. This implies that CMAQ (with 10 km resolu-
tion) had difficulty reproducing the vertical SO2 altitude
profiles at specific times and locations. Other studies have
shown that CMAQ has similar problems with vertical pro-
files of trace gases over the eastern U.S. [Castellanos et al.,
2011; Lee et al., 2011]. These issues were probably due to
sub-grid scale convective lifting, and the model resolution of

10 km was apparently inadequate to simulate the vertical
mixing [Loughner et al., 2011].
[31] Other sources of uncertainty include the precision

of winds. Due to limited resource, we did not use the Four-
Dimensional Data Assimilation (FDDA) in WRF simula-
tions. Without FDDA, wind errors were expected resulting
in uncertainty of CMAQ simulations [Otte, 2008]. SO2

emissions from power plants were estimated at 200 m AGL,
however these plumes could rise to several hundred meters
under certain weather conditions. Therefore, we focused on
comparisons of SO2 column contents of each research flight
to the corresponding SO2 columns from CMAQ simulations
in Figure 8. The CMAQ simulations had a moderately strong
correlation (r = 0.62) with the integrated aircraft measure-
ments, with a slope of 1.33. This indicated that CMAQ pro-
vided a reasonable representation of the spatial/temporal
variation of total SO2 loading over the campaign area and
period, and �30% overestimate was observed.
[32] Figure 9 compares CMAQ monthly mean SO2 profile

over the campaign region, with the mean aircraft campaign

Figure 7. Comparison of aircraft measurements and CMAQ simulations. The in situ measurements are
obtained by averaging the aircraft SO2 profiles every 200 m from surface to 4500 m. The CMAQ SO2 col-
umn contents are calculated by integrating the SO2 at the same altitudes as aircraft measurements. The
model cannot fully resolve the subgrid scale processes responsible for SO2 plumes aloft.
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profile. Themonthly meanMR_HPPM profile underestimated
the ambient SO2 near the surface, overestimated the SO2

between 600 and 2200 m, and underestimated the SO2 above
2500m. The total SO2 columnwas�38% higher than the value
obtained during the aircraft campaign. All the three sensitivity
runs over predicted the SO2 columns. Based on differences of
the NoMR_HPPMandMR_HPPMcases, it was confirmed that
decrease of the SO2 dry deposition increased the ambient SO2

column content. Due to little SO2 emission in the upwind
western China, the comparison between the NoMR_HYAMO

and NoMR_HPPM cases implied that the HPPM advection
scheme transported less SO2 out of the domain. The default
CMAQ set up (NoMR_HYAMO case) demonstrated the best
estimate of total SO2 column content, while the modified case
(MR_HPPM) had the best estimate of SO2 concentration near
the surface. Besides uncertainties in meteorological and
emission data, the underestimate/overestimate within/above
the PBL implied that the CMAQ model might mix the lower
atmosphere too fast to transport the pollutants out of the PBL,
also observed in the eastern U.S. [Castellanos et al., 2011].
[33] To summarize, the CMAQ simulations demonstrated

reasonable accuracy (�30% overestimate) in reproducing
the SO2 column content observed during the research flights,
but the SO2 model profiles had substantial differences with
respect to the measured SO2 vertical distributions. More
accurate model representation of pollutant vertical distribu-
tion will require better parameterization of vertical transport
and mixing in future. The comparison of monthly mean SO2

profiles from sensitivity runs showed that the CMAQ model
overestimated the SO2 column content by 25 � 40% from
difference sensitivity runs. The discrepancies are probably
caused by the decrease from the 2006 emission inventory
used in this CMAQ simulation. The recent decreasing trend
in Chinese SO2 pollution has been observed in number of
studies [Li et al., 2010b; Lu et al., 2010; Witte et al., 2009]
and attributed to wide installation of Flue Gas Desulfuriza-
tion (FGD) equipment on coal burning power plants.

6.2. SO2 Chemistry and Lifetime

[34] To investigate the conversion of SO2 to other sulfur-
compounds such as sulfate aerosols, we estimated lifetime of
tropospheric SO2. A simple box model was applied to the
nested domain (area with �1.25 � 106 km2), and the SO2

lifetime was calculated as tSO2 ¼ Loading
Emission. The average SO2

emission was 4.3 � 10�3 mol/km2 s based on the INTEX-B
emission inventory. The campaign mean SO2 loading from

Figure 8. Evaluation of in situ and CMAQ SO2 column
contents. The CMAQ SO2 column was calculated over corre-
sponding altitude of research flights. The dotted line repre-
sents the Y = X line. The solid line presents the OSL linear
regression, and there were 7 flights and 14 profiles giving
6–13 degrees of freedom.

Figure 9. Comparison of monthly mean profiles of in situ measurements and CMAQ sensitivity runs.
The SO2 vertical column amount is the integral from the surface to 5000 m.
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the aircraft campaign was 326 mol/km2, and the SO2 lifetime
with respect to all losses from the domain (deposition,
chemical transformation, and advection) was 21.0 h. The
lifetime was shorter than the result from a global model
simulation [Lee et al., 2011]. In summer over the Mid-
Atlantic, the observed lifetime for chemical removal and
deposition was 19 � 7 h [Hains, 2007]. April in China is
cooler and drier than summer over the Mid-Atlantic resulting
in low photochemical reactivity, and a longer SO2 lifetime is
expected. The shortcoming of this approach was that the
ambient SO2 was assumed being emitted within the box
model region. The size of nested domain was only �1000 �
1000 km, so an air mass with the typical wind speed of 10 m/
s would move through it within one day. Therefore, sub-
stantial transport of sulfur-compounds in and/or out of the
domain was expected.
[35] Modification of the CMAQ advection scheme pro-

vided the ability to calculate the advection of pollutants
through the boundaries; therefore we can investigate the
budget of sulfur-compounds (SO2 and sulfate aerosols). To
simplify the computation, we described all sulfur-com-
pounds in units of kT S. The reacted SO2 amount, calculated
as SO2(reactive) = Emission � Deposition � Advection,
assumed that the SO2 oxidation product was 100% sulfate
aerosols, i.e., 1 mol SO2 is equivalent to 1 mol of sulfate.
Figure 10 presents the monthly mean budget of sulfur-
compounds of the nested domain, in units of kT/day. The
daily SO2 emission was 14.9 kT S and the monthly average
SO2 content in the domain was 14.7 kT S. The major sinks
of SO2 include daily dry deposition of 5.2 kT S and advec-
tion of 5.8 kT S out of the domain. The average rate of oxi-
dation of SO2 was assumed as 4.0 kT S/d, which generated
the same amount of S in sulfate aerosols. The direct sulfate
input from the emission inventory was small, 0.3 kT S. The
discrepancy of sulfate budget (sources – sinks) is 0.5 kT S,
accounting for less than 3% of the total daily S emission
(14.9 kT S), which could be caused by (1) assuming the
100% conversion from SO2 to sulfate aerosols and ignoring
the pathways to form other sulfur-compounds such as
sulfuric acid vapor (H2SO4); and (2) neglecting minor

deposition processes such as SO2 wet deposition and sulfate
dry deposition. We re-calculated the lifetime of SO2 as
tSO2 ¼ Loading

Emission�Export. Based on Figure 10, the total amount of
exported SO2 was 5.8 kT/d, which accounts for �39% of the
total emitted SO2. Including error analyses, the CMAQ
simulated SO2 budget and lifetime was computed for each
day of the campaign, and the average lifetime (�s) was
38 � 7 h. Due to significant advection, the oxidation rate
was substantially decreased and the SO2 lifetime is consis-
tent with results from global model simulations [Lee et al.,
2011], and the case study in northern China with a SO2

lifetime of �2 d [Li et al., 2010a].

6.3. Estimated Sulfur Transport and Error Analysis

[36] We further investigated the sinks and transport of
sulfur-compounds. The daily total deposition (wet + dry)
was 8.4 kT S, accounting for 55% of the total sulfur emis-
sion. This demonstrated the importance of controlling sulfur
emissions for mitigating the soil and water acidification in
central China [Larssen et al., 2006]. Daily, 7.3 kT S were
transported out of the domain, and the monthly mean (�s) S
of daily export was 48 � 7% of the total sulfur emission.
[37] Our estimate of atmospheric sulfur export from central

China is subject to random and systematic errors. The ran-
dom uncertainty can be estimated from the standard deviation
of daily sulfur export, 7%. A systematic bias is incurred if
the month was atypical with respect to pollutant exports.
April 2008 was observed as a generally wet month, with
more precipitation than normal, 54 mm in April 2008 com-
pared with 43 mm for long-term monthly average precipita-
tion (data from www.wunderground.com). The WRF-
CMAQ model also reproduced the wet month, therefore our
approach using CMAQ simulations would overestimate the
average sulfur wet deposition and underestimate export. We
assumed conservatively the overestimation as half of the
mean sulfate wet deposition: 1.6 kT S/d, or 10.5% of total
S emissions (14.9 kT/d). Finally, errors in the simulated
vertical distribution of SO2 (Figure 9) affected the horizontal
flux. We calculated the difference of average SO2 concen-
tration between in situ measurements and CMAQ as
+0.5 ppbv, - 2.0 ppbv and +0.5 ppbv for layers 3000� 4500m,
500 � 2000 m, and surface to 500 m respectively. The wind
speeds for these layers were estimated at 15 m/s, 8 m/s and
5 m/s respectably, based on statistics of zonal mean flow. The
SO2 export was proportional to the product of SO2 concen-
tration and wind speed. So the CMAQ model had biases of
+1.0 kT S, - 3.0 kT S and +0.3 kT S for these three layers,
which resulted in a net overestimate of 1.7 kT S in export,
i.e., +11% of the total sulfur-compound emission. Adding
these three uncertainties (�7% and �11%) in quadrature
provided an estimate of the total uncertainty for our estimate of
S export.We concluded that 48% (�13%) of the S emitted into
the atmosphere over central China was exported. The uncer-
tainties were not Gaussian distributions, but we estimated
the confidence interval as 90% for the range of 35 � 61%.
[38] The nested domain is located in central China, and there

are limited sulfur emissions in the upwind region of less
developed western China. The study of pollutant transport
demonstrated that most of the exported sulfur-compounds
were transported through the northern and eastern boundary to
the western Pacific coast (auxiliary material Figures S4a–S4d).

Figure 10. Budget of sulfur-compounds over the central
China. The units for reservoirs are kT = (1 kT = 106 kg),
or kT/d for fluxes. All the data are the average daily value
from the month-long simulations.
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Prior studies on S budgets through airborne measurements
[Koike et al., 2003] and model simulations [Tan et al., 2002]
also reported that around half of the sulfur-compounds were
exported to the ocean. Quantifying long-range transport is
crucial for understanding the regional/global air quality and
climate change due to emissions from East Asia.

6.4. Estimate of SO2 Emissions in Central
and Eastern China

[39] In section 3, we calculated the monthly mean OMI
SO2 column content over the campaign region as 0.63 �
0.26 DU, which agrees with the observed aircraft average
SO2 column. CMAQ overestimated the monthly mean SO2

column over the campaign region with a column content of
1.01 DU. The CMAQ high bias could be due to SO2 being
transported from nearby regions into the small campaign
region. Because of small size, the OMI instrument had only
�150 pixels per day within the campaign region. To reduce
the noise and eliminate the influence of SO2 transport, we
selected CMAQ results of coarse domain (Figure 6) to study
the total SO2 burden over central and eastern China. The
coarse domain (�4.6 � 106 km2) covered most of the indus-
trialized regions in China, and emitted �25 Tg SO2/year,
�80% of the total SO2 emission in China [Zhang et al., 2009].
We sampled CMAQ and OMISO2 PBL columns over the
region with OMI reactive cloud fraction less than 0.3 (here-
after named cloud-free condition), in order to reduce cloud
effects on the satellite retrievals.
[40] A daily comparison was conducted on the CMAQ SO2

and OMISO2 columns for 04/05/2008 (auxiliary material
Figures S5a and S5b). The CMAQ simulations captured the
large-scale SO2 plumes in the northeast and southeast of
China, but missed the plume in the northwest. We found the
daily OMI SO2 map had large variability due to both uneven
coverage (sparse data on the east and west side of the domain)
and instrument noise (negative value up to �2.0 DU). The
CMAQ model overestimated the SO2 burden by 10% com-
pared with the OMISO2 product for 04/05/2008. To reduce
the uncertainties of daily data, we presented the monthly
average SO2 column map for both data sets (Figure 11). The

CMAQ model captured the hot spots of SO2 well over land,
but missed the plumes off the coast. Column differences
(OMI – CMAQ) were calculated resulting in a mean differ-
ence of �0.16 DU, and the histogram and probability density
was analyzed (auxiliary material Figure S6) indicating a
negative bias. So the CMAQ simulations systematically
overestimated the SO2 column by �0.16 DU compared with
OMISO2 PBL data. The monthly mean SO2 loadings (�s)
were 54� 22 kT and 42� 26 kT for CMAQ simulations and
OMISO2 PBL products respectively. Because both the
OMISO2 products and CMAQ simulations were sampled
under cloud-free conditions using OMI radiative cloud frac-
tion, these absolute low bias was expected to daily OMISO2

and CMAQ SO2 loadings. The monthly mean cloud-free
fraction (�s) was 56 � 15%. The same approach of sulfur
export error analysis was adopted here, i.e., underestimate as
half of SO2 loading filtered out. The systematic low bias was
estimated as +21 kT and +16 kT for CMAQ simulations and
OMISO2 PBL products respectively, therefore the mean SO2

loadings with all uncertainties were 54 (55 � 97) kT and
42 (37 � 89) kT. The result revealed that CMAQ simulations
overestimated OMI SO2 column contents by �30%, consis-
tent with the relative change in SO2 emissions in China
recently [Lu et al., 2010].
[41] As a summary, CMAQ simulations with the INTEX-B

emission inventory demonstrated reasonable performance in
describing the intensity and spatial distribution of sulfur-
compound emissions in China. Both statistical analyses and
total SO2 loading computation indicated that CMAQ over-
estimated the SO2 column contents compared with OMI
products, suggesting this might be due to the use of 2006
emission inventory; our results are consistent with reported
decreasing trends of sulfur emission from 2006 to 2008 in
China [Lu et al., 2010; Witte et al., 2009].

7. Discussion and Conclusions

[42] Using a combination of in situ and remotely sensed
measurement along with numerical simulation, we were able
to evaluate the SO2 concentration and chemistry over central
China – one of the most densely populated regions in the

Figure 11. Monthly average SO2 column maps of the CMAQ simulations and OMI PBL products. (a) OMI
SO2 PBL column, 42 kT in 4.5 � 106 km2; white color describe the location of clouds; (b) CMAQ SO2 col-
umn map, 54 kT in 4.6 � 106 km2.
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world. The CMAQ simulations served as a powerful tool to
investigate tropospheric sulfur pollutants. Among the most
important sources of uncertainties in the numerical simula-
tions was the emission inventory, which was developed for
the year 2006. Our campaign was conducted in 2008, and
from 2006 to 2008, especially in order to improve the air
quality for the 2008 Beijing Olympics, sulfur emissions in
China were decreased through stricter regulations on the
usage of high sulfur coal and installations of FGD equipment
in power plants. The decreasing trend has been observed
[Okuda et al., 2011; Witte et al., 2009], so the INTEX-B
emission inventory probably has a high bias, resulting in
overestimated anthropogenic SO2 emissions in the CMAQ
simulations for spring 2008. A comparison with campaign
SO2 column contents demonstrated that CMAQ overestimated
the tropospheric SO2 columns over Henan by �30%, and a
similar overprediction, also �30%, was obtained through
comparing monthly CMAQ and OMI SO2 column contents
over central and eastern China. These results are consistent
with the reduction of sulfur emissions observed in China
between years 2006 and 2008.
[43] During the campaign, the aircraft instrument fre-

quently observed SO2 plumes in the FT, important for sat-
ellite retrieval and long-range transport. We found the SO2

concentrations had high temporal and spatial variability
during spring in China. Comparisons of in situ measure-
ments, the operational OMISO2 PBL products revealed good
agreement, and the new ISF algorithm demonstrated better
performance and will be employed operationally in the
future. The CMAQ model didn’t capture the SO2 vertical
distribution well, probably due to inadequate model resolu-
tion for computing vertical mixing. But the CMAQ simula-
tions agreed with the mean aircraft measurements, with a
�30% overestimation. With a modified CMAQ advection
scheme, we investigated the budget and transport of SO2 and
sulfate. The lifetime of SO2 with respect to all reactions and
removal from the atmosphere was 38 � 7 h, relatively long
for spring. Due to the slow removal and strong winds in
spring, �50% (35 � 61%) of the total S emitted into the
atmosphere in central and eastern China was transported out
of the domain. Further research in East Asia will help to
improve our knowledge on the effects on regional air quality
and large-scale climate downstream.
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