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[1] During the 2008 Olympics, the Chinese government
made a significant effort to improve air quality in Beijing,
including restrictions on traffic. Here we estimate the reduc-
tions in carbon monoxide (CO) and carbon dioxide (CO2)
emissions resulting from the control measures on Beijing
transportation. Using MOPITT (Measurements Of Pollution
In The Troposphere) multispectral satellite observations of
near‐surface CO along with WRF‐Chem (Weather Research
and Forecasting model with Chemistry) simulations for
Beijing during August, 2007 and 2008, we estimate changes
in CO due to meteorology and transportation sector emis-
sions. Applying a reported CO/CO2 emission ratio for fossil
fuels, we find the corresponding reduction in CO2, 60 �
36 Gg[CO2]/day. As compared to emission scenarios being
considered for the IPCC AR5 (Intergovernmental Panel on
Climate Change, 5th Assessment Report), this result suggests
that urban traffic controls on the Beijing Olympics scale
could play a significant role in meeting target reductions for
global CO2 emissions. Citation: Worden, H. M., Y. Cheng,
G. Pfister, G. R. Carmichael, Q. Zhang, D. G. Streets, M. Deeter,
D. P. Edwards, J. C. Gille, and J. R. Worden (2012), Satellite-
based estimates of reduced CO and CO2 emissions due to traffic
restrictions during the 2008 Beijing Olympics, Geophys. Res.
Lett., 39, L14802, doi:10.1029/2012GL052395.

1. Introduction

[2] While the primary purpose of controlling traffic during
the 2008 Beijing Olympics was to improve air quality, as
demonstrated in several studies [e.g., Y. Wang et al., 2009;
M. Wang et al., 2009; Witte et al., 2009; Zhou et al., 2010],
there was a corresponding reduction in CO2 emissions that
could have implications for future urban traffic control
measures in reducing greenhouse gas (GHG) emissions.
Estimates of GHG emissions by economic sector are
increasingly important as policy relevant studies seek
effective control strategies for climate forcing. Unger et al.

[2010] show that on-road transportation represents the larg-
est contribution to near-future (around 2020) radiative forcing.
Previous studies have demonstrated trends in emissions for
China using satellite data [e.g.,Witte et al., 2009; Zhang et al.,
2007; Richter et al., 2005], however, these have focused
mainly on NOx emissions. Here we use the latest version (V5)
of MOPITT satellite data [Drummond et al., 2010] with mul-
tispectral CO retrievals [Worden et al., 2010; Deeter et al.,
2011] along with the WRF-Chem regional model [Grell
et al., 2005] to estimate reductions in CO during the 2008
Beijing Olympics. We then examine the emissions inventory
by sector and apply a CO/CO2 emissions ratio for fossil fuels
[Turnbull et al., 2011] to estimate the reduction in CO2 for
the Beijing transportation sector. Finally, we compare the
estimated CO2 reduction to future emissions scenarios being
considered for the IPCC AR5 [van Vuuren et al., 2011a].

2. Models and Data

2.1. WRF-Chem Model for Beijing

[3] The WRF-Chem model version 3.1.1 [Grell et al.,
2005], was used in this study with 3 nested domains, to
simulate meteorology and atmospheric composition in the
Beijing region for August 2007 and 2008. In the innermost
domain, centered on the Beijing metropolitan area, the
model has 9 km � 9 km horizontal spatial resolution. The
second domain covers Beijing and surrounding six pro-
vinces, with a spatial resolution of 27 km � 27 km. The
outer domain with 81 km � 81 km resolution is chosen to
provide boundary conditions for the second domain and
covers all of China. There are 27 vertical layers extending to
100 hPa with layer thicknesses increasing with altitude from
�50 m at the surface to �1 km at the top. Meteorological
initial and boundary conditions for the WRF-Chem simula-
tions are interpolated from National Centers for Environ-
mental Prediction (NCEP) and chemistry boundary and
initial conditions for the outermost domain were provided
by the Model for Ozone and Related chemical Tracers,
version 4 (MOZART-4) [Emmons et al., 2010]. Further
details and references for the model parameters and emis-
sions are given in the auxiliary material.1 To allow sufficient
time for the model to “spin-up”, we disregard the model
output for 1–2 August and use 3–31 August in each year as
the time period for this analysis. For the simulations con-
sidered here, we use model runs with 2006 China emissions
from INTEX-B (INtercontinental chemical Transport
EXperiment-Phase B) [Zhang et al., 2009] for both 2007 and
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2008 as well as two different inventories for 2008, described
below. We found that the 2006 emissions inventory pro-
vided a reasonable estimate of 2007 emissions, which is
corroborated by tropospheric NO2 observations that are not
significantly different from 2006 to 2007 [Witte et al., 2009].

2.2. Beijing 2008 Olympics Emission Inventory

[4] Base emissions for 2008 were generated by updating
the 2006 activity data to the year 2008 and applying a tech-
nology-based method to account for emission factors in each
activity described by Zhang et al. [2009], along with updates
to the inventories reported by Streets et al. [2003, 2006] and
Zhang et al. [2007]. More details on the 2008 base emissions
are given in the auxiliary material (section S1.2). The 2008
Olympics controlled emissions scenario was developed for
two-stages to represent the gradual implementation of control
measures. During the Pre-Olympic period from July 1 to July
19, 2008, 30% of government owned vehicles stopped run-
ning, and all vehicles not meeting the Euro I standard were
banned in Beijing. For the Olympic period starting July 20,
2008 and ending September 20, further measures were

introduced, which included banning 50% of privately owned
vehicles, reducing industrial activities, suspending construc-
tion activities, and controlling VOC emissions from gas sta-
tions, etc. Since these reductions were only specified for the
Beijing metro area, we applied an additional reduction of
20% from the 2008-base emissions outside of Beijing in the
WRF-Chem simulations to account for regional controls
during the Olympics period (described in the auxiliary
material). Figure 1 shows the CO emissions used in WRF-
Chem for the inner domain of the Beijing region in 2007,
2008-base, 2008-Olympics and the 2007–2008-Olympics
difference. For the Beijing area of 39� to 41�N, 115.5�–
117.5� (box shown in Figure 1c), the WRF-Chem August
2007 emissions were 12.43 Gg[CO]/day. For August 2008,
emissions were 10.64 Gg[CO]/day for the 2008-base case
and 7.78 Gg[CO]/day for the 2008-Olympics case. This gives
a reduction in emissions from 2007 to 2008-Olympics of
4.75 Gg[CO]/day, however, 38% of this reduction was due to
updated emissions in the 2008-base inventory. Beijing CO
emissions by sector are listed for the 2007, 2008-base and
2008-Olympics cases in Table S2 in Text S1.

Figure 1. WRF-Chem CO emissions in mol/km2/hr for innermost domain on 9 km � 9 km grid. (a) 2007 emissions assum-
ing INTEX-B 2006 inventory, (b) base 2008 emissions, (c) 2008 emissions for the Olympic period in Beijing, with 20%
reduction from the 2008 base emissions in the surrounding provinces and (d) difference in emissions, 2007 CO–2008 CO.
The black box in Figure 1d indicates the Beijing region used for this study (39�–41�N, 115.5�–117.5�E) with the Beijing
metro in the west and Tianjin in the southeast corner of the box. Note that the maximum reduction in emissions is centered
on Beijing.
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2.3. MOPITT Multispectral CO Data Products

[5] MOPITT, a gas correlation radiometer instrument on
the EOS-Terra satellite, has been measuring global CO since
2000. Terra is in a sun-synchronous orbit with a 10:30 am
(local solar time) equator crossing. MOPITT has four pixels
each with a 22 km � 22 km field of view and scans across
track to cover a �650 km swath with global coverage in 3–
4 days. This study uses the new MOPITT V5 data product
that combines the 4.7 mm thermal infrared (TIR) and 2.3 mm
near-infrared (NIR) CO channels in a multispectral retrieval
to estimate CO profiles [Worden et al., 2010; Deeter et al.,
2011]. This unique capability of MOPITT is critical for dis-
tinguishing near surface CO from CO in the free troposphere,
with �2 degrees of freedom for signal for retrievals in the
Beijing region. Figure 2 shows average MOPITT CO profiles
over the Beijing area for August 2007 and 2008. The average
a priori profile, also shown in Figure 2, is interpolated from
the MOZART monthly mean climatology used in MOPITT
V4 and V5 retrievals [Deeter et al., 2010]. This climatology
has no interannual variation. MOPITT multispectral CO
profiles are in good agreement with MOZAIC in-situ CO
profiles [Nedelec et al., 2003] taken from commercial aircraft
over Beijing (shown in the auxiliary material).
[6] In order to exploit the multispectral MOPITT data,

which have significant variability in their sensitivity to sur-
face layer CO, we have filtered the data to exclude obser-
vations with low clouds and low sensitivity to surface layer
CO (described in the auxiliary material). Figure 3 shows the
MOPITT CO column data in the lowermost troposphere
(LMT) from the surface to 800 hPa for 2007 and 2008 as
compared WRF-Chem for 2007 (INTEX-B emissions) and
2008 (Olympics period emissions). Before computing the
LMT CO column, we sampled WRF-Chem at the MOPITT
measurement times and locations, and applied the MOPITT
averaging kernel and a priori to the WRF-Chem CO profiles
[Emmons et al., 2007] to produce the CO profiles from
WRF-Chem that would be observed by MOPITT. The LMT

CO column is computed consistently for the MOPITT data
and WRF-Chem simulations using the temperature and
water vapor fields from WRF-Chem. Differences between
the model and data can be expected due to errors in the
model emissions, transport and chemistry as well as from the
different spatial resolutions and MOPITT retrieval uncer-
tainties. However, the agreement in spatial patterns and
temporal change between the model and data is adequate to
derive estimates of CO reduction from 2007 to 2008.

3. Estimates of CO Reduction

[7] CO has a chemical lifetime of around 1–2 months and
can be transported over large distances, but intense local
emission sources dominate the concentrations in the lower-
most troposphere [Holloway et al., 2000; Petron et al., 2002;
Allen et al., 2004; Pfister et al., 2011]. To estimate the change
in the atmospheric CO burden over Beijing from August
2008 compared to August 2007 as observed by MOPITT, we
use the CO column from the surface to 800 hPa binned in
0.4� � 0.4� latitude/longitude grid cells for the Beijing region
ranging from 39� to 41�N and 115.5� to 117.5�E. We then
calculate the difference between 2007 and 2008 only for
those grid cells where there were at least 3 observations for
both years. The resulting grid cells, used to determine the
August mean CO burden covered 76% of the Beijing area
with 110 and 81 MOPITT observations in 2007 and 2008
(respectively). Table 1 shows the estimates of near-surface
CO burden for MOPITT and WRF-Chem. An average 32%
reduction in CO for 2008 with respect to 2007 was observed
by MOPITT, with significant variability over the Beijing
region.

3.1. Meteorological Differences From 2007 to 2008

[8] It has been noted in other studies [e.g., Y. Wang et al.,
2009] that meteorological conditions in August 2008
explained some of the improvement to air quality during the
Olympics. Using the WRF-Chem results for 2008 that
included the 2007 emissions we can estimate how much of
the reduction in CO was due only to the different meteo-
rology between the two years. By sampling the model for the
days and locations of the MOPITT observations, we obtain
the August 2008 average near-surface CO column that
would be expected if the emissions in 2008 had not changed
from 2007. As shown in Table 1, Row 4, we find that
meteorology alone would give a reduction of 0.8 Gg[CO], as
compared to 3.8 Gg[CO] for WRF-Chem with the expected
2008 emissions (Row 3), suggesting that 19% of the reduc-
tion in CO was due to meteorological differences.

3.2. Estimates of MOPITT Temporal and Spatial
Sampling Biases

[9] Since MOPITT does not provide complete global
coverage every day and requires cloud-free observations for
the CO profile estimate, there are days and locations that are
not sampled in the Beijing area. To estimate the bias due to
MOPITT sampling, we compare the full daily and spatial
coverage of WRF-Chem to WRF-Chem sampled for
MOPITT observation times and locations. Note that we do
not have the MOPITT averaging kernels (AK) and a priori
available for locations and times without MOPITT obser-
vations and for this reason, we do not apply them in the
sampling bias estimates. To determine the sampling bias in

Figure 2. Lognormal averages and standard deviations for
MOPITT CO profiles over Beijing in August 2007 (164 pro-
files, red) and August 2008 (121 profiles, green). Standard
deviation bars are slightly offset in altitude to show the sep-
arate cases. The MOPPIT average a priori is shown in blue
dots, with standard deviation in blue, is from a MOZART
climatology,
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temporal coverage, we compare results including all 29 days
for the August averages (Table 1, Row 5) to WRF-Chem
sampled only on days with MOPITT observations (Table 1,
Row 3). In this case we find the CO reduction should be 9%
less than the MOPITT estimate. For the spatial sampling
bias, we use the full area of unsampled WRF-Chem results

(Table 1, Row 6), to account for the grid cells that were not
sampled by MOPITT, which then increases the estimated
reduction by 17%, Multiplying these two corrections gives a
6% increase in the MOPITT estimate due to spatial and
temporal sampling bias.

Table 1. Observation and Model Estimates of Daily Average August CO Burden in the Lowermost Troposphere Subcolumn From the
Surface to 800 hPa for the Beijing Area, Summed Over the 0.4� � 0.4� Latitude/Longitude Grid Cells With MOPITT Data in Both
2007 and 2008, Except for Row 6

Row Estimate Type for 39� to 41�N, 115.5� to 117.5�E

Aug. 2007 Daily Avg.
Surface Layer CO

Gg[CO]

Aug. 2008 Daily
Avg. Surface Layer

CO Gg[CO]
D(2007–2008)

Gg[CO]

1 MOPITT (sampled 80% of area) 16.9 � 1.1 11.5 � 0.8 5.4 � 1.4
2 WRF-Chem sampleda & AK 13.9 11.9 2.0
3 WRF-Chem sampleda (no AK) 18.0 14.8 3.2
4 WRF-Chem sampleda (no AK) for 2008 with 2007 emissionsb 17.4 0.6
5 WRF-Chem All 29 daysc, (no AK) same grid cells as MOPITT data 17.5 14.6 2.9
6 WRF-Chem All 29 days, (no AK) all grid cellsd 21.3 17.8 3.5
7 MOPITT estimate corrected for change

due to meteorology and temporal/spatial sampling biases:
5.4 Gg � (1–0.19)(1–0.09)(1 + 0.17) = 4.7 Gg

4.7 �1.4

aSame spatial and temporal sampling as MOPITT data, 0.4� � 0.4� latitude/longitude grid cells, data for both 2007 and 2008.
bEstimate of change due to meteorology (rows 4 & 3): 0.6/3.2 = 0.19.
cEstimate of temporal sampling bias (rows 5 & 3): 1–2.9/3.2 = 0.09.
dEstimate of spatial sampling bias (rows 5 & 6) : 2.9/3.5 � 1 = �0.17.

Figure 3. Averaged MOPITT and WRF-Chem CO sub-columns in 1017 molecules/cm2 for the lowermost troposphere
(LMT) from the surface to 800 hPa. WRF-Chem CO profiles were sampled at the MOPITT measurement times and locations
and MOPITT averaging kernels (AK) and the a priori were applied to produce the CO profiles from WRF-Chem that would
have been observed by MOPITT before computing the LMT sub-columns. (top) MOPITT and WRF-Chem for 3–31 August,
2007, when 1048 MOPITT profiles were acquired on 12 days (average of 6.9 per grid cell). (bottom) 3–31 August, 2008,
with 923 MOPITT profiles from 10 days (average of 5.6 per grid cell). Inner box indicates the Beijing area used for 2007
to 2008 differences. Data are binned in 0.4� � 0.4� latitude/longitude grid cells.
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3.3. CO Reduction in the Transportation Sector

[10] After applying the estimated corrections from WRF-
Chem for meteorology and sampling bias given in Table 1,
the MOPITT estimate for the reduction in daily average CO
burden for Beijing is 4.7 � 1.4 Gg[CO], where the uncer-
tainty is propagated from the MOPITT retrieval a posteriori
errors. We can then relate the reduction in the MOPITT daily
average CO burden to the expected reduction in CO from the
emissions inventories. The “bottom-up” estimate for the
reduction in CO emissions used in WRF-Chem was 4.75 Gg
[CO]/day. If we make the conservative assumption that the
differences between modeled and observed CO burden in
Table 1, rows 1–2 are entirely due to errors in the emissions
we estimate a 4.75 � 2.9 Gg[CO]/day reduction after
applying the same corrections for meteorology and sampling
to the uncertainty. This “bottom-up” estimate compares well
to our “top down” reduction from MOPITT. Compared to
2007 emissions, this is a (38 � 23)% reduction, which is
consistent with the (32 � 14)% reduction in August CO
emissions for 2007 to 2008 estimated by Y. Wang et al.
[2009] from surface measurements and CO/SO2 correlation.
To estimate the fraction of this reduction due to the traffic
restrictions during the Olympics, we first account for the 38%
reduction in CO emissions from 2007 to 2008 that went into
the development of the 2008 base emissions. From the 2008
base emissions to the 2008-Olympics case, 60% of the
reduction in CO was from the transportation sector (shown in
the auxiliary material), resulting in 1.8� 1.1 Gg[CO]/day for
reduced emissions due to the August 2008 Beijing traffic
restrictions.

4. Estimates of CO2 Reduction

4.1. Emission Ratio for CO/CO2

[11] In order to find the corresponding reduction in CO2

from the reduction in CO for the transportation sector, we
use a reported value of the CO/CO2 emission ratio from
surface measurements near Beijing that isolate the contri-
bution from fossil fuel using 14CO2 [Turnbull et al., 2011].
Flask samples collected in 2009–2010 in Shangdianzi
(40.65�N, 117.12�E), give a CO:CO2ff ratio of 47 � 2 ppb/
ppm corresponding to 0.030 � 0.001 g[CO]/g[CO2]. This
ratio was consistent with previous observational studies and
inventory estimates which have remained nearly constant
(within �10%), for China from 2006 to 2010. Applying this
ratio (with associated uncertainty) to our estimated reduction
in CO gives 60 � 36 Gg[CO2]/day for the corresponding
reduction in CO2 for the Beijing transportation sector during
the Olympics.

4.2. Comparison to Projected Emissions
Scenarios for CO2

[12] To put the Beijing CO2 reduction in perspective, we
compare our result to the CO2-eq (equivalent CO2) emission
scenarios being considered for the IPCC AR5 [Moss et al.,
2008, 2010; van Vuuren et al., 2011a]. These scenarios are
defined as representative concentration pathways (RCPs).
There are 4 different projections for radiative forcing from
anthropogenic CO2-eq emissions for the year 2100: RCP8.5,
RCP6, RCP4.5 and RCP2.6 where the number indicates
radiative forcing in W/m2 for 2100. For example, RCP2.6
would stabilize at 2.6 W/m2 by 2100, with peak CO2-eq

�490 ppm [van Vuuren et al., 2010, 2011b]. Except for
RCP8.5, these scenarios assume eventual reductions in
global CO2-eq emissions from fossil fuels and industry, with
the most aggressive control scenario, RCP2.6, reducing by
2.1 PgC/yr for 2020 to 2030 (RCP Database Version 2.0.5 at
www.iiasa.ac.at/web-apps/tnt/RcpDb/). This corresponds to a
reduction of�21 Tg[CO2]/day globally, which is�360 times
larger than our estimated CO2 reduction for the traffic restric-
tions of the Beijing 2008 Olympics. According to projections
for 2025, the global urban population should reach over
4.5 billion [United Nations, 2010], or about 230 times the
Beijing population of 19.6 million from the 2010 census
(National Bureau of Statistics of China 2011, http://www.stats.
gov.cn/english/newsandcomingevents/t20110429_402722516.
htm). This implies that sustained controls on urban transporta-
tion emissions, on the scale implemented in Beijing, could
potentially provide a significant part of the RCP2.6 initial CO2-
eq reduction. However, in this study, we do not address the
sustainability of these controls or the feasibility of applying
traffic restrictions in other cities.

5. Summary

[13] Using MOPITT satellite retrievals of near-surface
CO, along with WRF-chem model results for attribution of
meteorology differences and measurement sampling bias,
we find a reduction in the CO atmospheric burden over
Beijing from 2008 vs. 2007 of 4.7 � 1.4 Gg[CO]/day, in
agreement with the reduction in model emissions:
4.75� 2.9 Gg[CO]/day. Based on the emissions inventories,
38% of this reduction was due to lower CO emissions in the
2008 base case compared to 2007. Comparing the base 2008
to the Olympics period emissions, there was a 60% reduc-
tion in the transportation sector, giving a net reduction of
1.8 � 1.1 Gg[CO]/day due to the Beijing traffic restrictions
in August 2008. We then applied a reported fossil fuel
emissions ratio of 0.03 g[CO]/g[CO2] for the Beijing area
and estimated 60 � 36 Gg[CO2]/day for the corresponding
reduction in CO2. We found this CO2 reduction to be within
a factor of �360 of the initial reduction for global CO2-eq
considered in the RCP2.6 emissions scenario, suggesting
that urban traffic controls on this scale could play a signifi-
cant role in reaching global target CO2 reductions. We have
also demonstrated the potential of using satellite CO data
along with regional models and a quantified emissions ratio
to estimate changes in CO2 emissions.
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