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Abstract. An updated version of the nested-grid GEOS- 1 Introduction

Chem model is developed allowing for higher horizontal

(0.5°x0.667) resolution as compared to global models. CO Chemical transport models are effective in simulating the
transport over a heavily polluted region, the Beijing-Tianjin- combined influences of physical and chemical processes af-
Hebei (BTH) city cluster in China, and the pattern of outflow fecting the distribution of a key chemical species in the
from East China in summertime are investigated. Compari-Earth’s atmosphere. The domain of an atmospheric model
son of the nested-grid with global models indicates that thevaries from hundreds of meters to thousands of kilometers
fine-resolution nested-grid model is capable of resolving in-(Seinfeld and Pandis, 1998). Global climate change or strato-
dividual cities with high associated emission intensities. TheSpheric ozone depletion is simulated over a global scale do-
nested-grid model indicates the presence of a high CO colmain and over periods ranging from months to hundreds of
umn density over the Sichuan Basin in summer, attributableyears and beyond. Specific air pollution issues such as acid
to the low-level stationary vortex associated with the Basin’sdeposition and long-range transport of particulates and ozone
topographical features. The nested-grid model provides goo@re simulated over synoptic to global-scale domains over pe-
agreement also with measurements from a suburban monitofiods of days to months. Urban air pollution is simulated
ing site in Beijing during summer 2005. Tagged CO simula- Over micro- to mesoscale domains over periods ranging from
tion results suggest that regional emissions make significanffours to days. It is impossible to simulate the variation of
contributions to elevated CO levels over Beijing on polluted SPecies concentrations at scales smaller than the model res-
days and that the southeastward moving cyclones bringing@lution. For example, a global scale model that treats the
northwest winds to Beijing are the key meteorological mech-entire area as one computational cell of uniform chemical
anisms responsible for dispersion of pollution over Beijing in composition cannot describe the spatial variations in pollu-
summer. Overall CO fluxes to the NW Pacific from Asia are tion levels across the two adjacent large Chinese cities of
found to decrease by a factor of 3—4 from spring to sum-Beijing and Tianjin.

mer. Much of the seasonal change is driven by decreas- The diffusion equation in regional atmospheric models
ing fluxes from India and Southeast Asia in summer, while needs side boundary conditions in they, andz directions,
fluxes from East China are only 30% lower in summer than inwhereas global models simulate the Earth’s atmosphere as
Spring_ Compared to Spring, summertime outflow from Chi- & whole. It is difficult to obtain exact values of tracer con-
nese source regions is strongest at higher latitudes (north gfentrations for all points of the side boundaries as a func-
35° N). The deeper convection in summer transporting COtion of time. Boundary conditions, especially at the upwind

to higher altitudes where export is more efficient is largely boundaries, continue to affect model predictions through-
responsible for enhanced export in summer. out the simulation. Song et al. (2008) used the simula-

tion results of a global chemistry model, the Real-time Air
Quality Modeling System (RAQMS), to provide dynamic
lateral boundary conditions for regional air quality simula-

Correspondence tK. He tions using the Models-3 Community Multiscale Air Qual-
BY (hekb@tsinghua.edu.cn) ity (CMAQ) Model. They found that use of the dynamic
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boundary conditions not only improved CMAQ’s simula- The nested-grid capability can be easily adopted for other re-
tions of diurnal variations resolving the daily maxima of sur- gions of the globe (Fiore et al., 2005; Li et al., 2005).
face G but resulted also in better agreement with the ver-  This work focuses on summertime transport of pollutants
tical structure of @ measured in the middle and upper tro- over a particular region of China, the Beijing-Tianjin-Hebei
posphere. Compared to the simulation with predefined lat{BTH) city cluster. The emission distributions for this area
eral boundary condition profiles, it is suggested that at theare illustrated in Fig. 1. Consisting of only 2.3% of China’s
upper troposphere more than 85% of thg @ncentration land area, the BTH city cluster accounts for 10.5% of China’s
difference associated with the lateral boundary conditionsSO, emissions and 10.9% of its N@missions (Zhang et al.,
was caused by the transport and diffusion processes. Thg009). Taking advantage of the increased horizontal resolu-
regional and global models employed in their study, how-tion of 0.5 x0.667 roughly 40 kmx50 km over China), it
ever, used different meteorological fields, employed differentis possible for the nested-grid GEOS-Chem model to resolve
chemical mechanisms, and also differed in their treatments ofhe heterogeneous transport and emission patterns over the
transport. Wang et al. (2004a) developed a one-way nested3TH city cluster. CO is used as a convenient tracer to indi-
grid capability in the global GEOS-Chem model based oncate the frequency and magnitude of influences from vehicle
GEOS-3 meteorology. The nested-grid formulation includedemissions and other combustion sources related to urban pol-
a regional window with relatively high spatial resolutior? (1 lution.
(latitude)x<1° (longitude)) embedded in a lower-resolution  Many previous studies have examined the mechanisms
global context (8x5°) of the GEOS-Chem model. Re- controlling the outflow of CO from Asia to the NW Pacific
sults from the coarse global model simulation were used tdn springtime, the season with maximum export fluxes (Liu
drive the nested-grid model through time-varying boundaryet al., 2003; Fuelberg et al., 2003; Liang et al., 2004, 2005,
conditions. The high-resolution, nested-grid simulation em-2007; Miyazaki et al., 2003; Koile et al., 2003; Holzer et al.,
ployed the same meteorology, dynamics, and chemistry ag005). Liang et al. (2004, 2005, 2007) and Koile et al. (2003)
the global GEOS-Chem model, thus allows for consistenthave studied the pollution and outflow from East Asia in
propagation of features into the domain. Through detailedsummertime. However, all these studies took China or East
analysis of improvements in CO simulations that were sim-Asia as a whole, whereas there exits significant regional dif-
ply the consequences of increasing the spatial resolutiongerences within East Asia and China in terms of meteorology
Wang et al. (2004a) found that the higher-resolution modeland emission characteristics. The present study will examine
allowed for more efficient, advection-related ventilation of the outflow pattern and efficiencies for export of CO from
the lower atmosphere, reflecting the significance of localizeddifferent administrative regions of China, focusing also on
regions of intense upward motion not resolved in the coarserseasonal differences between spring and summer.
resolution simulation. The nested-grid GEOS-Chem model The nested-grid approach adopted here is described in
has been employed in a variety of applications for East AsiaSect. 2. The high-resolution nested-grid simulation is evalu-
(Wang et al., 2004a, 2004b), North America (Fiore et al., ated in Sect. 3 comparing the present results with surface ob-
2006; Li et al., 2006; Park et al., 2006), and Europe. How-servations and with results from the coarse resolution model.
ever, even the higher resolution 0fx1° is still too coarse  The nested-grid model is employed in Sect. 4 to examine the
to address concerns relating to regional-scale air quality ovemeteorological conditions regulating day-to-day variations in
complex terrains or in regions characterized by complex patCO at a suburban site in Beijing. Tagged CO simulations
terns of emissions. were conducted to estimate the contributions of local and re-
This work follows the methodology of Wang et al. (2004a) gional emissions to CO levels over Beijing. In Sect. 5, we
to develop an updated version of the nested-grid capabilitfyompare the outflow pattern and export efficiencies of CO
in the global GEOS-Chem model (Bey et al., 2001) usingfrom China between spring and summer. Concluding re-
the newest version of GEOS-assimilated meteorological dat@narks are presented in Sect. 6.
(GEOS-5), which allows for higher spatial resolutions over
the nested domain. Compared to the original version of the
nested-grid GEOS-Chem model designed for GEOS-3 mete2 Modeling approach
orology with a horizontal resolution of% 1° and 10 sigma
levels below 2 km, the GEOS-5 meteorology allows for spa-2.1 Nested grid formulation
tial resolutions of 0.5x0.667 with 15 hybrid eta levels be-
low 2km for the nested domain. The horizontal and verti- The GEOS-Chem global 3-D model for tropospheric chem-
cal resolution of the GEOS-5 nested-grid model is compa-istry is driven by meteorological data assimilated by the God-
rable to that of many regional-scale models. For purposedard Earth Observing System (GEOS) at the NASA Global
of this application the nested domain with high resolution Modeling and Assimilation Office (GMAO) (Bey et al.,
(0.5°x0.667) is set over East Asia, where rapid economic 2001). The GEOS assimilated meteorology has gone through
growth in recent years has resulted in large increases in pollumany versions over the past ten years, evolving from GEOS-
tant emissions with implications for the global environment. 1 to the most recent version of GEOS-5. The present study
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Fig. 1. (a—c) Total CO emissions for China and the Beijing-Tianjin-Hebei Redian0.5°x0.667 (China), (b) 0.5°x0.667 (Beijing-
Tianjin-Hebei Region)(c) 2° x2.5° (Beijing- Tianjin-Hebei Region). Units are in gAtmonth. Geophysical locations of capital cities in the
region are illustrated in panel (c).

used GEOS-5 meteorology extending from December 200&ountries (stretching from Pakistan in the west to Japan in
to present. We chose in this application to use GEOS-Chenthe east and from Indonesia in the south to Mongolia in the
version 8-01-01 Http://www.as.harvard.edu/chemistry/trop/ north), and a significant portion of the northwestern Pacific.
geos, the first version of GEOS—Chem that is fully compati- The high resolution regional domain is nested into a global
ble with the GMAO GEOS-5 operational meteorology data.domain treated with a resolution of 45°. The outermost
Meteorology fields in the GEOS-5 data have a temporal resogrids at the lateral boundaries of the high-resolution nested-
lution of 6 h (3 h for surface variables and mixing depths) andgrid domain were used to delineate a buffer zone separat-
a horizontal resolution of 0%5atitude by 0.667 longitude,  ing low and high-resolution portions of the model (Wang et
with 72 hybrid eta levels in the vertical column that extend- al., 2004a). To provide boundary conditions for the regional
ing from the surface to 0.01 hPa. The lowest 2 km is resolvednodel, the global assimilation was run at the spatial resolu-
by 14 layers with midpoints at altitudes of 70, 200, 330, 470, tion of 4 degrees latitude by 5 degrees longitude. The tracer
600, 740, 880, 1000, 1160, 1300, 1440, 1600, 2000 m for amixing ratios for the buffer zone grids were saved for ev-
column based at sea level. Details of this data source are preery three hours consistent with the temporal resolution of the
sented elsewhere (Rienecker et al., 2007). For inputs to theneteorology data. The archived, time-varying boundary con-
global GEOS-Chem model, the horizontal resolution of theditions were used to drive high-resolution nested-grid model
meteorological fields is degraded to [Atitudex2.5° longi- runs.

tude or £ latitudex5° longitude due to computational lim-

itations. Details of the degradation process are provided by »  cO simulation

Wang et al. (2004a). Compared to the global GEOS-Chem

”.‘Ode" the nested-grld. GEOS-Chem model rgtams the n".’mVEA CO-only simulation was conducted using the global model
high horizontal resolution over the nested regional domain. with its higher resolution nested-grid for summer 2005 with
The GEOS-5 meteorology uses an advection code differspecified OH fields derived from a global coupled NO
ent from that of GEOS-3, partly because different vertical co-VOCs-Os-aerosol simulation (Wang et al.,, 2004a). The

ordinates were used in the two versions of GEOS assimilatedlobal simulation was conducted first af>&° resolu-
meteorology. Lateral boundary conditions for the nested-griction (referred to as the coarse-resolution global model) and
model were added in the GEOS-5 advection code followingthen at 2 x2.5° resolution (referred to as the intermediate-
the same methodology of Wang et al. (2004a). The nestedesolution global model). To avoid transients associated with
regional domain (70E-150 E, 11°S-5% N; cf. Fig. 1 in initial conditions, the coarse-resolution global model was run
Wang et al., 2004a) includes all of China, its neighboring for one month beginning on 1 December 2004. Results for
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1 January 2005 were saved and interpolated ontotke@ 2%° 3 Effect of model resolution on CO over Asia
and 0.5x0.667 grids providing initial conditions for the in-
termediate global model and the associated high-resolutio3.1 Heterogeneity of CO emissions
nested-grid. Simulations with different resolutions were
conducted for the period from January to September 2005The spatial distribution of composite CO emissions over
Boundary conditions for the nested-grid model were pro-the nested domain is presented in Fig. 1a. The emission
vided by the coarse-resolution global model (i.6x8° res-  distribution in China shows the characteristics of the fos-
olution). Results were presented for July to September 2005sil fuel and biofuel combustions, spatially differentiated by
allowing sufficient time for the high-resolution model to ad- economic development, industry structure, and population.
just to transients introduced by the initialization of the model At 0.5°x0.667 resolution, the inventory explicitly resolves
on 1 January 2005. contributions from several Chinese urban regions with high
In Sect. 3, we examine the differences relating to theemission intensities (Zhang etal., 2009): a) cities with higher
higher spatial resolution available in the nested-grid regionalevels of urbanization and motorization, such as Beijing
domain by comparing high-resolution nested-grid model(116.46 E, 39.92 N), Shanghai (121.4&, 31.22 N), and
outputs with the intermediate-resolution global simulation. Guangzhou (113.2F, 23.16 N), where the transportation
Since the simulations with different resolutions adopted thesector contributes 40-60% of CO emissions, b) cities such
same OH fields, differences in modeling CO may be entirelyas Anshan (123.06&, 41.8 N), Shijiazhuang (114.4&,
attributed to the higher resolution specification of sources38.03 N), and Taiyuan (112.5F, 37.87 N), with heavy
and to differences in the treatment of transport as simulatedndustrial manufacturing where industrial sources contribute

using the one-way nested formulation. more than 40% of total emissions, and c) densely populated
o such as Chongqing (106.5&, 29.59 N), Tianjin (117.2 E,
2.3 CO emissions 39.7° N), and Wuhan (114.31E, 30.52 N), cities with mul-

) o ) tiple sources. Most of these cities can be identified in Fig. 1a
Anthropogenic emissions of CO from the combustion of fos- 55 individual “hot” spots, while Beijing, Tianjin, and Shiji-

sil fuel and biofuel over the nested East Asia domain were,znyang are located so close together as to merge into one,
taken from Zhang et al. (2009) for the year 2006. A se-|5rge region with high emissions.

ries of improved methodologies were implemented in the The ability of the high-resolution nested-grid model to
study of Zhang et al. (2009) to gain a better understandingego|ve the heterogeneity of emissions over the Beijing-
of emissions from China, including a detailed technology- 1ianjin-Hebei (BTH) city cluster is illustrated in Fig. 1b. For
based approach, a dynamic methodology representing rapigymnarison, Fig. 1c shows emissions for the same region at
tgchnology renewal and critical examination of energy statis—20X2_5o resolution. The emission data at 0:3.667 res-

tics. The inventory was based upon the studies of Streets €y tion resolve the differences in emission intensities in in-
al. (2006), which improved estimations for emissions from q; i) cities, whereas Beijing, Tianjin, and a part of Hebei

Chinese industrial sources that had been underestimated i|5‘rovince are aggregated in thex22.5 description. The in-
the inventory developed earlier in support of the TRACE-P _case of model resolutions fromi 22 5 to 0.5 x0.667

aircraft mission (Streets et al., 2003).  Zhang et al. (2009)gppanced the ability of the model to represent emissions at
found that Chinese emissions of CO increased by 18% fron}he scale of individual cities, although the ©:5.667 res-
2001 to 2006. The anthropogenic CO emissions in 2006 ' |

from Asia and China used in the model are 298.2 andg#tilsos?(;ﬁ: S\I/:tﬂ?r: gnsa?trilguulgr éict)y(.:apture spatial variations in

166.9 Tg/year respectively, with no month-to-month varia-

tions. The updated inventory was downloaded frbttp:

/Imic.greenresource.cn/intex-b20860.5 x 0.5 resolution.

The 0.5 x0.5° gridded emission inventory was degraded into |, this section, we evaluate the spatial patterns in CO sim-

4°x5°,2°x2.5, 0.5 x0.667 using spatial averaging. ulated by the nested-grid model by comparing tropospheric

For emissions associated with fossil fuels over the resicq ¢qjumns between model results and MOPITT satellite re-

of the world, we adopted inventories reported by Duncanyeyais. MOPITT data used here are Level-3 monthly aver-

et al. (2003). Erjnissions. due to the combustion of pio— aged daytime (10:00-12:00 local time) CO columns°at I°

fuel and the burning of biomass were taken from Yevich roqqiytion http://www.acd.ucar.edu/mopitt/products.shtml

and Logan (2003) and Duncan et al. (2003), respectivelyp,jly model outputs sampled at the same time of MOPITT

These emissions were defined with respect t9:alt grid.  ,\erasses are processed and averaged at the same reso-

The Ix1° emissions data sets were regridded to match thgion as MOPITT. Spatial distributions of daytime tropo-

4°x5°, 2°x2.5, 0.5'x0.667 model resolutions. spheric CO columns for August 2005 are presented in Fig. 2.
The figure includes results from the high-resolution nested-
grid model (Fig. 2a), the intermediate-resolution global
model (Fig. 2b) and MOPITT (Fig. 2c). Results from the

3.2 CO mixing ratios
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Fig. 2. Comparisons of CO Daytime total column for August 2005, simulate@lpyhe fine-resolution (05x0.667), (b) intermediate-
resolution (2 x2.5°), (c) MOPITT.

coarse-resolution global model°(45°) are similar to those 3.3 Sichuan Bain low-level vortex
from the intermediate-resolution model°¢22.5°) and are

not included. Spatial patterns of the two models are similar . . ]
to those retrieved by MOPITT, with high column densities Itis interesting to note that the CO daytime total columns dis-

in regions of high anthropogenic emissions, notably centralPlays a distinct peak over the Sichuan Basin the dark regions

and eastern China. The correlate coefficients are about 0.8entered at (105, 30 N) in Fig. 2 in the high-resolution
between MOPITT and models of 0.50.667 or 2°x2.5° nested-grid model, but the peak is not so obvious in the in-
resolutions. However, the higher resolution simulation pro-teérmediate global model. The terrain elevations, winds and
duces stronger gradients over the Asia region with Sp{j‘tia”y'surface pressure for the Tibetan Plateau- Sichuan Basin Area

varying emissions, in particular over the North China Plain, € Presented in Fig. 4. Figure 4a displays the terrain eleva-
more consistent with the MOPITT data. tions at a resolution of 3 arc-minutht{p://www.ngdc.noaa.

Spatial distributions of surface CO mixing ratios are pre- 90V/mgg/topo/pictures/GLOBALeb3colshade jpglustrat-
sented in Fig. 3a—b. Spatial patterns are similar for the twd"9 the rapid change in elevation from the Tibetan Plateau
models, reflecting emission characteristics with the high-(4—5km elevation) and Yunan-Guizhou Plateau (2-3km el-

est concentrations in Kalimantan Island, South Asia, no_evation) to the Sichuan Basin (0.5 km elevation). As shown
table for its regions of high biomass burning. High mix- in Fig. 4a, the Sichuan Basin locates in the center between

ing ratios of CO are found for the Bejing-Tianjin-Hebei re- the Tibetan Plateau and Yunnan-Quizhou Plateau, ma_king it
gion, central and eastern China, and the Sichuan Basin. Ag Saddle pattern for topography. Figure 4b—c are the winds at
0.5°x0.667 resolution, the individual grids with high mix- 2km overlaid with surface pressure simulated by the model

ing ratios (Fig. 3a) can be easily mapped to the locations oftt 0-5 x0.667 (b) and 2x2.5* resolutions (c). In summer,
the cities with high emissions as indicated in Fig. 1b, illus- nfluenced by the southwesterly East Asian summer mon-

trating a clear contrast with surrounding grids that have rel-S00Nn, winds blow in a cyclonic pattern over the southeast
atively low CO. At 2 x 2.5 resolution, however, emissions Part of the Sichuan basin. The Tibetan High formed over

from these cities are smeared out to a larger area, resulting iff!® Middle part of the Tibetan Plateau as the western Pa-
lower concentrations in cities, compensated by higher conSific Subtropical High shifted westward to the west of the
centrations in surrounding grids. Sichuan Basin (Chen, et al., 2007). Figure 4b clearly shows

the pattern described above. Under the influence of the large
scale circulations, strong northwesterly flow enters the basin
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Fig. 3. Comparisons of CO mixing ratios averaged in surface for August 2005, simulat@] the fine-resolution (05<0.667), (b) the
intermediate-resolution {X2.5°) .

around the east edge of the Tibetan Plateau, while southwesshort, grid center 116.0@, 40.00 N), were chosen for com-
erly flow enters the eastern part of the Sichuan Basin aroungbarison. Their locations are shown in an administrative map
the northwest edge of the Yunnan-Guizhou Plateau. The ineof Beijing in Fig. 5c. Within the urban grid, there are six
teraction between the two flows forms a convergent zone ofmonitoring sites covering commercial, residential, and trans-
northward jet stream over the east of the Sichuan Basin dugortation environments. The suburban grid has only one sur-
to the blocking effect of topography and the westward shift of face station, DL (116.2E, 40.22 N), located 42 km north-
the Western Pacific Subtropical High. Chen et al. (2007) alsowvest of Beijing’s urban center. Hourly observations of CO
found that since dry air continuously entered the upper levemixing ratios at the seven sites within the two grids were
over the Sichuan basin, strong instability of vertical convec-collected by the Beijing Municipal Environmental Monitor-
tion formed over the basin and developed toward the northing Center.

east of the basin, which maintained and continuously intensi-

fied loni Gcity. Th kes the Sich Basi Beijing is situated at the northern tip of the roughly trian-
Ied cyclonic vorticity. The process makes the sichuan as'ngular North China Plain with a northwest high and a south-
a favorable location for stationary low-level vortices, or the

. east low as its primary topographical features. The northern
so-called the Southwest Vortex (Chang et al., 2002), wh|chpart is dominated by the Yanshan and Taihang Mountains,

tend to trap pollutants within the columns above the Basm.WhiCh intersect and form a semicircle called the “Beijing

As shown in Fig. 4c, the resolution of the intermediate globa_l Bend.” Another large city, Tianjin Municipality (population

model is too coarse to resolve the terrain effects of the Baswa about 10 million) is located 150 km southeast of Beijing
and the meteorological features accordingly. The terrain around Tianjin is generally flat and swampy near
the coast and hilly in the far north. The climate of the BTH
region in summertime is influenced by the East Asian sum-

We examine in this section the extent to which the nested.Me" monsoon with prevailing southwest winds at the surface.

grid model with its current 05<0.667 resolution can dif- The monthly mean mixing ratios of CO during three
ferentiate between urban and suburban areas with differennonths (July, August, and September) in 2005 are summa-
emission intensities. The intermediate global model is usedized in Table 1, including both observations and model re-
for comparison. We focus on the BTH city cluster, one of the sults for comparison. The data are represented as daily (24 h)
most populous and polluted regions in China. The surfaceand daytime (10:00-18:00) averages. The monthly mean
CO mixing ratio simulated by the nested-grid model and the(both daily and daytime means) mixing ratios of CO as sim-
intermediate global model for this region is displayed in de- ulated by the 0.5x0.667 nested-grid model for both the
tail in Fig. 5a—b, respectively. Two adjacent grids over Bei- urban grid and suburban grid are higher than the values de-
jing with available CO observations, an urban grid (centerrived using the intermediate global model and in better agree-
116.67 E, 40.00 N) and a suburban grid (Dingling, DL for ment with the observations. Due to resolution limitations, the

3.4 Differences between urban and suburban grids

Atmos. Chem. Phys., 9, 3823839 2009 www.atmos-chem-phys.net/9/3825/2009/



D. Chen et al.: Regional CO pollution and export in China 3831

Table 1. Average CO mixing ratios for July-August-September 2005 (unit: ppbv).

Suburban DL Urban Beijing
Observations 05x0.667 2°x2.5° observations 05x0.667 2°x2.5°
model model model model
802 710 486 1296 791 594

urban grid in the intermediate global modef £2.5° reso-  observations at the two sites=0.82). Given the nested-
lution) includes not only the Beijing area, but also Tianjian grid model resolution, it was difficult for the model to sim-
and a great part of Hebei province, while the suburban gridulate the exact timing and locations of the urban plume.
includes a large part of rural Beijing and Hebei. Here we To examine whether increasing spatial resolutions improves
compare the grid-averaged model results with point observathe model’'s ability to capture the variability, the percent-
tions close to high emission areas (i.e. Beijing), where theage anomalies from the mean CO for observation and model
smaller the model grid, the less diluted the emissions fromare compared in Fig. 6b. The Figure includes results from
Beijing and thus the higher the CO concentrations predictedhe high-resolution nested-grid model and the intermediate-
by the model. The table clearly attests to the improvement irresolution global model. When the observed CO levels are
the simulation obtained by increasing the model resolutionlower than 1500 ppbv, the high-resolution nested-grid model
from 2°x2.5° to 0.5 x0.667, as indicated by comparison performs better than the global model in capturing the tempo-
of results in Fig. 5a—b. ral variability of observations, such as for 3, 14 and 26 July.
Compared with the observation, concentrations derived~or other days with observed CO exceeding 1500 ppbv, the
using the 0.5x0.667 model are still too low for both the ur- performance of the two models is almost the same in com-
ban and the suburban DL grids. The modeled mixing ratiosparison to observations. The correlate coefficients between
at the urban Beijing grid and the suburban DL grid are 39%model and observations for July 2005 are 0.5 and 0.4 for the
and 11% lower than the observations. The underestimates dfigh-resolution and inter-mediate resolution simulations, re-
daily mean mixing ratios by the model may be partly due spectively, while the correlate coefficients for the whole sum-
to underestimates of CO emissions as inventory estimatemer are around 0.60 for both models. The day-to-day vari-
for Chinese CO emissions are still uncertain (Zhang et al. ability of CO simulated by the models are generally weaker
2009). More importantly, the six monitoring sites within the than observations, which is often the case when point mea-
urban grid are all located within a 10 km range of the city surements are compared with grid-averaged model predic-
center, while the urban emissions as simulated in the nestedions, since the DL site is frequently impacted by urban pol-
grid model, even given its relative high applied resolution lution plumes whose exact timing and scale are difficult to
(0.5°x0.667) are much more diluted. simulate at the spatial resolution of the nested-grid model.
Other possible explanations for the bias of the model results

) o . include uncertainties in CO emissions (both in spatial and
4 A case study: summertime CO variations in Beijing temporal distribution).

To investigate the meteorological factors responsible for the TNe comparisons of temperature and surface pressure be-

alternations between heavy pollution days and clean days ifeen the model and observations are presented in Fig. 6c.
the BTH region in summertime, we first compared the mod- 1€ data are for 14:00 local time in each day. The model

eled and observed time series of CO mixing ratios and relategeProduces the day-to-day variations in temperature and sur-
meteorological parameters for July 2005 at the DL site. Theface pressure. The correlation coefficients between model

reason for focusing on the suburban DL site rather than on th@nd observations are 0.87 for temperature and 0.98 for sur-
urban site is because the resolution limitation of the nestedface pressure. Figure 6d compare model and observed values

grid model made it impossible to simulate the very high co ©f daily wind speed at the surface. As the DL site may be in-
levels at the urban site as indicated above. fluenced by local meteorology, the wind speeds here are the

averaged results from not only DL sites but also the other 9
4.1 Day-to-day variations in CO and meteorology monitoring sites in this area. The correlation coefficient for

wind speed was 0.62 for the whole month, with the model
Time series of CO daily mixing ratios observed at the ur-tending to overestimate wind speeds for most days. There
ban site and the suburban DL site are summarized in Fig. 6avere some cases where the model did a satisfactory job in
As discussed, the DL site was readily impacted by plumessimulating variations in both CO and wind speeds. For ex-
with high levels of CO from the urban grid during the day- ample, the relatively high mixing ratios of CO observed on 2
time, resulting in high temporal correlations between COand 3 July were associated with relatively low wind speeds.
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(a) Terrain Elevations at 3 arc-minute grid

(a) 0.5x0.667 (b) 2x2.5

(b) Wind (2km) and surface pressure (0.5° x0.667°)
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Fig. 5. Comparison of surface CO mixing ratio for August 2001
(Surface). (a) 0.5°x0.667. (b) 2°x2.5°. Units are in ppbv.(c)
Geophysical locations of monitoring sites in the region. The dark
areas are eight urban districts of Beijing, and the light areas are the
suburban districts, with DL site illustrated as a triangle.

The model reproduced the variability in CO and winds during
these two days. The period of 25 and 26 July saw another
successful simulation of CO and wind speeds by the model.
But during 18—20 July, for example, the model overestimated
wind speeds and underestimated CO mixing ratios to a large
degree. Depending on local wind directions, the DL site may
be influenced directly by urban emissions from Beijing or by
regional pollution. If the DL site is under the strong influence
of Beijing urban emissions, overestimates in wind speeds by
- the model may result in more rapid dilution and greater ex-

54 o7 70 w2z o1e 1007 hPa port of local emissions out of the grid, leading to the model’s
—> underestimates of CO mixing ratios at DL.

Fig. 4. Terrain elevations, winds and surface pressure of the Ti-4.2 Regional versus local influences
betan Plateau-Sichuan Basin Area in August 20@8) Terrain

elevations at a resolution of 3 arc-minutetp://www.ngdc.noaa. To quantify the effects of different source regions on pol-
gov/mgg/topo/pictures/IGLOBALeb3colshade)pthe white area  |ution levels over Beijing in summertime, we conducted a
in black line is the Tibetan Plateau (Terrain elevation H=4-5km), tagged CO simulation in which anthropogenic emissions of

the yellow area in red line is the Yunnan-Guizhou Plateau (H=2-c( from the following seven Chinese regions were labeled
3km), the green area in circle is the Sichuan-basin (H=0.5-1 km).and independently transported in the model: NEC (Northern
(b) and(c) are the winds and surface pressures simulated by th

0.5°x0.667 and 2 x2.5° resolution respectively. East China), BJ (Beijing, consisting of only the urban grid
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(a) Daily CO concentrations at urban and DL sites for July 2008b) Daily CO concentration variability in percentage anomalies
from the mean CO at DL sites for July 2005.
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Fig. 6. Time series of CO concentration, wind speed, temperature, and pressure. Monitored and modeled in Beijing for July 2005.

and the suburban DL grid), TH (Tianjin-Hebei), SH (Shan- at the DL site in summer. The regional emissions from the
dong and parts of Hebei,), SX (Shanxi and Shaanxi,), SQagged Tianjin-Hebei region make up the second largest con-
(South China), and West China. In addition, emissions fromtribution, accounting for an average of 17% for CO at DL.
India and South Asia were also tagged as they make imporThe temporal correlation between the tagged BJ tracer (rep-
tant contributions to Asian outflow of CO to the NW Pacific resenting local emissions) and the TH tracer is 0.52. The
as discussed in the next section. The tagged regions of emisagged SH tracer was also found to correlate well with the BJ
sions are indicated in Fig. 7. Detailed methodology of thetracer, although the contribution from the SH tracer is much
tagged CO simulation was described in Wang et al. (2004a)smaller.

Table 2 summarizes the percentage contributions of indi- For air quality regulators, an important question is how to
vidual CO tracers to total CO simulated at the DL site for reduce pollutant concentrations on days with bad air quality.
each month. Emissions from the two Beijing grids (i.e. the On those days, the relative contributions from local and re-
urban grid and the suburban DL grid, denoted as BJ in the tagional emissions may differ from their mean contributions.
ble) were referred to as local emissions in our study, whileTherefore, we now turn our attention to the contributions of
emissions from all the other tagged Chinese regions wergagged tracers on individual days. Figure 8 presents the day-
regarded as regional emissions. We found that local emisto-day variations in mixing ratios of individual tagged tracers
sions make up an average about 46% of CO mixing ratiodor July 2005. In all days, the BJ tracer makes the biggest

www.atmos-chem-phys.net/9/3825/2009/ Atmos. Chem. Phys., 9, 3838-2009
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N J = Table 2. Modeled percentage contributions of emissions from dif-
o 7;5} ] ferent tagged regions to CO levels at DL site (%).
40°N é LA
;} West China H %@j |
) SH Tagged Region Jul  Aug Sep Summer
o N e e - Average
2o ] India ﬁ [y > 7 Rest of World Beijing (BJ) 354 499 503 46.2
\/A e Tianjin-Hebei (TH) 200 158 168 173
10°N S 8 Shandong & Hebei (SH) 9.9 1.8 3.4 4.5
0 et At Shanxi & Shaanxi (SX) 1.8 22 12 1.7
o N % € oy Northeastern China (NEC) 83 11.9 11.0 10.6
{%a %\gc South China (SC) 33 07 03 1.2
10°8 “ All the other regions combined 22.4 18.8 184 19.6

n
70°E 80°E 90°E 100°E 110°E 120°E 130°! E 140°E 150°E

Fig. 7. Schematic representation of regional GEOS-Chem domains

and source regions for tagged CO simulation. Regional domains are
defined by the outermost thin gray lines, and the thick gray line |smbu“0nS The tagged CO simulation indicates that during

the actual boundary of the nested model. The grid boxes outside thB€riods of heavy pollution the Beijing, Tianjin-Hebei, Shan-
gray rectangle in the fine-resolution domain define the buffer zonedor!g, and Hebei regions were particularly important source
for boundary conditions. regions.

DL CO 10-18hr average 4.3 Meteorological conditions

Model — BJ ----SH

©
(=]
o

3900

8005 = =zwe £ égoo To investigate the meteorological conditions controlling the
ook RW _5700 differgnces between heavily polluted and relatively (_:Iean
days in summer, we chose 2—4 July as a representative pe-
600 3600 riod. The mixing ratios of CO observed at the DL site were
500 = relatively low on 2 July, rose to a high level on the second

day and peaked on 3 July, followed by a rapid drop on 4 July.
E During this period of 3 days, the observed variations in CO
3300 mixing ratios differed by about a factor of three. The model
%200 reproduced well the sequence of variations, although it failed
to reproduce the exact magnitude of the very high and very
; g 7 L low mixing ratios of CO on 3 July and 4 July, respectively.
e A L) Figure 9 displays the distribution of winds and CO mixing
R R e e ————" ratios in the boundary layer as simulated by the model for
each of the four days. From 2 July to 4 July, under the high
: TR .~ pressure system over the East China Sea (the Pacific High),
July 2005 (un't.: ppbV). (B.lue solid line is the modeled .tOt‘"?‘I daily surface wind patterns indicate a strong maritime influence
CO concentration at DL sites. Black, blue, and red solid lines are . .
contributions from Beijing (BJ), Tianjin & Hebei (TH), and North- from southeast and central China with a general southeast on-

eastern China (NEC). The dashed lines are for the other tagged ré:‘hore flow along the coast. On 2 July, a weak low-pressure

gions, Shandong and Hebei (SH, black dashed), Shanxi and Shaan®yStem was centered over Mongolia, northwest of Beijing.
(SX, blue dashed), South China (red dashed), and Rest of World he Beijing area was not strongly influenced by either the
(yellow dashed)). low-pressure system to the northwest or the high-pressure

system to the southeast. A weak high-pressure system was

located over the North China Plain, and the atmosphere was
contribution, but its relative importance becomes smaller orrelatively static over Beijing on 2 July, with surface wind
high pollution days with high mixing ratios of CO. For ex- speeds below 1 m/s. The static conditions favored accumula-
ample, during the high pollution period between 6 July andtion of the regional CO emissions from the heavily polluted
8 July, the BJ tracer accounted for only 35%—40% of the totalTianjin-Hebei area and local Beijing emissions, resulting in
CO, while the influence from regional emissions was muchrapid rises in CO mixing ratios. Then on 3 July the flow
higher, with the TH tracer and the SH tracer accounting forswitched to southwesterly flow in advance of the front bring-
about 35% and 20%, respectively, during the period. Oning in regional pollution. The low-pressure system strength-
relatively clean days (5 July and 28-29 July), the BJ tracerened on 3 and 4 July and moved toward the southeast. By
(70-75%) and the global background made the biggest cond July, the low-pressure center was to the east of Beijing,
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Fig. 8. Time series of daily contributions from tagged regions for
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Fig. 9. Surface wind vectors and CO concentrations for the period of 2—4 July 2005.

with the associated strong northwesterly winds bringing rel-and GEOS-Chem model. Liang et al. (2004) found max-
atively clean air to Beijing with CO levels over Beijing drop- imum export of Asian pollution to the western Pacific oc-
ping accordingly. The meteorological setting for 2 to 4 July is curs at 26-50° N during spring throughout the tropospheric
consistent with the general description of the sawtooth cyclegolumn, shifting to 30-60° N during summer, mostly in

of PMy 5 levels over Beijing, as reported by Jia et al. (2008). the upper troposphere. They also developed three new sea-
They suggested that the passage of synoptic systems fromevel pressure indices, which capture variations in transpa-
the north is the key meteorological mechanism resulting incific transport on daily to inter-annual timescales and found
the dilution and removal of pollution from Beijing. that during summer, the Asian outflow displayed lower levels
of CO due to shorter lifetime of CO in summer. Convective
injection into the upper troposphere occurs predominantly in
summer, as compared to the frontal mechanisms dominated
in spring in the export (Liang et al., 2005, 2007). In this
The monsoonal circulation over East Asia is characterized by>€ction, the outflow pattern in summertime is discussed and
a general outflow of surface air from the continent in winter c0mpared with that in spring. The analysis focuses on CO
compensated by a maritime inflow in summer. Many previ- emitted from the_geogr_aphlcal regions in Asia as_defmed in
ous studies have used CO as a tracer to examine the patterH€ t@gged CO simulation described above (cf. Fig. 7). The
and mechanisms of Asian outflow to the Pacific, and muchdomain adopted to evaluate the export fluxes is defined by

of the attention has thus far been paid to springtime (Liu et80°—140 E longitude, 16-50° N latitude, and 0-12km alti-
al., 2003; Fuelburg et al., 2003; Liang et al., 2004, 2005 tude. The regions of SH, TH, and BJ are combined here into

2007; Miyazaki et al., 2003: Koile et al., 2003: Holzer et the North China (NC) region.

al., 2005). They found that the major process responsible for Figure 10 presents the monthly (March—September 2005)
the export of Asian anthropogenic pollution to the westernmean fluxes of CO through the eastern (1BD boundary.
Pacific during spring is frontal lifting to the free troposphere The CO fluxes displayed in the figure are partitioned among
(FT) ahead of southeastward-moving cold fronts and transthree source regions, namely India, Southeast Asia, and East
port in the boundary layer (BL) behind the cold front. Oro- China (the aggregation of NC, SC, NEC, and SX). The geo-
graphic lifting over central and eastern China combines withgraphical definition of these regions is shown in Fig. 7. The
the cold fronts to promote the transport of Chinese pollutionfluxes through the eastern boundary are positive (eastward)
to the FT. Liang et al. (2004) and Holzer et al. (2005) studiedfor each month. The overall fluxes in springtime are larger
the seasonal variations of Asian outflow by using continu-by a factor of 2—3 than the fluxes in summertime, consistent
ous CO measurements at a coastal site in Washington stateith the seasonality suggested by Liu et al. (2003) and Liang

5 China outflow
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=S auth fsia [——1East China higher altitudes. Subsequently, it is captured by strong west-
Cindia --a-- Tagged Region erlies that prevail in the free troposphere. Among the regions
=0m e listed in Table 3, SC has the highest EW export efficiency
20000 | Sy because its location in the lower latitude with abundant so-
¥ o o - lar radiation is conducive to stronger vertical motions of the
¥ . ‘x‘ lower atmosphere, resulting in efficient lifting of CO to the
i Rt T - free troposphere. NEC has the highest NS export efficiency
som E B m E because of its location near the northern boundary. The EW
0 : : : export efficiency is higher in summer and so is the efficiency
E 4 5 & 7 & & Month for NS export. The total export efficiency ranges from 0.45

(NC) to 0.65 (SC) in spring and from 0.66 (NC) to 0.89 (SX)
Fig. 10. Export fluxes of CO at 140E contributed by emissions jn summer. The deeper convection in summer bringing CO
from different source regions. The domain adopted to evaluate thgg higher altitudes with more efficient export is the important
export fluxes is c!efmed as 8914" E longitude, 16-50° N Iatl'tude, factor for higher export efficiency in summer.
fl‘f' gf; émNaE"g“‘;ﬁd ES‘";‘(St (‘gff"giz f%‘frs to the combination of SH, " yiv 2, aki et al. (2003) and Koike et al. (2003) studied the
export of anthropogenic reactive nitrogen and sulfur com-
pounds from the East Asia region and the synoptic-scale
Table 3. Export efficiencies of CO for tagged regions. transport mechanisms of the two chemical species over the
western pacific in spring. Specifically, they calculated quan-
titatively the export efficiency of NQand SQ using the P-
Spring (MAM) Summer (JJA) 3B and DC-8 aircraft observation data over the western Pa-
EW N-S Total E-W N-S Total cific during the TRACE-P campaign. Their results showed
NC(SH&TH&BJ) 036 0.09 045 048 018 066 that20-40% and 15% of NCemitted over the northeastern

SX 049 002 051 070 019 0.89 partof China remained as NGt 0-2 km (boundary layer)
NEC 040 019 059 053 025 078 gnd 2-7km (free troposphere), respectively. In the free tro-
sC 058 0.07 065 075 013 0.88

posphere, PAN was found to be the dominant form, while
only 0.5% of emitted N@ remained as NQ The transport
efficiency of SQ was estimated to be 25-45% and 15-20%
in the boundary layer and free troposphere, respectively. The
et al. (2004) for the export of Asian anthropogenic CO to theresults obtained in their study indicate that more than half of
NW Pacific. CO originating from India and Southeast Asia NO, and SQ were lost over the continent and that the verti-
accounts for about 60% of the total fluxes in spring. The frac-cal transport from the boundary layer to the free troposphere
tion from these sources drops to 30% in summer. Seasondlrther reduced their amounts by a factor of 2. The present
biomass burning over India and Southeast Asia is responsistudy calculated the outflow of CO from different areas of
ble for the large export of CO from the two regions in spring. China. Due to the longer lifetime associated with simple
The seasonal variability in outflow from East China is rela- chemical loss and less efficient deposition of CO as com-
tively small, with summertime outflow only 30% lower than pared to NQ or SQ,, the export efficiency of CO in spring
that in springtime. Emissions of CO from East China are calculated here is relatively higher than that for Nbd SQ
responsible for about 40% of the total outflow of CO from reported by Miyazaki et al. (2003) and Koike et al. (2003).
Asia in spring, with the fraction increasing to 70%-80% in  Figure 11 presents latitude-altitude cross sections at
summer. 140 E of seasonal mean fluxes from the tagged East China
Table 3 summarizes the export efficiency of CO emittedregions for spring (MAM) (upper panels) and summer (JJA)
from the tagged source regions in springtime (MAM) and (lower panels) 2005. Compared with springtime, summer-
summertime (JJA). The export efficiency of CO, evaluatedtime outflow from all the tagged Chinese source regions is
separately for the north-south (northward as positive) andstrongest at higher latitudes (north of3%). Inflow (i.e. neg-
east-west (eastward as positive) directions, is defined as thative fluxes) prevails through the whole troposphere south of
ratio of the net export through the lateral boundaries to the25° N in summer. This suggests that in summer, CO emitted
total emissions from the source region. From the table, wefrom the surface is first transported northward by maritime
can see that in both seasons the major export pathway is imflow associated with the summer monsoon before being
the EW direction for all source regions. It has been suggestedifted to the free troposphere by deep convection and carried
in many previous studies that CO emitted over Asia is trans-eastward by the strong westerlies. Northward transport is
ferred eastward through a two-step process (Liu et al., 2003most significant for CO from SC, for which emissions are
Wang et al., 2004; Fuelburg et al., 2003; Liang et al., 2004).from south of 30N, whereas outflow is confined to north
First, it is lifted through vertical motions of the atmosphere of 35° N. Consistent to the seasonality study of Asian export
(e.g. by fronts or convection) from the near-surface regions tacarried out by Liang et al. (2004, 2005, 2007), the convection
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Fig. 11. Latitude-altitude cross sections at 24bof seasonal mean fluxes of tagged CO tracers for spring (MAM) and summer (JJA) 2005.

is expected to be stronger in summer than in spring, resultingions over China in the fine-resolution model show patterns

in more efficient lifting and subsequently, stronger outflow in of fossil fuel and biofuel combustion spatially differentiated
the free troposphere. In summer, the eastward fluxes of Chiby economic development, industry structure, and popula-
nese CO all take the common pathway confined to north otion. The nested-grid simulation suggests that the highest
35° Nin the free troposphere, regardless of the latitudes fromCO column density over East Asia in summertime is at the
which emissions originated. In contrast, outflow in spring- Sichuan Basin, a feature not captured by the global model
time is strongest over the same latitudes of emissions. Fodue to resolution limitations. Influenced by the East Asian
example, outflow from SC in springtime is strongest &l45  summer monsoon, the Sichuan Basin is a favorable location

while that from NC is strongest at 4Q. for low-level stationary vortices (the southwest vortex) in
summer that tend to trap pollutants over the Basin, resulting

) in elevated levels of CO. By comparing surface CO simu-

6 Concluding remarks lated at different model resolutions for the Beijing-Tianjin-
, . . Hebei city clusters, we found that the fine-resolution nested-

The updated fine-resolution (050.667) nested-gnd grid mod)e/I is capable of resolving individual cities with high
GEOS-C;hem model developed- he.re aIIo_w§ for better "ePemission intensities. These localized emissions would be
resentation of th.e heterogeneity In_emissions and tra!’]S"smeared out over a coarse grid in the global models, lead-

port compared with the coarse- and mtermg dlate—resolut|oqng to underestimates of CO mixing ratio at suburban sites.
global models and the original nested-grid GEOS-Chem
model at ?x1° resolution (Wang et al., 2004a). Bound-  The nested-grid model was used to analyze the day-to-day
ary conditions for the fine-resolution nested-grid model arevariations in CO at a suburban site near Beijing in summer-
provided by results from the coarse global model. Emis-time. The model was found to reproduce well the observed
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