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ABSTRACT

A regional chemical transport model, RAMS-CMAQ, was emplbyo assess the impacts of biosphere—atmosphese CO
exchange on seasonal variations in atmospherig €icentrations over East Asia. Simulated £O&ncentrations were
compared with observations at 12 surface stations and thpason showed they were generally in good agreement. Both
observations and simulations suggested that surface d@€r East Asia features a summertime trough due to biogpheri
absorption, while in some urban areas surface 6% a distinct summer peak, which could be attributed tottbagimpact
from anthropogenic emissions. Analysis of the model resuliicated that biospheric fluxes and fossil-fuel emissiare
comparably important in shaping spatial distributions @,Chear the surface over East Asia. Biospheric flux plays an
important role in the prevailing spatial pattern of £€8nhancement and reduction on the synoptic scale due tortrgst
seasonality of biospheric COlux. The elevation of C@levels by the biosphere during winter was found to be largan 5
ppm in North China and Southeast China, and during summeisignificant depletion 7 ppm) occurred in most areas,
except for the Indo-China Peninsula where positive bioflalues were found.
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1. Introduction absorb carbon at a rate of 1-4 Pg¥roffsetting 10%—60%

L . . of fossil-fuel emissions, while the regional patterns ofde-
Carbon dioxide (C®) is one of the most important green-_. . ’ .

\ trial carbon sources and sinks remain uncertain (Solomon et
house gases warming our atmosphere. Its temporal and s

a- . . .
tial variability in the atmosphere reflects the influence of aine’azs?r??isézzlgﬁitaﬁa zc?lgiizéalziﬁgr%z;tir?lr”e 2|?):rllz)l W'gf] n
thropogenic inputs, including fossil-fuel emissions, esiin g P 9 &3P

production, land-use change (mainly deforestation) ahdrot the global carbon cycle, there S a ;trong impetus to resolve
D fine-scale C@transport and variability.
human activities, as well as the removal by two known reser- : . . d S
Atmospheric CQ is a particularly important climatic is-

voirs: the ocean and the terrestrial biosphere (Morimoto et . . . . .
e g . sue in East Asia because this area has experienced extensive
al., 2000; Liu et al., 2005; Piao et al., 2009). The remaindgr A .
. o . Ihdustrialization in the last three decades with accunedlat

that stays in the atmosphere exhibits large diurnal, synop-

tic, seasonal and interannual variability, especiallyrdand. Impacts of anthropogenic emissions and regionally ditine

Previous studies have found that most;Q@nissions origi- changes of land-use conditions and climate trends (Streets
- _— 9= et al., 2003a; Zhang et al., 2009; Liu et al., 2013a; Wang
nate from cities due to human activities, even though urb

areas cover only a small fraction of Earth’s land area (War%pal" 2013). Previous efforts have shown some promising
y a2hievements with high-resolution regional chemical gran

et al.,, 2012; Schneising et al., 2013). From the perspec-

tive of the natural carbon cycle, global terrestrial ecteys gggﬁﬁﬁﬂz(}g\,@fz (ggg\g_"%glz\tl :![' aIZ Oggizs)arlzrzl: g)t(;r;’_

ple, Ahmadov et al. (2009) coupled the atmospheric Weather
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tion Model; VPRM) to understand the effects that mesoscaléth RAMS providing the three-dimensional meteorologi-
transport has on atmospheric g@istributions. Also, WRF- cal fields (Zhang et al., 2002), and was extended to include
Chem has been used for regional transport simulations wii®, simulation by Kou et al. (2013). The study domain
prescribed terrestrial biogenic flux input from two biogedor CMAQ was 6654x5440 kn?, with a grid resolution of
chemical model simulations [Carnegie—Ames—Stanford Ap4 x64 kn¥ on a rotated polar stereographic map projection
proach (CASA) and Simple Biosphere Model (SIB3)], andentered at (35°W, 116.0E), and covered the whole area of
the results indicated that surface flux horizontal distitms East Asia (as shown in Fig. 1). The model system has 15
and wind directions are the dominant controls for Cn- vertical layers in ther,-coordinate system, unequally spaced
optic variations (Ballav et al., 2012). Some key requirdrom the ground to approximately 23 km, with nearly half of
ments for regional C@modeling have been noted, such athem concentrated in the lowest 2 km (vertical resolution of
using realistic initial and lateral boundary conditiondjile 100-200 m from the ground to approximately 1.5 km) to re-
issues that are of interest for the magnitude and spatial splve the planetary boundary layer. The output time step is 1
tent of biospheric and anthropogenic roles in atmosphetic CG; is treated in the model as an inert chemical species,
CO, have not yet been addressed in most regional maoslhose concentrations are determined by atmospheric trans-
eling studies. Considering the unique characteristias.,(e.port (horizontal and vertical advection and diffusion) &oar
long atmospheric lifetime, large background concentratiotypes of prescribed fluxes.
and strong biosphere—atmosphere exchanges) of atmospheri The fossil-fuel emissions were adopted from the Re-
CO, that are distinctly different from other traditionally mod gional Emission Inventory in Asia, with monthly gridded
eled chemical pollutants, further study is therefore ndeddata at a 0.25x 0.25° resolution (REAS v2.1; Kurokawa
to gain insight into the biospheric and anthropogenic ¢ontet al., 2013). The REAS estimates the emissions from fuel
butions to shaping the CGspatial distribution and seasonatombustion sources and non-combustion sources, including
variations in East Asia. power, industry, transport, and other sectors (e.g., camnme
By incorporating a VPRM in the online mode, the comeial and residential). Biomass-burning emissions from for

prehensive regional air quality modeling system, RAMSest wildfires, savanna burning and slash-and-burn agricul-
CMAQ (Regional Atmospheric Modeling System andure were provided by the Global Fire Emissions Database
Models-3 Community Multi-scale Air Quality) was devel-monthly mean inventory at a spatial resolution of °0:5
oped to simulate atmospheric @@oncentrations over East0.5° (GFED v3; van der Werf et al., 2010). As mentioned
Asia, and its feasibility in regional COmodeling was above, biosphere—atmosphere exchange and ocean flux were
demonstrated (Kou et al., 2013). The £@lume fraction obtained from CT201bi [global resolution of 3 (lon)
is transported as a tracer in this model, with prescribed sw2° (lat), 3 hourly]. The National Oceanic and Atmo-
face CQ fluxes that include fossil-fuel emissions, biomasspheric Administration’s (NOAA) CarbonTracker, used in
burning, air-sea C®exchange, and biosphere—atmosphetiaéis study, is an example of a data assimilation system that
CO, exchange. Biospheric flux is the net flux between uptakeovides optimized biosphere and ocean ,Cfllixes us-
from photosynthesis and release from ecosystem respiratimg in situ CO, observations from a global observational
and has been found to have significant impacts on surfasgwork and prior biospheric flux from the CASA model
CO, concentrations (Ahmadov et al., 2007; Piao et al., 200(Peters et al., 2007).
Le Quere et al., 2009; Peters et al., 2010; Liu et al., 2013b). Figure 2 shows the seasonal mean distribution of bio-
Considering the high level of uncertainty in simulated higfl spheric fluxes and ocean flux (Figs. 2a—d), and fossil-fuel
in current terrestrial biosphere models (Canadell et D72 and biomass-burning emissions (Figs. 2e—h) in the model do-
Schaefer et al., 2012; Huntzinger et al., 2012, 2013), thein. In Figs. 2a—d, negative values indicate the removal
widely recognized results from the CarbonTracker-2011 opf CO, from the atmosphere to the biosphere, and positive
timized estimation (CT201bi) were adopted in this studyvalues indicate the release of €@ the atmosphere. The
(Peters et al., 2007). The primary purpose of this study $easonal and spatial variation of biospheric,@0x in East
to further investigate and understand the spatial dididhs Asia is strongly influenced by the seasonal growth and decay
and seasonal variations of atmospherig@8ncentrationsin of plants in terrestrial ecosystems, which is mainly dritagn
East Asia on fine spatial scales; and then to identify and-quaime seasonal variation of precipitation, temperature tgho
tify the biospheric contribution with this modeling systef/  synthetically active solar radiation, and other meteaywal
description of the model and input data is given in sectidactors (Fu et al., 2009). Generally, the biosphere absorbs
2, followed by a presentation and discussion of the resnltsCO, in summer, as the uptake of atmospheric,@® photo-
section 3. A summary and conclusions are provided in seynthesis exceeds G@eleased by respiration in the growing
tion 4. season. While in winter, the biosphere acts as a source since

CO, released by respiration exceeds uptake by photosynthe-

sis (Figs. 2a and 2c). It should be noted that South East
2. Model description Asia (the Indo-China Peninsula) displays distinctivelfyet

ent seasonal patterns of @g@xchange, with strong absorp-

The RAMS-CMAQ modeling system was developeton in winter and release in summer, since photosynthesis

based on the US Environmental Protection Agency’'s CMAQs taking place under unfavorable conditions (i.e., theesxc



MARCH 2015 KOU ET AL. 289

45N

30N

15N/

105E

Fig. 1. Locations of observation stations: 838 meteorologicatisia (blue dots),
among which 99 stations provided total solar radiation mesments (red dots) and 12
CO, monitoring sites (black dots—AMY, DDR, MKW, UUM, WLG and YOMlack
squares— CB, CS, DH, FK, GG, and XL). The seven sub-regiotteeimodel domain,
which partly follows the conventional division of geograqal regions for comparing
fluxes and concentrations, are also shown: 1 Northeast ChiNarth China; 3 North-
west China and South Mongolia; 4 Southwest China; 5 Soutlé&zea; 6 South East
Asia (Indo-China Peninsula); 7 Korea peninsula and Japan.

sive precipitation delivered by the southern Asian monsosaomption to meet the electricity demands for air conditigni
and insufficient photosynthetically active radiation digrthe and heating, especially in the north of China (Gurney et al.,
rainy season), while respiration increases with the riséng-  2005; Wang et al., 2012; Zhao et al., 2012; Liu et al., 2013a).
perature (Yu et al., 2013). The increase in Southeast Asia (Fig. 2f) could be primar-
Figures 2e—h show the seasonality of fossil-fuel anly attributable to the rise of biomass burning during sgfin
biomass-burning emissions in the model domain for 201fime (Streets et al., 2003b). Biomass-burning emissiofis (L
Compared to bioflux, the horizontal distribution patterfis @t al., 2006) and ocean—atmosphere,Gloxes (Xu et al.,
fossil-fuel emissions show considerable spatial hetereig 2013) also show seasonal variation, but are of minor impor-
and large gradients (Fig. 2e). They also display a lower dance compared to the biospheric and fossil-fuel fluxesén th
gree of seasonality, but with a peak during wintertime (Figsodel domain (Table 1 and Fig. 2). Fully understanding the
2f—h and Table 1) in most areas due to increased energy cefiiects of biomass burning and ocean flux is outside the scope

Table 1. Monthly mean CG fluxes used in the CMAQ simulation over the model domain @iriig C month1).

Month Fossil fuels Biomass burning Bioflux Ocean flux Totakéls
January 338.34 19.69 67.50 —9.78 415.75
February 317.19 26.25 38.84 —1228 370.00
March 325.09 141.57 60.40 —-1332 513.74
April 313.02 23.15 80.10 —15.88 400.39
May 306.39 2.58 84.48 —-941 384.04
June 322.83 2.45 —39166 -7.91 —74.29
July 314.56 0.79 —34448 0.50 —28.63
August 311.17 0.89 —38172 2.44 —67.22
September 315.78 145 —12210 0.84 195.97
October 310.65 0.99 30.26 —4.68 337.22
November 344.97 0.29 95.89 -8.95 432.20

December 363.80 1.00 68.26 —22.72 410.34
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Fig. 2. Horizontal distribution of bioflux in (a) winter (Decembé&ebruary), (b) spring (March—May), (c) summer
(June—August) and (d) autumn (September—November) (witar flux also given over ocean areas). Fossil-fuel and
biomass-burning emissions in (e) winter, and the diffeedmetween (f) spring and winter, (g) summer and winter, and
(h) autumn and winter of 2010 (unitamol m—2 s~1).
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of this work and is not discussed further here. comparison simulation from the standard one.
The spatial pattern of COnet flux (i.e., the sum of
these four types of fluxes) shown in Fig. 3 retains features
from both the bioflux and fossil-fuel emissions, which is aB8. Results and discussion
tributable to their comparable flux magnitudes in the modgl
domain (Fig. 2). During wintertime (Fig. 3a), the biospherée
acts as a source, which further magnifies the, @@t flux An evaluation of temperature, precipitation, wind speed,
on the basis of increased anthropogenic input; while duriagd total solar radiation is first presented in order to disgn
spring, summer, and autumn (Figs. 3b—d), some fossil-fubE strengths and weaknesses in the simulated meteoralogic
emissions are offset by negative bioflux, thus resulting @onditions. The locations of observation stations arergine
a neutral (zero) or negative net flux in the biospheric sirfkg. 1, and Fig. 4 shows a comparison between simulated and
functional areas (e.g., Northwest China and Inner Mongground-based measurements. Observational surface temper
lia). The modeling system executed simultaneous simuRiure, precipitation and wind speed were obtained from 838
tions of CQ continuously from 26 December 2009 to 3XLhinese stations, among which 99 stations provided total so
December 2010, starting at 0000 UTC 26 December. l@r radiation measurements. As shown in Fig. 4, the simu-
this study, the initial fields and boundary conditions of atated and observed results were generally in good agreement
mospheric CQ@ volume fraction were obtained by interpo{Figs. 4a-d). The summertime ridge of temperature, pre-
lation of CT2011 optimized estimation (CT2Qbi;, data cipitation and total solar radiation was well captured by th
available at http://carbontracker.noaa.gov). To undadsthe model. Major deficiencies in the RAMS simulations included
role of biospheric flux, atmospheric G@vas simulated by an underestimation of precipitation and an overestimaifon
CMAQ using two set fluxes. The first was designed as thetal solar radiation. This could be attributable to theshia
standard simulation with prescribed flux including fodsi#! ~simulation for the southern part of China, which is likelyo®
emissions, biomass-burning emissions, biospheric angnocgredominantly associated with the cloud-radiation transf
fluxes to investigate the GOspatial distribution. The sec- parameterization (Leung et al., 1999; Ge et al., 2011). Wind
ond was performed as the comparison simulation, which weeed was well reproduced by the model in most months (Fig.
similar to the former but without biospheric flux (i.e., only4c). The comparison led to confidence in the meteorological
fossil-fuel emissions, biomass-burning emissions, arnc conditions provided by RAMS and verified that the configu-
flux included). The biospheric contribution to surface £LOration of the simulation adopted in this study was suitabte f
concentration was obtained by subtracting the resultseof ttudying the transport of COwith prescribed fluxes in East

1. Model evaluation
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Fig. 3. The same as Fig. 2, but for GQet fluxes (i.e., the sum of fossil-fuel emissions, biomassibg,
ocean flux, and biosphere—atmosphere exchange): (a) wihjespring, (c) summer, and (d) autumn (units:
pmol m—2 s71),
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Fig. 4. Comparison of model results at the lowest model layesQ m AGL) (black) and observations at ground
level (grey): (a) averaged daily surface temperatti@® of the 838 observation stations. Panel (b) is the same
as (a) but for precipitation (mmd), and (c) is the same as (a) but for wind speed (units: %).s(d) Total
solar radiation (MJ d1) of the 99 observation stations.

Asia. dard deviation of the simulation provided (Fig. 5). For the
The modeled C@mixing ratios were then compared withsix CERN stations (Changbai Mountains, Changsha, Dinghu
ground-based in-situ measurements from the World Da#ountains, Fukang, Gongga Mountains, and Xinglong), the
Centre for Greenhouse Gases (WDCGG, http://ds.data.jrabserved monthly means were calculated from four weekly
go.jp/gmd/wdcgg/) and Chinese Ecosystem Research Naeasurements (in cases of no missing data), and the weekly-
work (CERN). The geographical information of 12 Eastean values were created from instantaneoestu mea-
Asian observation stations is listed in Table 2, which cdadd surements every seven days. The simulated monthly CO
classified generally as coastal, remote ocean, mountaih, amans used to compare with the CERN observations were
inland stations. Figures 5 and 6 show the observed and simalculated from daily means with the standard deviation pro
lated monthly-averaged G&oncentrations at these stationsgided (Fig. 6).
from January to December of 2010. For the six WDCGG A comparison of the stations where land flux dominated is
stations [AMY (Lee and Kim, 2013), DDR (Muto, 2013),discussed in order to further evaluate CMAQ-simulated tem-
MKW (Ohno, 2011), UUM (Conway, 2013), WLG (Zhou,poral variations (on a monthly basis) and analyze the ugpderl
2013) and YON (Fukuyama, 2013)], the observed data iat factors driving the observed seasonal variability o,,CO
hourly time intervals were obtained. Thus, the monthlgxamples of monthly mean G@oncentrations from CMAQ
means of the simulation and observation were both calallatend observations are shown in Fig. 5 for six stations (AMY,
from the daily means based on hourly outputs, with the stadbR, MKW, UUM, WLG and YON), and the statistical char-

Table 2. Location and general description of the observation sites.

Station Latitude {N) Longitude CE) Altitude (m) Country General site description

1 AMY (Anmyeon-do) 36.53 126.32 47.0 Korea Coastal

2 DDR (Mt. Dodaira) 36.00 139.18 840.0 Japan Mountain

3 MKW (Mikawa-Ichinomiya) 34.85 137.43 50.0 Japan Inlancb@n)

4 UUM (Ulaan Uul) 44.45 111.08 914.0 Mongolia Inland (grassl)

5 WLG (Mt. Waliguan) 36.30 100.90 3810.0 China Inland (pdate

6 YON (Yonagunijima) 24.47 123.02 30.0 Japan Remote Ocean

7 Changbai Mt. (CB) 42.40 128.01 738.0 China Mountain (tenaeeforest)
8 Changsha (CS) 28.21 113.06 44.0 China Inland (urban)

9 Dinghu Mt. (DH) 23.17 112.50 90.0 China Mountain (subtoapiforest)
10 Fukang (FK) 44.28 87.92 460.0 China Inland (desert)

11 Gongga Mt. (GG) 29.51 101.98 2950.0 China Inland (plgteau

12 Xinglong (XL) 40.40 117.58 960.0 China Mountain (sendgri
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Fig. 5. Monthly-averaged C&concentrations for the simulation (grey) and observatidack) from January to
December at stations AMY, DDR, MKW, UUM, WLG and YON, with stdard deviation{) of the simulation
provided (units: ppm).

acteristics are listed in Table 3. As shown in Fig. 5, simadat uncertainty of bioflux estimation has been found to be sea-
CO, concentrations were generally in good agreement wislonally dependent, as reflected by a terrestrial model-inter
observed ones. The GQevels in remote sites were similarcomparison (Huntzinger et al., 2013). Possible reasorms als
(especially in winter;~ 390 ppm) as a result of comparainclude, but are not restricted to, errors in model transjpor
ble bioflux and relatively low anthropogenic influence. £0the boundary layer, the influence of complex local topogra-
concentrations were lowest during summer at most sites (@ky and small-scale system effects, and temporal emissions
cept for MKW) owing to the strong biospheric absorption. Iprofiles, as well as the lag effect of the biospheric contribu
addition, AMY, with higher CQ all year round than WLG, tion to the atmospheric concentration in regional CTMs due
which is geographically at a similar latitude 86.5N), im- to the long atmospheric lifetime of GO

plies a greater influence of large-scale transport of locéde For these six stations, the correlation coefficient between
sions (Ballav et al., 2012). Generally, CMAQ performed besimulated and observed monthly mean £&ncentrations

ter during winter, spring and autumn than in summer, whicanged from 0.34 at MKW to a maximum of 0.98 at UUM
is associated with the strength of terrestrial biosphere iffTable 3). The mountain station (DDR) and remote ocean sta-
pacts. This implies stronger effects of uncertainty in bifl tion (YON) showed lower seasonal variation. At the moun-
in the regional C@ simulation during summertime, since thdain site (DDR), we used the 5th-layer (750 m AGL, to



294

MODEL ASSESSMENT OF BIOSPHERIC CONTRIBUTION TO ATMOSPHERCO;,

VOLUME 32

Table 3. Statistical characteristics of observed and simulated €@hcentrations on a monthly basis in 2010 for stations AMBR)

MKW, UUM, WLG and YON.

Station Ao Am Oo Om Bias (%) RMSE R

1 AMY 394.5 402.18 3.58 2.56 1.95 2.37 0.75
2 DDR 395.12 398.63 2.65 1.63 0.89 2.57 0.35
3 MKW 411.08 404.48 6.64 1.17 -161 6.34 0.34

4 UUM 392.21 391.48 3.92 4.30 -0.19 0.95 0.98
5WLG 390.06 392.28 2.56 2.73 0.57 1.34 0.87
6 YON 392.65 395.98 2.62 1.97 0.85 1.62 0.79

Notes: A, = average of observatiomy, = average of simulationg, = standard deviation of observatioa;, = standard deviation of simulation; Bias =
(simulation — observation)/observation 100%; RMSE = root-mean-square error between simulationodsdrvationR = correlation coefficient between
simulation and observation.
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Fig. 6. The same as Fig. 5 but for the stations of Changbai Mount@hangsha, Dinghu Mountains, Fukang,

Gongga Mountains, and Xinglong.
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approach the real height) CMAQ results to compare with tipait fluxes and the model’s inability to resolve the complex
observations. The bias between the simulation and obseneal topography and small-scale system effects with its 64
tions infers a difficulty for the model to capture the influenckm x64 km resolution (van der Molen and Dolman, 2007;
of such complex local topography. At the remote statiorku et al., 2013). In addition, the fact that the model result
of WLG and UUM, mostly driven by long-range transportvere not sampled for the specific time when the measure-
and local biospheric flux, CMAQ reasonably reproduced tieents were conducted could explain part of the bias between
monthly variations with mean biases of 0.57% an@19%, them and the observations.
and correlation coefficients of 0.87 and 0.98, respectively Although several biases with the model have been identi-
MKW is unique and of higher interest compared to the oth&éed based on the results presented in Figs. 5 and 6, we can see
sites, not only because it frequently receives local fefssl  that the CQ spatial variation in urban and non-urban regions
emissions from Nagoya, but also because it shows differevdas reproduced well by CMAQ, and the evaluation against
seasonality of higher C{evels in summer and lower valuesobservations lends confidence to the model’s ability in cap-
in the other seasons. As can be seen in Fig. 5, CMAQ demduring the general seasonal pattern of surface €@ncen-
strated potential in reproducing the monthly-averaged C@ation in East Asia. Therefore, we do not expect the model
concentrations at urban sites dominated by anthropogebiases to change the main findings of the present study on
emissions, but with a lower bias in summer. Bioflux estthe regionally and monthly-averaged general seasondlity o
mation by interpolation of the CT201di results with global surface CQ over East Asia.
resolution of 3 (lon) x2° (lat) tends to be hard for resolving ) )
the urban ecosystem conditions. Also, it was difficult fa th3-2-  Impacts of bioflux on surface C@concentrations
model with its 64 kmx 64 km horizontal resolutionto capture  The horizontal distributions of simulated seasonal mean
the influence from complex local topography and small-scal, concentrations of the standard simulation in winter,
system effects. Attributing the underestimation at urbtess spring, summer and autumn are presented in Figs. 7a—d.
during summertime to errors in fossil-fuel emissions, biofl As expected, the CMAQ simulation showed an ability to
or model transport would lead to drastically different dorc resolve the fine-scale features with numerous hotspots and
sions (i.e., upscaling emissions in the first versus norsgalistronger spatial heterogeneity of g®hile in general retain-
in the latter two) (McKain et al., 2012). Also, it should beng the large-scale spatial patterns. Discernible grasign
noted that not all urban stations exhibit such a seasonal pa©, could be seen between northwestern and eastern China.
tern due to variation in anthropogenic emissions and urb@@, concentrations above 425 ppm were found over North
ecosystem conditions. China, and the Southeast China coastal regions, where inten
The seasonality of surface GQroncentrations at six sive human activities are concentrated. This feature was in
CERN sites is summarized in Fig. 6. These six sites, spreagreement with the COnet fluxes distribution pattern (Fig.
ing from south to north China with different terrestriaB). Characterized by a high frequency of steady winds, in-
ecosystems, cover both fast-developing regions (e.gghin verse temperature structure (Ge et al., 2011), and consider
Mountains in the Pearl River Delta region, Changsha Statiable emissions (Fig. 3), higher levels of g®ere also found
in Southeast China, and Xinglong in the Beijing—Tianjinin the Sichuan Basin. Careful analyses of the results sug-
Hebei city cluster), and non-urban regions (e.g., Changlugsted that itis not appropriate to generalize one seapatal
Mountains in the forests of the northeast, Fukang Stationtern for surface C@concentrations that fits situations across
the deserts of the northwest, and Gongga Mountains on #ikparts of East Asia.
Tibetan Plateau). Monthly-mean GObservations atthe sur-  Seasonal C@variations were particularly high in East
face sites exhibited maxima in winter and minima in sunAsia, with higher concentrations in winter, lower concantr
mer due to variation in bioflux magnitude as well as regiontibns in spring and autumn, and the lowest concentrations in
anthropogenic emissions. The summertime trough of COummer. From Fig. 7a it can be seen that the high €an-
concentrations was well captured by the model. Figurecéntrations were mainly distributed over regions with rinte
shows that the C®concentrations of Changbai Mountainssive human activities during wintertime. Following the @in
Dinghu Mountains, Xinglong and Fukang exhibited strongattern controlled by the Siberian High, the surface winds
seasonal variation, with differences between the maximumere initially northeastwards in northern China, Japan, an
and minimum monthly means being as large~a80 ppm. Korea. Thus, higher emissions as well as transport together
As for the urban site at Changsha, observed monthlg C@ontributed to the accumulation of GGn these areas. In
concentrations displayed a summertime trough but withsammer (Fig. 7c), C®concentrations of less than 410 ppm
sharp increase in August. Monthly G@t Gongga Moun- (lessthan 435 ppmin urban regions) were found in most areas
tains showed little seasonal variation due to the cold wet cbf Southeast China. The G®alues in the North China Plain,
mate throughout the year, which is unfavorable for the ghowKorea and eastern Japan were found to be higher than 420
of plants. In general, the model reproduced the monthbpm. In addition to the anthropogenic input of fossil fuels
mean mixing ratios of C@as well as the seasonal variationsg;ombustion and residential emissions, possible reassos al
while major deficiencies included an underestimation ofCOnclude the monsoon transition process of prevailing south
at Fukang and Xinglong and an overestimation at Changshad southeast winds pushing pollution northwards and con-
The discrepancy was probably due to the uncertainty in itributing to the higher C@levels in this area. Overall, Figs.
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Fig. 7. Horizontal distribution of C@ concentrations near the surface from the standard sironlétith pre-
scribed bioflux) in (a) winter, (b) spring, (c) summer, andl &dtumn; and the comparison (without bioflux)
simulation in (e) winter, (f) spring, (g) summer, and (h)wah (units: ppm).

7a—d demonstrate that the much-refined descriptions aftrahiospheric flux in shaping the spatial patterns of@® com-

port and emissions in CMAQ allows for a more detailed chaparing the results from the standard and comparison simula-
acterization of the spatial distribution of G@nd can facil- tion.

itate an interpretation of sparse observational data in-a re Figures 7e—h show the results of the CMAQ simulation
gional context over East Asia. Next, we discuss the role without prescribed biospheric flux, and Fig. 8 provides the
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difference between the standard and the comparison simkig. 7g), the areas{ 415 ppm) appeared over a much larger
tion. Upon examination of the results of the standard simulscale. The different variation identified here could peghap
tion (Figs. 7a—d), those of the comparison simulation (Figse explained by the associated terrestrial biospherahistr
7e—h) exhibit a similar spatial pattern throughout the yedion (Figs. 2a—d), suggesting that bioflux offsetting aathr
For example, the steep gradients in J&@tween northwest- pogenic CQ emissions would lead to distinctly different sur-
ern and eastern China in Figs. 7a—d can still be seen in Fifgge CQ conditions. A comparison of Figs. 7 and 8 sug-
7e—h. Numerous domes of G@> 435 ppm) formed near gests that (1) bioflux dominates the distribution patterarin
large fossil-fuel emissions sources (as shown in Fig. 2 Thas far away from large anthropogenic perturbations; and (2
dispersion of C@ from these domes and from smaller emisthe biospheric contribution in the majority of cities cathe
sions sources resulted in an increase ob@Cthe surround- regarded as negligible according to the specific urban seosy
ing areas. tem conditions.

The bioflux, acting as a net source or sink due to the The sensitivity experiments also facilitated the intetpre
growth or decay of the terrestrial biosphere during varioti®n of CO, distribution and suggested a comparable impor-
seasons and regions, is identified as the dominant contanice of biospheric fluxes and fossil-fuel emissions in shap
for atmospheric C® seasonal variation (as shown in Figing spatial distributions of C®near the surface over the
8). This is further superimposed on regional patterns of amodel domain. For example, Figs. 7 and 8 clearly show
thropogenic contribution, rather than at scattered sg#its: that anthropogenic inputs and transport processes were the
face CQ concentrations in the comparison simulation wemaajor contributors in forming the hotspots of g€bncentra-
much lower than in the standard simulation during winter arighn in the east of Japan (as for the situation of MKW, dis-
spring, and much higher during summer and autumn, in mestssed above) during summer (Fig. 7g), while biospheric
areas. A weaker COenhancement and reduction could b#uxes helped offset the high concentration in this area by
seen in the northwest of China due to lower bioflux absolute 3—7 ppm (Fig. 8c). Moreover, the terrestrial biosphere
values (Figs. 2a—-d). The decrease of Gf@ncentrations brought about great reduction in surface @ncentrations
constrained by biospheric fluxes usually occurred in surgx 7 ppm) during summer in most areas of the model domain,
mer and, to a lesser degree, in autumn. Moreover, Fig. &wept for the Indo-China Peninsula where positive bioflux
shows that summertime G@reater than 415 ppm often apwas found during this period (Fig. 2c¢). As can be seen in
peared over Korea and Japan, North China, and coastalfey. 8a, the biosphere played an important role in elevat-
gions of Southeast China; whereas in the comparison resiutig the CQ levels in most areas during winteg (3 ppm
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Fig. 8. The difference in horizontal distribution of G@oncentrations between the two sets of simulations (i.e.,
the results of that without prescribed bioflux subtracteshfithe results of that with bioflux): (a) winter, (b)
spring, (c) summer, and (d) autumn (units: ppm).
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in North China and Southeast China, apd ppm in the examinations of C@spatiotemporal variability and the vari-
Sichuan Basin), although the anthropogenic inputs and-metes associated uncertainties are performed.
orological conditions had already caused an accumulafion o
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