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Abstract. CO, measurements have been combined with sim-temperate and Europe, which is smaller than the largest dif-
ulated CQ distributions from a transport model in order to ference between CASA simulations and observations (more
produce the optimal estimates of g@urface fluxes in in- than 5ppm). There is still a large difference between two
verse modeling. However, one persistent problem in usingmodel results and observations for the regionab€@ncen-
model—observation comparisons for this goal relates to theration in the North Atlantic, Indian Ocean, and South Pacific
issue of compatibility. Observations at a single station reflectropics. The regionally averaged G©oncentrations will be

all underlying processes of various scales. These processé®lpful for comparing C@concentrations from modeled re-
usually cannot be fully resolved by model simulations at thesults and observations and evaluating regional surface fluxes
grid points nearest the station due to lack of spatial or temfrom different methods.

poral resolution or missing processes in the model. In this
study the stations in one region were grouped based on the

amplitude and phase of the seasonal cycle at each station.

The regionally averaged GCat all stations in one region 1 Introduction

represents the regional G@oncentration of this region. The

regional CQ concentrations from model simulations and ob- An improved understanding of the carbon sources and sinks
servations were used to evaluate the regional model result@t @ regional scale globally is essential to predict the future
The difference of the regional GQroncentration between rate of atmospheric CQincreases and to plan an interna-
observation and modeled results reflects the uncertainty ofional CO; management strategy (Ciais et al., 2010). But
the large-scale flux in the region where the grouped stationdhese fluxes remain quantitatively uncertain. The full range
are. We compared the regional €Goncentrations between of results in past studies spans budgets with northern terres-
model results with biospheric fluxes from the Carnegie-trial uptake of 0.5 to 4 PgC yr, and tropical terrestrial emis-
Ames-Stanford Approach (CASA) and VEgetation-Global- Sions of—1to 4 PgC yr! (Stephens etal., 2007; Peylin etal.,
Atmosphere-Soil (VEGAS) models, and used observation2002; Gurney, 2004). Some studies show increasing sinks in
from GLOBALVIEW-CO, to evaluate the regional model re- tropical forest plots (Baker et al., 2004). Rising temperatures
sults. The results show the largest difference of the regionallynay already decrease the efficiency of terrestrial carbon up-
averaged values between simulations with fluxes from VE-take in the Northern Hemisphere (Piao et al., 2008), while
GAS and observations is less than 5 ppm for North Americanarger net sinks were found over northern and southern con-

boreal, North American temperate, Eurasian boreal, Eurasiaf{nents than the results of the TransCom-3 study for 1992
1996 (Feng et al., 2011).
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Where and when atmospheric €@ absorbed by land one region were grouped according to the regional tempo-
ecosystems and oceans is a major issue for the global caral characteristics of the seasonal cycle, which have been de-
bon cycle. Optimized estimates of surface sources and sinksved from a new atmospheric G@bservation data set from
have been produced in different ways. One is a top-downGLOBALVIEW-CO, 2010. The averaged concentration of
way. For example, Cgin the atmosphere is affected by sur- CO; at all stations in one region represents the regional CO
face fluxes. Information about regional carbon sources anatoncentration in this region.
sinks can be derived from variations in observed atmospheric To validate the usefulness of the new evaluation method
CO, concentrations via inverse modeling with atmosphericabout regionally averaged GCconcentrations, we com-
tracer transport models (Gurney et al., 2002). Another is gpared two simulations using two different emission inven-
bottom-up way. For example, the land—atmosphere fluxes catories with observations. One emission inventory is the orig-
be simulated by different dynamic global vegetation mod-inal surface fluxes in GEOS-Chem, including the NEP from
els (DGVMs) (Sitch et al., 2008). Terrestrial carbon cycle Carnegie-Ames-Stanford Approach (CASA). Another new
model VEgetation-Global-Atmosphere-Soil (VEGAS) is one emission inventory, including the land—atmosphere fluxes
of the DGVMs that was developed to simulate the net land—from VEGAS, was selected to reproduce £goncentrations
atmosphere fluxes and has been described by Zeng (2003 this study. The land—atmosphere fluxes from VEGAS were
The land—atmosphere flux simulated by VEGAS agrees wellused in the GEOS-Chem model, replacing all the current in-
with the CQ growth rate observed at Mauna Loa both in ventories except anthropogenic emissions and ocean fluxes.
terms of interannual amplitude and phase (Zeng et al., 2005). The outline of this paper is as follows: Sect. 2 introduces

The GEOS-Chem atmospheric transport model has beethe data. Section 3 describes the grouping of observation sta-
widely used in the assimilation of GGand inverse of C@  tions in one region and demonstrates the temporal and spa-
flux. It has been used to evaluate the influence of reducedial variability in CO,. Section 4 presents the differences be-
carbon emissions on the distribution of atmospheri¢c @ad tween the modeled regional G@oncentrations with fluxes
described in early studies (Suntharalingam, 2004, 2005). Thécom CASA and the modeled results with fluxes from VE-
land—atmosphere fluxes in GEOS-Chem include monthlyGAS. We present conclusions in Sect. 5.
biomass burning C®emissions, annual inventory of biofuel
burning 3-hourly net ecosystem productivity (NEP) for 2000
(Olsen, 2004), and annual climatology based on TransConf Data
COy inversion results_ln Na;sar et_ al. (2010). The dn‘ferencesz1 GLOBALVIEW CO 5 data
between CQ model simulation using surface fluxes and ob-

servations have been used to improve our understanding QstOBALVIEW-COZ (GLOBALVIEW-CO2, 2010) is a

the global surface fluxes. There were different methods t9,oqyct of the Cooperative Atmospheric Data Integration
compare C@ model results and observations in earlier stud- Project. The project is coordinated and maintained by the
ies. The mean annual meridianal/longitudinal gradient 0b-c4,p0n Cycle Greenhouse Gases Group of the National
servation is compared with model values (Bousquet et al.gceanic and Atmospheric Administration, Earth System Re-
1999; Kaminski et al., 1998). Latitudinal distribution of the o ,ch Laboratory (NOAA ESRL). Gaps in the data are filled
sources and sinks of GOrom the concentration gradient |y, ayirapolation from marine boundary layer measurements.

has been discussed (Tans et al., 1989, 1990). The air samplgg, o\ samples of whole air enable highly accurate and pre-

in flasks were grouped into latitude bands to aid determinaise measurements of atmospheric @ncentrations (Con-

tion of the sources and sinks (Tans et al., 1989). Previous,,y et al., 1994) This data product includes more than 300
studies have adjusted the g@urface flux via minimizing  eytended records derived from observations made by 22 lab-
the distance between the modeled/optimized values and thg, qries from 15 countries in the period 1 January 1979 to
observational data at each station (Enting, 2002; Peylin €4 350,31y 2010. Data in the files with a sea qualifier that con-
al., 2002; Bousquet, 2000; Baker et al., 2006; Gurney et al.iin 4 statistical summary of the average seasonal pattern by
2002; Fodenbeck et al., 2006). month were used to analyze the seasonal cycle of the ob-

However, one persistent problem in using model-ggnation stations. Data in the files with an ext qualifier that

observation comparisons for this goal relates to the issue of ;ntain synchronized smoothed values were compared with
compatibility. Observations at a single station reflect all un-

model results. Where there are several measurements at dif-

derlying processes of all scales. These processes cannot k&ent aititudes for the same station we only use the lowest

fully resolved by model simulations at the grid points near-, gisitude. This gives a total of 108 measurements that were
est to the station due to the lack of spatial or temporal resoy,geq.

lution or missing processes in the model. In this article we
propose a new technique to evaluate the regional surface
fluxes by comparing the regional G@oncentration from
model simulations with observations, rather than the differ-
ence at every single observational station. Several stations in
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2.2 Modeling the land carbon fluxes Anthropogenic interferences such as biomass burning were
specified as 2.96 PgCyt in GEOS-Chem. To account for
The net ecosystem exchange (NEE) is simulated by DGVMsghe total annual sum of biospheric uptake and emission of
and equals the heterotrophic respiration (RH) subtractedCO,, the residual annual terrestrial exchange of inverse re-
from the net primary productivity (NPP). Simulated land— sults from TransCom, a global total /.29 PgC yr?, was
atmosphere fluxes are betweenl.52PgCyr! (Lund- included in the land—atmosphere fluxes (Nassar et al., 2010).
Postdam-Jena (LPJ) model) an@.75 PgC yr! (Sheffield-  The seasonal cycle of total land—atmosphere fluxes used in
DGVM (SHE) model) for the 1990s. The DGVMs simulate GEOS-Chem is shown in Fig. 1.
a greater land carbon uptake, which is in agreement with The original CQ fluxes used in this study include
IPCC estimates (Sitch et al., 2008). The land fluxes are de7.8 PgC (anthropogenic emissions)1.4 PgC (net ocean—
fined as the sum of photosynthesis, ecosystem respiration aretmosphere fluxes), and2.3PgC (net land—atmosphere
biomass burning. The terrestrial carbon model VEGAS is de-fluxes) for 2006. The original global annual net £0
scribed in Zeng (2003). It was run at 2.5 2.5° resolution  flux for 2006 is 4.1 PgC. The new GOfluxes used in
and forced by precipitation and temperature, the seasonal clithis study include 7.8PgC (anthropogenic emissions),
matologies of radiation, humidity, and wind speed. The driv- —1.4 PgC (net ocean—atmosphere fluxes), antd9 PgC
ing data of precipitation for VEGAS come from a combina- (net land—atmosphere fluxes) for 2006. The new global
tion of the Climate Research Unit (CRU; New et al., 1999; annual net CQ flux for 2006 is 4.5PgC. There are also
Mitchell and Jones, 2005) data set for the period of 1901ittle differences between the total fluxes from other inver-
1979 and the Xie and Arkin (1996) data set of 1980—2006sion results. JENA S99V3.2 data (3.78 PgC) are available
(which has been adjusted with the 1981-2000 climatology offrom  http://www.bgc-jena.mpg.dethristian.roedenbeck/
CRU data set). The surface air temperature driving data usdownload-CO2/ LSCE V1.0 (3.43PgC) (Chevallier et
the data set from NASAs Goddard Institute for Space Stud-al., 2010) is available fromhttp://www.carboscope.eu/
ies (GISS) by Hansen et al. (1999), adjusted by CRU clima-Carbon Tracker —2009 (4.15PgC) is available from
tology of 1961-1990. A fire module includes the effects of http://www.esrl.noaa.gov/gmd/ccgg/carbontracker/ and
moisture availability, fuel loading, and plant functional type two inversion results (4.1 PgC, 4.7 PgC) are from Feng et
dependent resistance. Unique features of VEGAS include al. (2011) and Nassar et al. (2011).
vegetation height dependent maximum canopy, which intro- The land—atmosphere flux from VEGAS in January is
duces a decadal timescale that can be important for feedback70 TgC less than that from CASA. These differences are
into climate variability and a decreasing temperature dependistributed over tropical land regions as shown in Fig. 2.
dence of respiration from fast to slow soil pools. Specially, The fluxes from VEGAS are smaller than the original land—
two lower soil pools have weaker temperature dependencatmosphere fluxin GEOS-Chem, especially from June to Au-
of decomposition due to physical protection underground ingust (about 460 TgC, 770 TgC, and 180 TgC, respectively).
VEGAS (Q10 value of 2.2 for the fast pool, 1.35 for the The differences between the flux from VEGAS and that from
intermediate pool, and 1.1 for the slow pool. The monthly CASA in July are distributed over the regions of Asia, tem-
land—atmosphere fluxes simulated by VEGAS are regriddegerate North America, and tropical South America (Fig. 3),
offline to the GEOS grids (2x 2.5) in this study, which is  which reaches about 500 TgC in total.
equal to the magnitude of NEE. The seasonal cycle of land—
atmosphere fluxes from VEGAS is shown in Fig. 1. A posi-
tive flux indicates a flux of C@from the land to atmosphere
and negative is uptake by the land. 3 Regionally averaged CQ observations
Monthly mean NEP fluxes for 2000 from CASA are con-
structed from gross primary production (GPP) and ecosys3.1 Determining groups of observational stations
tem respiration (Re) (Olsen, 2004). Inputs to CASA included
a 1990 monthly normalized difference vegetation indexWe grouped several observation stations in one region based
(NDVI) product derived from the NOAA/NASA Pathfinder on the seasonal cycle at each station in our study. The sta-
data set, surface solar insolation (Bishop and Rossow, 1991}jons in one region were grouped based on the amplitude and
mean temperature and precipitation from the period 195(phase of the seasonal cycles at each station. The average of
to 1980 (Shea, 1986), soil texture (Zobler, 1986), and aCO; at all stations in one region represents the regional CO
land cover classification based on NDVI (DeFries and Town-concentrations. The amplitude and phase of the seasonal cy-
shend, 1994). The response of heterotrophic respiration tale at each station in one group are similar, while the average
surface air temperature is described by using a Q10 funcamplitude and phase of the seasonal cycle for each group are
tion of 1.5 (Raich and Potter, 1995). The net global con-different from that of other groups. There are 36 stations on
tribution from CASA is set to 0PgCyt in order to rep-  the land and 72 stations on the ocean (see Table Al). These
resent terrestrial fluxes with no anthropogenic interferencestations were classified into 26 groups. A map of all grouped
The seasonal cycle of NEP from CASA is shown in Fig. 1. stations is shown in Fig. 4.
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Fig. 1. Monthly terrestrial fluxes from dynamic global vegetation Fig. 3. Difference of spatial distribution between terrestrial ex-
models (CASA and VEGAS) and original land—atmosphere fluxeschange from CASA and fluxes from VEGAS in July 2006.

(ORI, including fluxes from CASA, biofuel burning, biomass burn-

ing and residual annual biospheric flux) in GEOS-Chem in 2006.

other seven land regions are northern Africa (L5), southern
Africa (L6), Eurasian boreal (L7), Eurasian temperate (L8),
tropical Asia (L9), Australia (L10), and Europe (L11). The
stations in each land region were grouped. The magnitude of
the amplitude of the seasonal cycles at different stations in
one land region may be different. To represent the regional
CO, concentration for the land regions, the averages of sea-
sonal cycles at more than two stations with similar ampli-
tudes were required in one land region. There are more than
2 stations with similar amplitudes of seasonal cycles in only
5 land regions (North America, temperate North America,
Eurasian boreal, Eurasian temperate, and Europe). There-
fore, the regional C@concentrations of these 5 land regions
were used to evaluate the observation—model differences of
COs.
Fig. 2. Spatial distribution of difference between terrestrial ex- The amplitude and phase of seasonal cycles at stations
change from CASA and fluxes from VEGAS in January 2006 (pos-0on the ocean are different. For example, Cd&creases in
itive values denote the fluxes from VEGAS are greater than theApril for one region while in August for another region. The
fluxes from CASA). stations on the ocean were grouped based on the amplitude
and phase of seasonal cycle. The stations on the ocean were
grouped into 15 groups, and the ocean was divided into 15 re-
All stations on the land show similar seasonal cycles. Thegions in this study. The 11 ocean basis regions were chosen to
concentration of C@decreases during summer and autumnapproximate circulation features such as gyres and upwelling
and increases during spring and winter. The difference befegions in the TransCom study (Gurney et al., 2002).
tween minimum and maximum values is greater than 6 ppm
for most stations on the land. We cannot split the land base®.2 Seasonal cycles of stations on the land
on the seasonal cycles at stations on the land because the
phase of seasonal cycles at all stations on the land is simiThe seasonal cycles at all stations in 5 land regions are shown
lar; for example, CQ@at all stations on the land decreases inin Fig. 5. The annual mean has been removed. The aver-
autumn and increases in spring. The land was divided inteage minimal value for each region is smaller thad ppm
11 regions based on the TransCom land regions (shown ifi—11.5 ppm for North American boreal (L1);7.1 ppm for
Fig. 4). The land region north of 4N in North Americais  North American temperate (L2);10 ppm for Eurasian bo-
called boreal North America (L1), and the region south of real (L7),—8.7 ppm for Eurasian temperate (L8)8.1 ppm
40° N in North America is called temperate North America for Europe (L11)). Seasonal cycles of atmospheric, @
(L2). The region north of 5S in South America is called caused primarily by the terrestrial biosphere moving from
South America tropical (L3), and the region south 885n being a net source of carbon to the atmosphere (mainly in
South America is called South America temperate (L4). Thewinter) to becoming a net sink (mainly in summer), where

o5 H . . . . . . . . .
180°  150°W  120°W  90°W 60w 30°W Q° 30°E 60°E 90°t  120°E  150°E  180°

-5.00 -3.00 -1.00 1.00 3.00 5.00 Tg C/month
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Fig. 4. The locations of the observing stations (72 stations on the \éj
ocean (closed circle), 36 stations on the land (open square)), andg
the regions over the globe (15 ocean regions and 11 land regions).
The stations in one region were grouped. The ocean was divided
into 15 regions, and the stations on the ocean were grouped into 15 123458678 09101112 23458678 09101112
groups. The land was divided into 11 regions, and the stations on the month month

land were grouped into 11 groups. L1: North American boreal, L2:
North American temperate, L3: South American tropical, L4: South
American temperate, L5: northern Africa, L6: southern Africa, L7:
Eurasian boreal, L8: Eurasian temperate, L9: tropical Asia, L10:
Australia, L11: Europe, O1: northeast Pacific, O2: northeast Pacific
temperate, O3: Pacific tropics, O4: South Pacific tropics, O5: South
Pacific temperate, O6: northwest Pacific, O7: northwest Pacific tem- I
perate, O8: North Atlantic, O9: North Atlantic temperate, O10: At- ool
lantic tropics, O11: South Atlantic temperate, O12: Indian tropical, 1234567 89101112
013: South Indian temperate, 014: northern ocean, 015: Southern month
Ocean.

€O, (ppm)

-20

average  _ _ _ _ station

Fig. 5. Seasonal cycles of observational stations in 5 land regions
net carbon uptake or release is determined by the balancghere there are more than 2 stations (L1: boreal North America, L2:
between photosynthesis and respiration, which vary in retemperate North America, L7: Eurasian boreal, L8: Eurasian tem-
sponse to temperature and precipitation anomalies. Studiggerate, L11: Europe. 5 regions are shown in Fig. 4. Broken line de-
have shown the seasonal cycle of atmospherie @Cthe notes the seasonal values for all stations in one region; solid line de-
Northern Hemisphere (NH) is in phase with the ecosystemgotes the grouped average value of each region). The stations within
(e.g., Randerson et al., 1997). The geographic domain fronthe region North American boreal (L1) are_labeled With Ll in the
which surface fluxes influence the measured seasonal variad™UP” columns of Table AL. The way to find the stations in other
tion in gas concentration can be assessed through a footprilli'?g'ons Is similar.
analysis (Randerson et al., 1997). The fluxes in this domain
could be adjusted according to the differences between th@mplitudes (as shown in Fig. 6). The amplitudes of groups
modeled regional C®concentrations and observations. The O1 and O6 are larger than 10 ppm, and the amplitudes of O2
difference in seasonal amplitude of all groups in the NH canand O7 are much less than that of other northern regions,
be an important constraint for further improving our under- While the amplitude of group O3 is much less than 6 ppm.

standing of the surface fluxes in the NH. The amplitude of group O9 is less than that of group O8. The
amplitude is less in the Southern Hemisphere (SH), since the
3.3 Seasonal cycles of stations on the ocean Southern Hemisphere has less mid-latitude vegetation to ab-

sorb and release CGeasonally (Randerson et al., 1997).

The ocean was divided into 15 regions based on the seasonal The South Pacific region betweefn $ and 35 S was di-
cycles of CQ, including Pacific Ocean region (O1-07), At- vided into two subregions (O4 and O5) according to the dif-
lantic regions (O8-011), Indian regions (012—013), north-ferent seasonal cycles of G@neasured at stations in these
ern ocean (O14), and Southern Ocean (O15) in this study. regions. Though the amplitude is smaller than 1.4 ppm, the

The stations within the Pacific Ocean north 6f%were  CO, seasonal cycle of the groups is clear in these regions.
classified into 5 different groups (01, 02, O3, 06 and O7),Generally there is an increase period and a decrease period
and the stations within the Atlantic Ocean were classifiedfor one seasonal cycle. While GGncreases from April to
into 2 groups (08 and 09). Though the seasonal cycleslune and from October to December for the South Pacific
of the ocean regions north of S were similar to that of tropics (O4), CQ decreases from January to April and from
the land groups in Northern Hemisphere, there are differentAugust to October for the South Pacific temperate (O5).

www.atmos-chem-phys.net/13/7607/2013/ Atmos. Chem. Phys., 13, 7648 2013
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versa in winter (Metzl et al., 2006). An increase of the sea-
sonal cycle for Southern Ocean occurs in September, while
the seasonal anomalies of g the Northern Hemisphere
are negative at the same time. The two seasonal cycles of
the Southern Ocean (O15) and the Northern Hemisphere are
out of phase. Northern Hemisphere terrestrial ecosystems
contribute substantially to the seasonal cycle at many sta-
tions in the Southern Hemisphere. Because of lags in trans-
port and nonoverlapping growing seasons, some components
from the northern and southern hemispheres are out of phase
with one another. Thus, an increase in seasonal cycle of NEP
fluxes from terrestrial uptake in the Northern Hemisphere

T 05 Sl L os 3700 could drive a decrease in the amplitude of the seasonal cycle
aQ / N - 7~ \ . . . .
£ o0 / oop -7 s j N of atmospheric CQat stations in the Southern Hemisphere
g osp 01973 011 31012 AR (Randerson et al., 1997).
5 8 ~ 1.0 )

"E\ 3 B 4 p \\ . 05 / S\

S SRS I N\ /] oo 7 ) . : : . .

O e R 4 Simulation results and comparison with observations

© 3 013 81014 S 70T 019

TR s e A BRI s We use the GEOS-Chem model (Suntharalingam, 2004,

average  ............ station

2005) to describe the relationship between 3-D atmospheric
Fig. 6. Seasonal cycles of observational stations of 15 ocean group&QO2 concentrations and surface g@@uxes. A detailed de-
in ocean regions (15 regions are shown in Fig. 4. Broken line de-scription of the original emission inventory is given in Nas-
notes the seasonal values for all stations in one region; solid linesar et al. (2010). Our model simulation was initialized with
denotes the regional averaged value of each region). The stationa uniform global distribution of 375 ppm on 1 January 2004
within the region northeast Pacific (O1) are labeled with “O1” in gnd integrated forward to 1 January 2006 using the original
the “group” columns of Table A1. The way to find the stations in emjssjon inventory. The modeled G@istribution on 1 Jan-
other regions is similar. uary 2006 was the initial concentration for two simulations
with the original emission inventory (ori) and the new emis-
The seasonal cycles are more complicated in the Indiarsion inventory (new) from 1 January 2006 to 1 January 2007.
Ocean north of 35S. They were classified into two groups Both model simulations were run at a horizontal resolution
with different seasonal cycles (012 and O13). The averagef 2° latitudex 2.5° longitude. Figures 7 and 9 show differ-
seasonal cycles of these two regions are different from otheences between the model results with the original inventory
ocean regions. The North Indian Ocean (012) shows a conand the results with the new inventory during 2006.
sistent decrease from February to November. The concentra-
tions of stations within the South Indian Ocean (O13) range4.1 Comparisons of regionally averaged C@
from —1.5 ppm to 1.5 ppm during the first half year and show concentrations for land regions
an increase (about 1 ppm) in the second half year. The South
Atlantic was divided into 2 regions (010 and O11) with dif- The CQ seasonal cycles were simulated by the model with
ferent amplitudes. The minimum and maximum values areoriginal and new emission inventories. The largest difference
—0.9ppm and 0.7 ppm for the Atlantic tropics (010), while between the model results and observations for runs with the
they are—0.3 ppm and 0.3 ppm for the South Atlantic tem- original emission inventory is 17.5 ppm, about 4.5 % of ob-
perate (O11). servation values. The difference for the simulation with the
The concentrations of CQat stations within the ocean new emission inventory is below 8.4 ppm, about 2.2 %. The
south of 8 S are mainly influenced by the oceanic sourceslargest differences for both simulations appear in region L11,
and sinks, and the amplitudes of seasonal cycles are not momghich indicates there may be large uncertainties for these two
than 2 ppm (04, 05, 010, O11 and 0O15), which is much CO; surface fluxes in Europe.
smaller than that of the NH. It is evident that the seasonal The difference of the regional G&oncentration between
anomalies of C@ are positive in NH winter (January) and model results with the new emission inventory and obser-
negative in NH summer (August). Inversely, the seasonalvations is less than 2 ppm for North American boreal (L1)
variations are positive in the southern hemispheric winterfrom January to June, which is smaller than 1% of obser-
(August) and negative in the southern hemispheric summevations. The difference is about 2 ppm during July, August,
(January) south of 335 (Fig. 6). Seasonal signals observed and December, which suggests that there are large uncer-
in all subtropical regions of the NH and SH show that the tainties in North America for the new inventories during
CO», concentration decreases southward in summer and victhese periods. The difference between simulations with the

Atmos. Chem. Phys., 13, 7607618 2013 www.atmos-chem-phys.net/13/7607/2013/
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Fig. 8. Comparisons of RMSD at each station and regionally av-
eraged values between model results and observations for 5 land
regions (L1: boreal North America, L2: temperate North America,

L7: Eurasian boreal, L8: Eurasian temperate, L11: Europe) in 2006.
Each region is shown in Fig. 4. Triangle (asterisk) denotes RMSD of

T regionally averaged values between model results using fluxes from
CASA (VEGAS) and observations; cross (diamond) denotes RMSD

of each station between model results using fluxes from CASA (VE-

GAS) and observations.

from VEGAS and observations for regional €@oncentra-
tions is 0.2 ppm, which is smaller than the value with fluxes
from CASA (0.4 ppm).

The new emission inventory can be used as good prior
fluxes in the forward model and be adjusted in future inverse
models from the above comparisons of 5 land regions.

1234567 89 101112

month

__obs ... ori __ new

Fig. 7. Comparisons of regionally averaged values of,@@tween
model results from GEOS-Chem with the original emission inven-

tory (dotted line) and the new emission inventory (dashed line) and4 2 C . :

o . . omparisons of regionally averaged C
GLOBALVIEW-CO> (solid line) for 5 land regions (L1: boreal Concgntrations for gcean ?le ionsg ©
North America, L2: temperate North America, L7: Eurasian boreal, 9
L8: Eurasian temperate, L11: Europe) in 2006 (5 regions are show

in Fig. 4). The error bar represents the spread of the observations.nrhe seasonal cycles of G@oncentration at stations on the

ocean are also influenced by the change of emission inven-
tories on land. The difference between the simulations with
original emission inventory and observations reaches 6 ppnthe new inventories and observations ranges from 0.02 ppm
from April to May. to 2ppm (0.7 ppm to 4 ppm for the old inventories) for the
The largest difference between the simulation with fluxesSouth Pacific temperate (O5) during 2006. It can be de-
from VEGAS and observations is 2.8 ppm for the North duced that the regional GGroncentration of the ocean re-
American boreal (L1), 2.9 ppm for North American tem- gions could be improved through the improvement of the
perate (L2), 3.1 ppm for Eurasian boreal (L7), 3.5 ppm for land fluxes.
Eurasian temperate (L8), and 4.3ppm for Europe (L11), The largest difference (about 8 ppm) for runs with new in-
which is smaller than that of CASA (5.8 ppm, 6.3 ppm, ventories appears in April 2006 for the Indian tropical region
14.5ppm, 10.9 ppm, 13.1 ppm, respectively). The spread of012). Itis a high value (about 387 ppm) for observations in
the regional CQ of observations for each region is shown in April 2006, while the simulated result with the new emission
Fig. 7, which is determined by the concentrations of stationsnventory is 379 ppm (Fig. 9). Fluxes that contribute to the
in the region. concentration of this region should be improved for this new
The root-mean-square difference (RMSD) of regionally emission inventory.
averaged value between model results with fluxes from VE- There are differences between both model results and ob-
GAS and observation is reduced by 0.24-0.63 ppm for 5 landservations from January to April for the South Indian tem-
regions. The RMSD between two simulations and observaperate (O13). The peak-to-trough amplitude of the regional
tions for each station ranges from 0 to 2 ppm. As shown inCO, concentration for this region is no more than 2 ppm in
Fig. 8, the largest RMSE between the simulations with fluxes2006, while the spread of the observed concentrations in this
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Fig. 10.Comparisons of RMSD at each station and regionally aver-
aged values between model results and observations for the ocean
regions in 2006. Each region is shown in Fig. 4. Triangle (aster-
isk) denotes RMSD of regionally averaged values between model
results using fluxes from CASA (VEGAS) and observations; cross
(diamond) denotes RMSD of each station between model results us-
ing fluxes from CASA (VEGAS) and observations (see the legend
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little improvement for North Pacific and northern ocean (02,
06, and O14). Itis convenient to evaluate the regional model
results according to the comparisons of regionally averaged
values.

015

12 345 6789101112
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013 360 370

12 345 67 89101112

370

Fig. 9. Comparisons of regionally averaged values of,@@tween
model results from GEOS-Chem with the original emission inven-
tory (dotted line) and the new emission inventory (dashed line) and5 C ;

o A onclusions
GLOBALVIEW-CO> (solid line) for 15 ocean regions in 2006 (15
ocean regions are shown in Fig. 4). The error bar represents th

. fve grouped several observation stations in one region ac-
spread of the observations.

cording to the phase and amplitude of seasonal cycles of
measured C@ The regionally averaged values contain less
region is larger than 2 ppm for all months in 2006. Unfor- small-scale “noise” that models often cannot resolve and
tunately, there are too few observations in the adjacent lanére used to evaluate the regional model results. The differ-
regions. Some more observations are very necessary for thesmces of regionally averaged values between observations
regions in the future. and model results reflect the uncertainties of the flux in the
There is still a large positive bias (about 5 ppm) for North region where the grouped stations are.
Atlantic temperate (08, O9) from July to September. It is We compared regionally averaged values between model
necessary to improve the fluxes in this region or the surresults with two land—atmosphere flux from CASA (VE-
rounded land regions. For the South Pacific tropics (O4) and5AS) and observations. Results show that the differences be-
South Pacific temperate (O5), it is difficult to simulate the tween the modeled regionally averaged values of Cn-
two increase phases and two decrease phases in the seasooahtrations with fluxes from VEGAS and observations have
cycle of observations (Fig. 6). It could be effective for im- improvements in most regions. There is still large uncertainty
proving the fluxes in the ocean regions to match observationin the Atlantic and North Atlantic, Indian Ocean, and South
because the seasonal cycle simulated by the land fluxes Bacific tropics.
characterized by one increase and one decrease phase. The regional CQ surface fluxes can be estimated by dif-
The concentrations of C{at stations on the ocean are in- ferent methods. It is very useful for evaluating regional sur-
fluenced by the change of emission inventories on land. Adace fluxes by comparing the G@egionally averaged values
shown in Fig. 10, the RMSD of regionally averaged value from modeled results with observations. The differences of
between model results using fluxes from VEGAS and ob-regionally averaged values between observations and model
servation is less than the results using fluxes from CASAresults can be used to estimate the uncertainty of regional
by 0.15-0.53 ppm for northeast Pacific, South Pacific andfluxes and to optimize the regional fluxes with inverse meth-
Southern Ocean (01, 04, 05, 012, 013 and O15). There i®ds in future work.
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Table Al. Stations used in this paper.

Z. H. Chen et al.: Improved simulation of regional CO, surface concentrations

Stationname Abbreviation  Longitude Latitude Height(ma.s.l.) Group
Cold Bay, Alaska cb#®1D0 -162.72 55.2 25 01
Cape St. James, BC c8pD0 —131.02 51.93 89 O1
Estevan Point, BC espOaBLP2 —126.55 49.38 500 O1
La Jolla, California 1ja04D0 —-117.3 329 10 01
Pacific Ocean pocn361D1 —143 35 10 O1
Pacific Ocean pocn401D1 —138 40 10 O1
Pacific Ocean pocn481D1 -131 45 10 O1
Point Arena, California pt®1D0 —-123.73 38.95 17 O1
Ocean Station P, Canada StpDO —145 50 7 01
Trinidad Head, California thd0QB1P2 —124.15 41.05 500 O1
Molokai Island, Hawaii haa00b1P2 —158.95 21.23 500 02
Cape Kumukahi, Hawaii kund1DO —154.82 19.52 3 02
Sand Island, Midway mid1D0 —-177.38 28.21 4 02
Pacific Ocean pocn101D1 —152 10 10 02
Pacific Ocean pocnl161D1 —147 15 10 02
Pacific Ocean pocn201D1 —140 20 10 02
Pacific Ocean pocn261D1 —-134 25 10 0O2
Pacific Ocean pocn301D1 —126 30 10 02
Christmas Island, Kiribati ch©1D0 —157.17 1.7 3 03
Pacific Ocean poc0Q01D1 —163 10 O3
Pacific Ocean pocn081D1 —158 5 10 03
Pacific Ocean pocsQ81D1 —168 -5 10 O3
Pacific Ocean pocs101D1 —-174 -10 10 ©O4
Pacific Ocean pocs181D1 —-178 -15 10 ©O4
American Samoa sm01CO —170.57 -14.24 42 04
Easter Island, Chile ei61D0 —-109.45 —-27.15 50 O5
Pacific Ocean pocs201D1 —178.5 -20 10 O5
Pacific Ocean pocs261D1 174 -25 10 O5
Pacific Ocean pocs301D1 169 -30 10 O5
Rarotonga, Cook Islands rtaQ@a P2 —-159.83 —-21.25 500 O5
Cape Ochi-ishi, Japan c@oCo 145.5 43.15 100 06
Gosan, Cheju Island, South Korea ogAAD0 126.15 33.28 72 06
Shemya Island, Alaska sho1 DO 174.1 52.72 40 06
Tae-ahn Peninsula, South Korea 12pD0 126.13 36.73 20 06
Mariana Islands, Guam gnlilDo 144.78 13.43 2 07
Hateruma Island, Japan h20C0 123.8 24.05 47 O7
Minamitorishima, Japan mnrh9CO 153.97 24.3 8 O7
South China Sea scsn@3 D1 107 6 15 O7
South China Sea scsn@D1 109 9 15 07
South China Sea scsnAD1 111 12 15 07
South China Sea scsnAD1 113 15 15 O7
South China Sea scsnTAD1 115 18 15 07
South China Sea scsn2D1 117 21 15 07
Yonagunijima, Japan yafh9CO 123.02 24.47 30 O7
Terceira Island, Azores, Portugal 2tD0 —27.38 38.77 40 08
Bermuda Institute of Ocean Sciences b0 —64.65 32.37 30 08
St. Croix, Virgin Islands avD1DO0 —64.75 17.75 3 09
Izana Observatory, Spain iZa DO —16.48 28.3 2360 09
Key Biscayne, Florida kep1DO —80.2 25.67 3 09
Ragged Point, Barbados rfi DO —59.43 13.17 45 09
Ascension Island, United Kingdom afd Do —14.42 -7.92 54 010
Cape Point, South Africa c[86C0 18.49 -34.35 260 O11
Cape Rama, India c02D0 73.83 15.08 60 012
Darwin, Northern Territory, Australia  da@2DO0 130.57 -12.42 3 013
Seychelles Bureau of Standards D0 55.17 —-4.67 3 013
Tromelin Island, France trrt1D0 5452 —-15.88 20 013
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Table Al. Continued.

Stationname Abbreviation  Longitude Latitude Height Group
Alert, Nunavut, Canada a@1Do —62.52 82.45 210 014
Iceland ice01D0 —20.29 63.34 118 014
Mould Bay, Nunavut, Canada miix1 DO —119.35 76.25 58 014
Shetland Islands, Scotland £2D0 -1.17 60.17 30 014
Ocean Station M, Norway stf91D0 2 66 5 014
Westerland, Germany wez3C0 8 55 8 014
Zeppelin Station, Norway zep1DO 11.88 78.9 475 014
Cape Grim, Tasmania, Australia aiaQ038D2 144.3 —-40.53 500 015
Crozet Islands, France ct¥DO 51.85 —46.45 120 015
Casey, Antarctica, Australia cy@2D0 110.52 —-66.28 2 015
Halley Station, Antarctica hhalD0 —26.5 —75.58 30 015
Jubany Station, Argentina jb29CO —58.82 —-62.23 15 015
Mawson Station, Antarctica ma@2D0 62.87 —67.62 32 015
Macquarie Island, Australia mq@2D0 158.97 —-54.48 12 015
Palmer Station, Antarctica psH DO —64 —64.92 10 015
Syowa Station, Antarctica Sy01D0 39.58 —69 11 015
Argyle, Maine, United States amtOILC3 —68.68 45.03 62 L1
Barrow, Alaska brw01CO —156.6 71.32 11 L1
Candle Lake, Canada cdl0BBC3 —-105.12 53.99 630 L1
Cape Meares, Oregon cn@d DO —123.97 45.48 30 L1
Dahlen, North Dakota dnd0101P2 -97.77 48.38 1000 L1
Egbert, Ontario, Canada e@6Co —79.78 44.23 226 L1
Fraserdale, Canada fsdQ8eCo —81.57 49.88 250 L1
Harvard Forest, Massachusetts hfm@igr2 —72.17 42.54 500 L1
Park Falls, Wisconsin lef0101P2 —-90.27 45.93 1000 L1
Lac La Biche, Canada lIb0106C3 —112.45 54.95 550 L1
Worcester, Massachusetts nha@igr2 —70.63 42.95 500 L1
Olympic Peninsula, Washington opdiDO —124.42 48.25 488 L1
Poker Flat, Alaska pfa0181P2 —147.29 65.07 1500 L1
Boulder Atmospheric Observatory, Colorado bao@Z3  —105.01 40.05 1606 L2
Beaver Crossing, Nebraska bne0dDP2 —-97.18 40.8 1000 L2
Hidden Peak, Utah hdpd2g3C0 —111.65 40.56 3369 L2
Homer, lllinois hil01001P2 —87.91 40.07 1000 L2
Grifton, North Carolina itn05101C3 —77.38 35.35 60 L2
Southern Great Plains sgp304D0 —97.48 36.62 688 L2
Storm Peak Laboratory spld&sCo —106.73 40.45 3219 L2
West Branch, lowa whi0101P2 —91.35 41.72 1000 L2
Moody, Texas wkt03M1C3 —97.62 31.32 281 L2
Sary Taukum, Kazakhstan k£l DO 75.57 44.45 412 L7
Plateau Assy, Kazakhstan kz0dDO 77.88 43.25 2519 L7
Ulaan Uul, Mongolia uun01D0 111.1 44.45 914 L7
Ryori BAPMon Station, Japan ryb9CO 141.83 39.03 260 L8
Waliguan, China wig01DO0 100.9 36.29 3810 L8
Baltic Sea, Poland ba01D1 17.22 55.35 28 L11
Black Sea, Constanta, Romania J(354B]0] 28.68 4417 3 L11
Cimone Station, Italy cmri7Co 10.7 44.18 2165 L11
HohenpeiRenberg, Germany hpbDO 11.01 47.8 985 L11
Mace Head, Ireland mh@1DO0 -9.9 53.33 25 L11
Orleans, France orl0Q51D2 25 47.8 500 L11
Pallas-Sammaltunturi, Finland palbo 24.12 67.97 560 L11
Pic Du Midi, France pdnill1DO 0.13 42.93 2877 L11
Schauinsland, Germany s@BCO 8 48 1205 L11

Atmos. Chem. Phys., 13, 7607618 2013 www.atmos-chem-phys.net/13/7607/2013/



Z. H. Chen et al.: Improved simulation of regional CO, surface concentrations 7617

AcknowledgementsThis work was supported by grants CAS- sources and sinks, Global Biogeochem. Cy., 18, GB1010,
XDA05100501. The two anonymous reviewers are gratefully doi:10.1029/2003gh002112004.

acknowledged for their helpful comments and suggestions. Gurney, K. R., Law, R. M., Denning, A. S., Rayner, P. J., Baker, D.,
Bousquet, P., Bruhwiler, L., Chen, Y. H., Ciais, P., and Fan, S.:
Edited by: M. Kopacz Towards robust regional estimates of £&burces and sinks us-

ing atmospheric transport models, Nature, 415, 626—630, 2002.
Hansen, J., Ruedy, R., Glascoe, J., and Sato, M.: GISS analysis
of surface temperature change, J. Geophys. Res., 104, 30997—
References 31022, 1999.
Kaminski, T., Heimann, M., and Giering, R.: A global scale inver-
Baker, D. F,, Law, R. M., Gurney, K. R., Rayner, P., Peylin, P,  sion of the transport of C§based on a matrix representation
Denning, A. S., Bousquet, P., Bruhwiler, L., Chen, Y. H., Ciais,  of an atmospheric transport model derived by its adjoint, NATO
P., Fung, I. Y., Heimann, M., John, J., Maki, T., Maksyutov, Challenges of Modern Society, 22, 247-258, 1998.
S., Masarie, K., Prather, M., Pak, B., Taguchi, S., and Zhu,Metzl, N., Brunet, C., Jabaudjan, A., Poisson, A., and
Z.. TransCom 3 inversion intercomparison: Impact of trans-  Schauer, B.: Summer and winter air—sea C@®uxes in
port model errors on the interannual variability of regional  the Southern Ocean, Deep Sea Res. Pt. |, 53, 1548-1563,
CO; fluxes, 1988-2003, Global Biogeochem. Cy., 20, GB1002, doi:10.1016/j.dsr.2006.07.008006.
doi:10.1029/2004gb002432006. Mitchell, T. D. and Jones, P. D.: An improved method of construct-
Baker, T. R., Phillips, O. L., Malhi, Y., Almeida, S., Arroyo, L., Di ing a database of monthly climate observations and associated
Fiore, A., Erwin, T., Higuchi, N., Killeen, T. J., and Laurance, S.  high-resolution grids, Int. J. Climatol., 25, 693—712, 2005.
G.: Increasing biomass in Amazonian forest plots, Philos. T. Roy.Nassar, R., Jones, D. B. A., Suntharalingam, P., Chen, J. M., Andres,
Soc. London, 359, 353-365, db@.1098/rsth.2003.1422004. R. J., Wecht, K. J., Yantosca, R. M., Kulawik, S. S., Bowman,
Bishop, J. K. B. and Rossow, W. B.: Spatial and temporal variability K. W., Worden, J. R., Machida, T., and Matsueda, H.: Model-
of global surface solar irradiance, J. Geophys. Res., 96, 16839- ing global atmospheric Cfwith improved emission inventories
16858, 1991. and CQ production from the oxidation of other carbon species,
Bousquet, P.: Regional Changes in Carbon Dioxide Fluxes of Geosci. Model Dev., 3, 689716, db®.5194/gmd-3-689-2010
Land and Oceans Since 1980, Science, 290, 1342-1346, 2010.

doi:10.1126/science.290.5495.132200. Nassar, R., Jones, D. B. A., Kulawik, S. S., Worden, J. R., Bow-
Bousquet, P., Ciais, P., Peylin, P., Ramonet, M., and Monfray, P.. man, K. W, Andres, R. J., Suntharalingam, P., Chen, J. M., Bren-
Inverse modeling of annual atmospheric £€durces and sinks ninkmeijer, C. A. M., Schuck, T. J., Conway, T. J., and Worthy,
1. Method and control inversion, J. Geophys. Res., 104, 26161—- D. E.: Inverse modeling of C®sources and sinks using satellite
26126, 1999. observations of C@from TES and surface flask measurements,

Ciais, P., Rayner, P., Chevallier, F., Bousquet, P., Logan, M., Peylin, Atmos. Chem. Phys., 11, 6029-6047, d6i5194/acp-11-6029-
P., and Ramonet, M.: Atmospheric inversions for estimatingCO 2011, 2011.
fluxes: Methods and perspectives, Climatic Change, 103, 69-92New, M., Hulme, M., and Jones, P.: Representing twentiethcentury

2010. space—time climate variability. Part I: development of a 1961—
Chevallier, F., Ciais, P., Conway, T., Aalto, T., Anderson, B., Bous- 90 mean monthly terrestrial climatology, J. Climate, 12, 829—
quet, P., Brunke, E., Ciattaglia, L., Esaki, Y., andliich, M.: 856,1999.

CO; surface fluxes at grid point scale estimated from a global 210Isen, S. C.: Differences between surface and column atmospheric
year reanalysis of atmospheric measurements, J. Geophys. Res., CO, and implications for carbon cycle research, J. Geophys.
115, D21307, doi0.1029/2010JD013882010. Res., 109, D02301, ddi0.1029/2003jd003962004.

Conway, T., Tans, P, Waterman, L., Thoning, K., Kitzis, D., Peylin, P., Baker, D., Sarmiento, J., Ciais, P., and Bousquet, P.: In-
Masarie, K., and Zhang, N.: Evidence for interannual variability  fluence of transport uncertainty on annual mean and seasonal in-
of the carbon cycle from the NOAA/CMDL global air sampling versions of atmospheric CQlata, J. Geophys. Res, 107, 4385,
network, J. Geophys. Res, 99, 831-822, 1994. doi:10.1029/2001JD000852002.

DeFries, R. S. and Townshend, J. R. G.: NDVI-derived land coverPiao, S., Ciais, P., Friedlingstein, P., Peylin, P., Reichstein, M.,
classifications at a global scale, Int. J. Remote Sens., 15, 3567— Luyssaert, S., Margolis, H., Fang, J., Barr, A., Chen, A., Grelle,

3586, 1994. A., Hollinger, D. Y., Laurila, T., Lindroth, A., Richardson,
Enting, I. G.: Inverse problems in atmospheric constituent transport, A. D., and Vesala, T.: Net carbon dioxide losses of northern
Cambridge Univ. Pr, 2002. ecosystems in response to autumn warming, Nature, 451, 49-52,

Feng, L., Palmer, P. I., Yang, Y., Yantosca, R. M., Kawa, S. R., doi:10.1038/nature06442008.
Paris, J.-D., Matsueda, H., and Machida, T.: Evaluating a 3-DRaich, J .W. and Potter, C. S.: Global patterns of carbon dioxide

transport model of atmospheric GQusing ground-based, air- emissions from soils, Global Biogeochem. Cy., 9, 23-36, 1995.
craft, and space-borne data, Atmos. Chem. Phys., 11, 2789Randerson, J. T., Thompson, M. V., Conway, T. J., Fung, I. Y., and
2803, d0i10.5194/acp-11-2789-20,12011. Field, C. B.: The contribution of terrestrial sources and sinks

GLOBALVIEW-CO2: Cooperative Atmospheric Data Integration  to trends in the seasonal cycle of atmospheric carbon dioxide,
Project — Carbon Dioxide., NOAA ESRL, Boulder, Colorado,  Global Biogeochem. Cy., 11, 535-560, 1997.
2010. Rodenbeck, C., Conway, T. J., and Langenfelds, R. L.: The effect
Gurney, K. R.. Transcom 3 inversion intercomparison: of systematic measurement errors on atmospherig &@er-
Model mean results for the estimation of seasonal carbon

www.atmos-chem-phys.net/13/7607/2013/ Atmos. Chem. Phys., 13, 7648 2013


http://dx.doi.org/10.1029/2004gb002439
http://dx.doi.org/10.1098/rstb.2003.1422
http://dx.doi.org/10.1126/science.290.5495.1342
http://dx.doi.org/10.1029/2010JD013887
http://dx.doi.org/10.5194/acp-11-2789-2011
http://dx.doi.org/10.1029/2003gb002111
http://dx.doi.org/10.1016/j.dsr.2006.07.006
http://dx.doi.org/10.5194/gmd-3-689-2010
http://dx.doi.org/10.5194/acp-11-6029-2011
http://dx.doi.org/10.5194/acp-11-6029-2011
http://dx.doi.org/10.1029/2003jd003968
http://dx.doi.org/10.1029/2001JD000857
http://dx.doi.org/10.1038/nature06444

7618 Z. H. Chen et al.: Improved simulation of regional CQ surface concentrations

sions: a quantitative assessment, Atmos. Chem. Phys., 6, 149Fans, P. P., Conway, T. J., and Nakazawa, T.: Latitudinal distribution

161, doi10.5194/acp-6-149-2008006. of the sources and sinks of atmospheric carbon dioxide derived
Shea, D. J.: Climatological atlas: 1950-1979, Technical Note from surface observations and an atmospheric transport model,

NCAR TN-269+STR, Nat. Cent. for Atmos. Res., Boulder, Col- J. Geophys. Res., 94, 5151-5172, 1989.

orado, 1986. Tans, P. P, Fung, I. Y., and Takahashi, T.: Observational constraints
Sitch, S., Huntingford, C., Gedney, N., Levy, P., Lomas, M., Piao, on the global atmospheric GObudget, Science, 247, 1431-

S., Betts, R, Ciais, P., Cox, P., and Friedlingstein, P.: Evalua- 1438, 1990.

tion of the terrestrial carbon cycle, future plant geography andXie, P. and Arkin, P. A.: Analyses of global monthly precipita-

climate-carbon cycle feedbacks using five Dynamic Global Veg- tion using gauge observations, satellite estimates, and numerical

etation Models (DGVMs), Glob. Change Biol., 14, 2015-2039, model predictions, J. Climate, 9, 840-858, 1996.

2008. Zeng, N.: Glacial-interglacial atmospheric g@hange — The
Stephens, B. B., Gurney, K. R., Tans, P. P., Sweeney, C., Peters, glacial burial hypothesis, Adv. Atmos. Sci., 20, 677-693, 2003.

W., Bruhwiler, L., Ciais, P., Ramonet, M., Bousquet, P., and Zeng, N., Mariotti, A., and Wetzel, P.: Terrestrial mechanisms of in-

Nakazawa, T.. Weak northern and strong tropical land carbon terannual C@ variability, Global Biogeochem. Cy., 19, GB1016,

uptake from vertical profiles of atmospheric €Gcience, 316, doi:10.1029/2004GB002272005.

1732, doi10.1126/science.1137002007. Zobler, L. A.: World soil file for global climate modeling, NASA
Suntharalingam, P.: Improved quantification of Chinese carbon Tech. Memo., 87802, 32 pp., 1986.

fluxes using CQ/CO correlations in Asian outflow, J. Geophys.

Res., 109, D18S18, ddi0.1029/2003jd004362004.
Suntharalingam, P.: Influence of reduced carbon emissions and ox-

idation on the distribution of atmospheric gOImplications

for inversion analyses, Global Biogeochem. Cy., 19, GB4003,

doi:10.1029/2005gh00246@005.

Atmos. Chem. Phys., 13, 7607618 2013 www.atmos-chem-phys.net/13/7607/2013/


http://dx.doi.org/10.5194/acp-6-149-2006
http://dx.doi.org/10.1126/science.1137004
http://dx.doi.org/10.1029/2003jd004362
http://dx.doi.org/10.1029/2005gb002466
http://dx.doi.org/10.1029/2004GB002273

