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Abstract: Terrestrial CO; flux estimates in China using atmospheric inversion method are
beset with considerable uncertainties because very few atmospheric CO, concentration
measurements are available. In order to improve these estimates, nested atmospheric CO,
inversion during 2002 - 2008 is performed in this study using passenger aircraft-based CO,
measurements over Eurasia from the Comprehensive Observation Network for Trace gases by
Airliner (CONTRAIL) project. The inversion system includes 43 regions with a focus on
China, and is based on the Bayesian synthesis approach and the TMS5 transport model. The
terrestrial ecosystem carbon flux modeled by the BEPS model and the ocean exchange
simulated by the OPA-PISCES-T model are considered as the prior fluxes. The impacts of
CONTRAIL CO, data on inverted China terrestrial carbon fluxes are quantified, the
improvement of the inverted fluxes after adding CONTRAIL CO, data are rationed against
climate factors and evaluated by comparing the simulated atmospheric CO, concentrations
with three independent surface CO, measurements in China. Results show that with the
addition of CONTRAIL CO, data, the inverted carbon sink in China increases while those in
South and Southeast Asia decrease. Meanwhile, the posterior uncertainties over these regions
are all reduced (2~12%). CONTRAIL CO,data also have a large effect on the inter-annual
variation of carbon sinks in China, leading to a better correlation between the carbon sink and
the annual mean climate factors. Evaluations against the CO, measurements at three sites in

China also show that the CONTRAIL CO; measurements may have improved the inversion
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results.

1. Introduction

Carbon dioxide (CO,) and other greenhouse gases emitted from human activities are the main
cause of global warming (IPCC, 2007). Terrestrial ecosystems play a very important role on
regulating the atmospheric CO, concentration. According to the evidence from atmosphere
observations, Le Quéré et al. (2009) estimated that the mean CO, uptake rate of the global
terrestrial ecosystem is 2.6£0.7 Pg C yr ' for 1990-2000, which offsets 40% of the global
fossil fuel carbon emissions. Pacala et al. (2001) found that North American terrestrial
ecosystems sequestered 30% - 50% of its industrial CO, emissions in the 1980s. China has a
vast land area of 960x10° ha, and nearly 80% of the land areas are covered with various types
of vegetation, including forest (16.5%), grass (34.8%), shrubs (18.5%), croplands (11.2%),
and other types (Fang et al., 2007). Using the methods of bottom—up (inventory survey and
process-based ecosystem model) and top-down (atmospheric inversion) approaches, many
studies have been conducted during the past decade to estimate China’s terrestrial ecosystem
carbon sinks (e.g., Cao et al., 2003; Fang et al., 2007; Piao et al., 2009; Tian et al., 2011;
Jiang et al., 2013). Fang et al. (2007) estimated the land sinks in China could offset 20.0 —
26.8% of its industrial carbon emissions. However, there are still large gaps of land sink
derived using bottom-up and top-down methods (Piao et al., 2009). One of the main reasons
may be attributed to the lack of enough CO, concentration observations. Jiang et al. (2013)
pointed out that due to lack of sufficient observations, most regions of the country have a low
regional and annual uncertainty reduction percentage (< 10%) by way of atmospheric
inversion, especially for South and Southwest China, and the overall uncertainty reduction is
relatively lower compared with North America and Europe.

The lack of surface measurements can partially be compensated for by aircraft
measurements in the free troposphere. Many vertical profiles of CO, have been obtained over
Europe and North America using research aircraft (Crevoisier et al., 2010; Xueref-Remy et al.,
2011). Compared with research aircrafts, passenger aircraft CO, measurements are done at
much lower cost, and could cover larger areas. Presently, there are two well-known CO,

measurement projects using passenger aircrafts, the Civil Aircraft for the Regular
2
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Investigation of the atmosphere Based on an Instrument Container (CARIBIC) project
(Brenninkmeijer et al., 2007; Schuck et al., 2009) and the Comprehensive Observation
Network for Trace gases by Airliner (CONTRAIL) project (Machida et al., 2008; Matsueda et
al., 2008). CARIBIC measures atmospheric CO, by flask sampling between Germany and
destinations in Europe, Africa, North and South America and Asia four flights per month,
while CONTRAIL measures CO, continuously between Japan and Europe, Australia, South
and Southeast Asia, and North America. Patra et al. (2011) performed an inversion study
based on CARIBIC data and evaluated the results against CONTRAIL data. With the
CONTRAIL measurements, Niwa et al. (2012) conducted an inverse modeling study with a
focus on tropical terrestrial regions. Their results showed that CONTRAIL data have a large
impact on the inversion results.

In this study, a China-focused atmospheric inversion is conducted using CONTRAIL
measurements over Eurasia. The inversion system and CONTRAIL data used are first
described, followed by presentation and discussion of the impact of CONTRAL data on

inverted carbon fluxes and posterior uncertainties in China and its surrounding areas.

2. Method and Data

2.1 Inversion setting

In this study, a nested inversion system (Jiang et al., 2013) based on the Bayesian synthesis
inversion method (Rayner et al., 1999; Enting et al., 1989) is used to improve the estimations
of monthly CO, sources and sinks as well as their uncertainties. The global surface is
separated into 43 regions based on the 22 TransCom large regions (e.g. Gurney et al., 2003;
Baker et al., 2006), with 13 small regions in China (Figure 2). The partition scheme for the 13
small regions is mainly based on land cover types, i.e. forest (5 regions), crop (4 regions),

grass (3 regions), and desert (1 region).

A monthly transport operator for the 43 regions and forward transport simulations for
carbon emissions from fossil fuel and biomass burning are calculated using a global two-way
nested transport model TM5 (Krol et al., 2005). The fossil fuel inventory is from the Miller
Carbon Tracker fossil fuel emission field (CarbonTracker, 2010), which is constructed based

on CDIAC 2007 (Boden et al., 2010) and EDGAR 4 databases (Olivier and Berdowski, 2001).
3
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The biomass-burning inventory is from the Global Fire Emissions Database version 3
(GFEDvV3) (van der Werf et al., 2010). Except for sources and sinks, the key processes of CO,
in the atmosphere are horizontal and vertical transport and diffusion. In the TM5 model, the
horizontal transport is based on the slopes advection scheme (Russel and Lerner, 1981), the
convection is parameterized according to Tiedtke (1989), and the vertical diffusion near
surface layer and in the free troposphere are parameterized using the schemes of Holtslag and
Moeng (1991) and Louis (1979), respectively. An evaluation showed that TM5 has very well
performs on vertical and horizontal transport (Stephens et al., 2007). In this study, TMS5
model is driven by the ECMWF outputs, and is run at a horizontal resolution of 3° x 2°
around the world without nesting a high-resolution domain and a vertical structure of 25

layers, with the model top at about 1 hPa.

Hourly terrestrial ecosystem carbon exchanges simulated by the BEPS model (Chen et
al., 1999; Ju et al., 2006) and daily carbon fluxes across the air-water interface calculated by
the OPA-PISCES-T model (Buitenhuis et al., 2006) are considered as prior fluxes. Before
being used in the inversion, both these two type of fluxes are averaged to monthly. In addition,
the monthly terrestrial carbon fluxes of each grid are neutralized annually. The Io
uncertainties for the prior fluxes over the global land and ocean surfaces are assumed to be
2.0 and 0.67 PgC yr'', respectively, which are the same as those used in Deng and Chen
(2011). That is because we use the same land and ocean prior fluxes with Deng and Chen
(2011). Deng and Chen (2011) did Xz test for their selections, and results indicated that these
uncertainties are reasonable. The uncertainty on the land is spatially distributed based on the
annual NPP distribution simulated by BEPS, while the one on the ocean is distributed
according to the area of each ocean region. The monthly uncertainties for the terrestrial
regions are assigned according to the variations of monthly NPP, while the ones for oceanic
regions are assumed to be even. We do not consider the relationship among different regions.
Hence, a diagonal matrix for error variances is used. That is because the global land is
separated into a series of regions mainly according to land cover types, and we assume that

the relationship of the fluxes of different land cover types could be negligible.

A total of 130 sites of CO, observations from GLOBALVIEW-CO, 2010 dataset

4
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(GLOBALVIEW-CO,, 2010) are adopted, including 54 flask observations, 7 continuous
measurements, 5 tower sites, 6 ship sites, and 58 aircraft sites. The locations of the
GLOBALVIEW (GV) CO, observations could be found in Figure 2. The model-data
mismatch error in ppm is defined using the following function, which is similar to those used

by Peters et al. (2005) and Deng and Chen (2011).

R=0>  +GVsd*

const

where GVsd reflects the observation error, it is the standard deviation of the residual
distribution in the average monthly variability (var) file of GLOBALVIEW-CO, 2010. The
constant portion O,y reflects the simulation error, which varies with station type that is
because the transport models generally have different performances at different observation
stations. Except for some difficult stations, the observation sites are divided into 5 categories.
The categories (respective value in ppm) are: Antarctic sites/oceanic flask and continuous
sites (0.30), ship and tower sites (1.0), mountain sites (1.5), aircraft samples (0.5), and land
flask/continuous sites (0.75). The value of 3.5 is used for the difficult sites (e.g., abp_01DO0,

bkt_01DO0).

2.2 CONTRAIL aircraft CO, measurements

The CONTRAIL project measures CO, concentrations using continuous measurement
equipment on passenger aircrafts (Machida et al., 2008; Matsueda et al., 2008). Calibrations
and evaluations have shown that the accuracy of CONTRAIL data compares well with the
GV CO, data (Machida et al., 2011). In this study, aircraft CO, measurements over Eurasia
during November 2005 to December 2009 are used. The measurements between Japan and
Europe, Korea, Taiwan, South Asia and Southeast Asia are shown in Figure la. In order to
use the continuous observations in the inversion system, the measurements are divided into 87
sites, including19 level flight sites (~10 km, Figure 1a) and 68 vertical sites. Following Niwa
et al. (2012), each vertical measurement profile is divided into 5 layers: 0 ~ 1000m,
1000~2000m, 2000 ~4000m, 4000~6000m, and 6000~8000m. The flight altitude higher than
8000 m is considered as level flight. For the level flight sites, first, we define 19 regions with
each of size 10 x 10 degrees according to the flight routes (Figure la); then, all the

observation records with altitude higher than 8000 m located in one region are averaged to get
5
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the concentration of that site, and its location is determined by averaging the location of all
observation records as well. It should be noted that the 10° x 10° boxes are only applied to the
level flight. Before being used in the inversion, 1) daily mean data for each site are smoothed
(Figure 1b) using the same technique as Masarie and Tans (1995), and then averaged to
monthly mean value; 2) the sites with samples shorter than 6 months are excluded; 3) the
variations of the monthly CO, concentrations for each site are carefully checked, and we find
that in the boundary layer (below 2000 m), the concentrations at most sites are highly affected
by local emissions, probably emitted by frequent aircraft ascending and descending, hence, only
data measured above 2000 m are used. Niwa et al. (2012) also only used the free tropospheric
(above 625 hpa) data. In addition, in previous studies (Sawa et al., 2008; Niwa et al. 2012),
the CO; recodes in the stratosphere were filtered out, because the seasonal variation of CO; in
stratosphere is quite different from that in troposphere. However, in this study, we don’t
distinguish whether the CO, recodes are in stratosphere or in troposphere. We have checked
the monthly observed and forward simulated CO, concentrations at the level flight sites and
thought that the influences of stratospheric CO, could be neglectful in our inversion system.
Consequently, 54 CONTRAIL CO;sites are used in the inversion (Figure 2). The model-data
mismatch errors of the CONTRAIL data are calculated using the same method as those of the GV
data. The observation error (GVsd) is the standard deviation of the residual after smoothing, and
for the item of Oy, considering the large range (10° x 10°) of the level flight sites and the
thick layer of the vertical sites, we use a constant of 0.75 ppm, which is larger than that of GV

aircraft samples (0.5 ppm).

2.3 CO,; measurements in China

In this study, CO, concentrations measured during Jul 2006 — Dec 2009 at three Chinese sites
are used to evaluate forward simulation results. The three sites were all established by
Chinese Academy of Meteorological Sciences (CAMS), China Meteorological Adminis-
tration (CMA), with names of Longfengshan (LFS), Shangdianzi (SDZ) and LinAn (LAN),
respectively. LFS, SDZ and LAN are located in Northeast China, North China, and East

China, respectively (Figure 3). The weekly flask measurements of these stations are sampled
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and analyzed using the recommended methods of the Global Atmosphere Watch programme
of World Meteorological Organization (WMO/GAW), and the results are comparable to that
of the Earth System Research Laboratory in National Oceanic and Atmospheric
Administration (NOAA/ESRL). For more detailed information about these observations,

please refer to Liu et al. (2009).
3. Results and discussions

3.1 Impact on inter-annual variations

Two inversion experiments are conducted from 2000 to 2009, the first (Case GV) run with
only GLOBALVIEW CO;included, the second run with CONTRAIL CO, data added (Case
GVCT). For each experiment, the first two years are considered to be the spin-up period, and
the last year is the spin-down time. Therefore, the analysis period in this study is from 2002 to
2008.

Figure 4 shows the inter-annual variations (IAVs) of the inverted land sinks (excluding
biomass burning emissions, the same thereafter) and the posterior uncertainties of the two
experiments in China. When only GV CO; is used, the IAVs show a less negative trend, with
strongest land sink occurring in 2002, and weakest sink in 2008. When CONTRAIL CO, is
added after December 2005, changes of inverted sinks occur after 2005, with largest change
in 2007, compared to Case GV. The CONTRAIL CO, also has an impact on the posterior
uncertainties from 2005 to 2008, especially in 2007 and 2008. The posterior uncertainties in
2007 and 2008 are reduced from around 0.195 to 0.183 PgC yr', with a reduction rate of 6%.
This reduction rate is defined as (Uncertaintyyosicriorcver - Uncertaintyposerior,r)*<100/
Uncertainty posierior,gv (Same thereafter). In our another study (Jiang et al., 2013), we added CO,
measurements of the three Chinese sites in the same inversion system, and results showed that the
posterior uncertainties were reduced from around 0.195 to 0.173 PgC yr' (~11%) in 2007 and
2008. Hence, We think that this uncertainty reduction caused by adding the CONTRAIL data is
reasonable in comparison with the uncertainty reduction caused by adding the three Chinese sites
and in consideration of the fact that there are no CONTRAIL data in China: all data were
measured in the downwind or upwind of China and only data above the boundary layer are used in

the inversion. Overall, when the CONTRAIL CO, data are added, the inverted carbon sink in
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China increases by 0.05 PgC yr' (30%), the posterior uncertainty is reduced by 0.0043 PgC
yr'' (2.2%), and the mean carbon sink in China is -0.25 + 0.19 PgC yr' for 2002 to 2008.
Climate factors such as temperature, precipitation and radiation could affect plant growth
(Zhu et al., 2007; Myoung et al., 2013), thereby the IAVs of land sinks (Ciais et al., 2005).
Generally, a warmer condition advances vegetation growth for most regions in middle and
high latitudes of the Northern Hemisphere (NH), including the crops in Europe and US, and
the forests in central Siberia, west Canada and northeast China (Myoung et al., 2013). Zhu et
al. (2007) also showed that in northern China, the plant growth was temperature-limited.
Usually, more vigorous vegetation growth corresponds to more carbon uptake. Studies on the
relationships between the net ecosystem exchange (NEE) measured by eddy covariance
equipment and the environmental factors confirm that the IAVs of annual mean air
temperature is significantly related to the ones of NEE in the forest regions in middle and
high latitudes of the NH: Yuan et al. (2009) pointed that air temperature was the primary
environmental factor that determined the IAV of NEE in deciduous broadleaf forest across the
North American sites, and NEE was positively correlated with the mean annual air
temperature; Dunn et al. (2007) found that in central Manitoba, Canada, warmer annual
temperatures were associated with increased net uptake, while annual precipitation did not
explain any of the variability in NEE. Nevertheless, in low latitudes of the NH, for example,
southern China, the NEE may be related to solar radiation and precipitation. Zhu et al. (2007)
reported that in southern China, the plant growth was radiation-limited. Usually, more
radiation corresponds to less cloud cover, so as to less precipitation (Figure 5a). Based on
eddy covariance measurements in two forest sites in southern China, Yan et al. (2013) found
that the greater annual NEE (more uptake) usually occurred in the dry years and smaller
annual NEE in the rainy years for the both forests. Hence, in order to study whether the
impact of CONTRAIL data is reasonable, it should be useful to check the relationship
between inter-annual variations of climate factors and land sinks in different regions of China.
Because the changes of posterior fluxes mainly occur in southern China and northern China
(see section 3.2), only these two regions are investigated. Monthly climate data of 484
stations obtained from CMA during the study period are used for the analysis, in which 269

stations are located in southern China, and the others are located in northern China (Figure 3).
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Figure 5 shows the IAVs of annual mean climate factors anomalies and land sink anomalies
in southern China and northern China. It could be found that in southern China, the changes
caused by CONTRAIL data lead to a better correlation between the fluxes and radiation as
well as precipitation, and in northern China, the changes also make the fluxes better
correlated with the temperature. These relationships are consistent with the previous findings,
indicating that the IAVs of posterior fluxes in China by additional constraint of CONTRAIL
CO; data could be more reasonable.
3.2 Impact on spatial pattern

As shown in section 3.1, CONTRAIL CO, has a large impact on the inverted carbon
fluxes and a certain impact on the uncertainties during the 2006 — 2008 period. Furthermore,
the impacts of CONTRAIL CO, on the spatial patterns of the inverted global carbon fluxes
and uncertainties for 2006to 2008 are shown in Figure 6. For Case GV, most of the land
regions are found to be carbon sinks (Figure 6a), with strong sinks (> 50 gC m™yr") occurring
in Boreal Asia, South and Southeast Asia, the eastern U.S. and southern South America (S.A.),
while Tropical America and Southern Africa appear as carbon sources. Most China regions
appear as weak carbon sinks (< 30 gC m™yr"). Comparing Case GVCT with the Case GV, the
carbon sinks decrease in South and Southeast Asia, tropical Africa, boreal and western
temperate North America, and Southwest China, with the most significant decrease happening
in Southeast Asia (> 50 gC m™yr™). The carbon sinks increase in Europe, boreal and western
Asia, eastern temperate North America, eastern China, southern Africa and most of the
Pacific, with the most notable increase in eastern China. It should be noted that though only
CONTRALIL CO, data over Eurasia are used in this study, its impacts are global. Meanwhile,
posterior uncertainties over most of the Northern Hemisphere and tropical regions are reduced,
with the most significant reduction occuring in South and Southeast Asia (~ 10%). In China,
the uncertainty reduction in all regions is smaller than 5 %, with largest reductions in East and
Southwest China.

Compared with results from Niwa et al. (2012) for the same time period, the decrease of
land sink in Southeast Asia, increases of land sinks in Europe, boreal Asia, eastern temperate
North America, and southern Africa, and the reductions of posterior uncertainties in South

and Southeast Asia are consistent. However, in South Asia and eastern China, although large
9
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effects of CONTRAIL CO,data on land sinks were also derived in Niwa et al. (2012), the
impacts are opposite. Moreover, the magnitude of the effects on the inverted land fluxes and
associated uncertainties are much smaller than those in Niwa et al. (2012). In order to gain
insight on the causes of the differences between this study and Niwa et al. (2012), mean
monthly prior and posterior fluxes of Case GV and Case GVCT in China, South Asia and
Southeast Asia (including Indo-China Peninsula and tropical Asia) during 2006 — 2008 are
compared in Figure 7.In China, there are large differences in the prior fluxes. The seasonal
amplitude of Niwa’s fluxes (simulated using CASA model) is much larger than that
(simulated using BEPS model) of this study. After being constrained by GV and CONTRAIL
CO, data, the posterior fluxes from this study and Niwa et al. (2012) tend to be close to each
other: the land sinks during growing season increase in this study, while those decrease in
Niwa et al. (2012), and the strongest sinks are very similar in magnitude. However, the flux
estimated in this study turns from source to sink in May, reaching the strongest in July, while
that estimated in Niwa et al. (2012) turns from source to sink in July, reaching the strongest in
August. This delay leads to a relatively large divergence in the inverted annual carbon sink
(-0.29 versus 0.25 PgC yr'"). In contrast, in South Asia, the seasonal amplitude of Niwa’s
prior fluxes is smaller than that of this study. When only being constrained with GV CO, data,
the land sinks during the growing season obviously increase in this study, while little changes
happen with Niwa’s results. After CONTRAIL CO, data are added, the sinks during the
growing season decrease, and the sources during non-growing season increase in this study,
leading to a decrease in the annual land sink; while in Niwa et al. (2012), the land sources
increase significantly during the non-growing season, and the land sinks during the growing
increase remarkably as well. The annual land sinks in South Asia from these two studies are
very close. In Southeast Asia, there are also significant differences in the prior fluxes:
compared with Niwa’s results, there are much higher carbon sinks from May to Oct, and
higher sources from Dec to Apr in this study. When only being constrained with GV CO, data,
except in Oct and Nov, more carbon is absorbed in all month in this study, especially in Feb
and Sep; while in Niwa et al. (2012), the land sinks increase in Mar, Sep and Oct, and in the
other months, the land sources increase. The annual land sink increases from 0.0 PgC yr’' to

-0.68 PgC yr' in this study, while little changes occur in Niwa et al. (2012). This difference
10
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may partly due to the use of Bukit Koto Tabang (BKT) station in Indonesia and the
CONTRAIL-ASE observations between Australia and Japan included in GLOBALVIEW
dataset in this study (Figure 2), which were not used in Niwa et al. (2012). After the
CONTRAIL CO, data are added, the carbon sinks decrease in all months in this study, and
they decrease in most months in Niwa et al. (2012) as well. The monthly variations of the
posterior fluxes between this study and Niwa et al. (2012) are similar to a certain extent,
especially from Sep to Dec. However, from Jan to Aug, the carbon sources in Niwa et al.
(2012) are significantly higher than that of this study, especially in Jan, Feb, Jun and Jul.
Overall, the uses of different prior fluxes and amount of GV observations may result in these
different effects of CONTRAIL CO, data. However, the posterior fluxes from these two
studies tend to be close to each other after being constrained with CONTRAIL CO, data.

The statistics show that with the further constraint of CONTRAIL CO,data, the carbon
sink in China increases from -0.16 £ 0.19 PgC yr'' to -0.29 + 0.18 PgC yr'. At the same time,
the land sinks of Southeast Asia and South Asia decrease from -0.68 + 0.34 and -0.28 + 0.32
PgC yr'to -0.35+ 0.30 and -0.11 + 0.30 PgC yr, respectively. When CONTRAIL data are
added, the land sink in China is close to the inversion result of -0.35 PgC yr’' stated in Jiang
et al. (2013) for the same period, which was derived by adding three additional China CO,
observation stations. The land sink obtained for South Asia, -0.11 = 0.30 PgC yr”, agrees well
with the -0.104 + 0.15 PgC yr™' result of Patra et al., (2013) for 2007-2008 period. Southeast
Asia is one of the most forested regions in the world. Its land sink should be dominated by
forest. Pan et al. (2011) estimated that here the forest carbon flux from 2000 to 2007 was
-0.12 PgC yr''. Carbon emission from biomass burning is 0.30 PgC yr'' in this region from
GFEDv3, so, the net carbon flux, excluding fossil fuel emissions, is -0.05 PgC
yr''(-0.35+0.30=-0.05 PgC yr''), which is comparable to the results of Pan et al. (2011). The
main reason of the significant changes in South and Southeast Asia is that there are very few
CO; measurements in the GV dataset in these regions (Figure 2), so there is an insufficient
observational constraint, leading to large uncertainties in the inverted carbon fluxes. The
addition of CONTRAIL data reduces uncertainty by markedly increasing observations in
these regions. Despite the fact that most CONTRAIL CO, measurements are in the middle

and upper troposphere, due to strong tropical convection, the resulting observational
11
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constraints are still relatively strong, thus decreasing land sinks in these regions. Niwa et al.
(2012) have detailed the mechanisms of CONTRAIL CO, data impacts on the fluxes. The
large changes in Eastern China could be explained with that there are many CONTRAIL CO,
measurements over East China Sea, Korea and Japan, which are mostly downwind of China,
so CONTRAIL CO, over these regions could directly sense carbon fluxes in eastern China to
a certain extent. Figure 8 shows contributions from emissions in different regions of the globe
at a current month (July 2007) and for the previous five months (1 Pg carbon emitted from
each region at one month) to the CO; concentration in July 2007 at 2000 — 4000 m height
over Taipei airport (TPE). There are strong contributions from the emissions of eastern China
(South China, East China forest, and Yangtze plain) at the current month (July 2007).
Therefore, CONTRAIL CO, data could affect the inversion results in China.

3.3 Evaluation against CO, measurements in China

We further use the CO, concentration measured at the three Chinese observation sites, i.e.,
LFS, SDZ, and LAN, to evaluate the forward simulation results using the TM5 model from
the posterior fluxes. The weekly measurements are smoothed and extrapolated to obtain
monthly values, using the same technique as GV CO, dataset (Masarie and Tans, 1995). The
simulations are conducted from 2000 to 2009, with initial concentration of 368.75 ppm (Ed
Dlugokencky and Pieter Tans, NOAA/ESRL, www.esrl.noaa.gov/gmd/ccgg/trends/). Since
the impact of CONTRAIL CO, is the largest in 2007, the simulation results in 2007 are
evaluated using the CO, concentration measurements (Figure 9). Obviously, the simulated
CO, concentrations using the posterior fluxes constrained by CONTRAIL data are much
closer to the observations during the summertime at all three sites. The mean biases between
the simulations and observations at LAN, LFS and SDZ are reduced from 2.13, 4.39, and 3.62
ppm to 1.28, 3.40, and 2.74 ppm, respectively. Moreover, the seasonal amplitude of CO,
concentration between wintertime and summertime may better reflect the seasonal variations
in land ecosystem sources and sinks in the upwind areas of the stations. Except at SDZ,
simulated concentration amplitude using posterior fluxes constrained by CONTRAIL data is
also much closer to the observations (Figure 9) than those without the CONTRAIL constraint.
Therefore, CONTRAIL data may have helped improve the inversion results for China at a

certain extent.
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3.4 Sensitivity analysis

It could be found that the changes caused by CONTRAIL data over China, including the
inverted monthly carbon sinks (Figure 7a) and the concentrations simulated using the inverted
fluxes (Figure 9), mainly occur in the warm seasons. This phenomenon may be attributed to
the inversion setup for the monthly prior fluxes uncertainties, i.e., the monthly prior errors for
the terrestrial regions are assigned according to the variations of monthly NPP (Section 2.1),
which lead to the prior errors in the cold seasons are very small, especially in the high latitude
areas. Therefore, we conduct two sensitivity experiments, namely Case GV_s and Case
GVCT_ s, in which both variations of monthly NPP and soil respiration (RESP) are
considered when we assign the month prior errors.

As shown in Figure 10a, in China, after both considered the NPP and RESP, the monthly
prior uncertainties in summer are reduced, while those in cold seasons are enhanced,
especially in northern China. These changes cause the land sinks decrease in Northeast China
and West China and increase in the other regions of China (not shown). As an aggregate, in
southern China, the land sink increases in most years, but the IAVs are the same as before; in
northern China, basically, there is no change. Seasonally, in southern China, the land sinks
increase in all months, and in northern China, they increase in spring and decrease in autumn.
As a whole in China, though the land sink decreases in 2004 and increases in 2007 at a certain
level, and little changes occur in the other years, but the IAVs are basically the same as before.
Seasonally, more carbon uptake occurs in spring and less happens in autumn (Figure 10b, c),
leading to the simulated concentrations decrease in spring and more closer with the
observations at all three sites (Figure 10d). However, the gaps between the simulated and the
observed concentrations during the cold seasons are still large, especially at LAN and SDZ.
Since LAN is close to Hangzhou City, and SDZ is close to Beijing City, these large gaps may
be related to the model resolution. Overall, the mean land sinks during 2002-2008 in China
are 0.187 £ 0.20 and 0.255 = 0.20 PgC yr'' for Case GV _s and Case GVCT _s, respectively,
which are almost the same as the values of -0.194 + 0.19 and -0.253 £ 0.19 PgC yr'' for Case
GV and Case GVCT, indicating that the different settings of monthly prior errors have little
impact on the inverted carbon budget in China.

4. Summary and Conclusions
13
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In this study, CONTRAIL Aircraft CO, measurements over Eurasia are used to constrain the
inversion besides GV CO, data in a nested atmospheric inversion system with the focus on
China during 2002 -2008. The CONTRAIL CO, measurements are grouped into 87 sites, and
54 of the sites are then added into the inversion system. The impact of the CONTRAL data on
the inverted carbon fluxes and posterior uncertainties in China and its surrounding areas are
quantified. Results show that when the CONTRAIL CO, data are added, the inverted carbon
sink in China increases, and that in South and Southeast Asia decreases. The changes in South
and Southeast Asia make the inverted carbon sinks more comparable with previous studies.
CONTRAIL CO, data also make a large impact on the inverted inter-annual variation of
carbon sinks in China, with the largest change in 2007. This change makes the carbon sink in
northern China better correlated with the annual mean air temperature and that in southern
China better correlated with the solar radiation and precipitation. Moreover, we use the CO,
data measured at three China observation sites to evaluate the forward simulation results
using the TMS model based on the posterior fluxes. Results show that the large change of the
land sink in China in 2007 has made the simulated concentrations in better agreement with the
observations at three sites that are not used in the inversion. Finally, it is interesting to note
that more CO, measurements in or around China added to the inversion lead to an increase in

the inverted sinks in China.
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List of Figure Captions

Figure 1. A map of CONTRAIL measurements; (a) the CONTRAIL measurement locations
(red dots), black rectangles represent the area partitions of the measurements of level flights,
shaded represent different inversion regions over Eurasia; (b) Time series of the
measurements over East China Sea, black line indicates a curve fitted to the daily CO,.
Figure 2. An inversion scheme: 21 regions in Asia (13 regions in China) and 22 regions for
the rest of the globe. Locations of 184 CO, observational sites are also indicated, including
130 sites from GV dataset (54 flask sites, 7 continuous sites, 5 tower sites, 6 ship sites, 58
aircraft sites) and 54 sites from CONTRAIL aircraft measurements (bold ones include 3
vertical sites at 20004000, 4000-6000, 6000-8000 m for ascending and descending flights
data and thin ones include 1 sites at 8000-12000 m for level flights data).

Figure 3. Locations of observations (black point: meteorological data locations; red triangle:
CO, observation sites in China, which are used for evaluation in this study)

Figure 4. Impact on inter-annual variations of inverted carbon flux and posterior uncertainty
in China

Figure 5. Inter-annual variations of the posterior fluxes and climate factors in (a) southern
China and (b) northern China

Figure 6. Inverted global carbon flux for a) Case GV, unit: gC m'zyr'l; b) Case GVCT, unit:
gC m™yr’'; and impact of CONTRAIL CO, on c) the inverted carbon fluxes, Case GVCT —
Case GV, unit: gC m'zyr'l, and d) posterior uncertainties, (Case GV-Case GVCT)*x100/Case
GV, unit: %; averaged for 2006 to 2008.

Figure 7. Mean monthly fluxes in a) China, b) South Asia and c¢) Southeast Asia during 2006
—2008 (Case GV: only constrained by GV CO,; Case GVCT: constrained by both GV CO,
and CONTRAIL CO,)

Figure 8. Contributions from emissions of different regions in July 2007 and the previous
five months (1 PgC month™ region™) to the CO, concentration in July 2007 at 2000 — 4000 m
over Taipei airport (TPE)

Figure 9. Simulated and observed monthly CO, concentrations at three China stations, the

black lines represent the observations, the orange lines represent the simulations from the land
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fluxes constrained with GV CO, only, the blue lines represent the simulations from the land
fluxes constrained by additional CONTRAIL CO,, and the numbers represent the
concentration amplitude between wintertime and summertime

Figure 10. The sensitivity of the influence of (a) monthly prior flux uncertainty on the
inverted carbon sinks over China, including (b) the inter-annual variations and (c) the
monthly variations, as well as on (d) the simulated CO, concentrations in 2007 at the three

Chinese sites using the inverted carbon fluxes.
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643
644 Figure 1. A map of CONTRAIL measurements; (a) the CONTRAIL measurement locations

645 (red dots), black rectangles represent the area partitions of the measurements of level flights,
646 shaded represent different inversion regions over Eurasia; (b) Time series of the
647 measurements over East China Sea, red line indicates a curve fitted to the daily CO,.
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651 Figure 2.An inversion scheme: 21 regions in Asia (13 regions in China) and 22 regions for
652 the rest of the globe. Locations of 184 CO, observational sites are also indicated, including
653 130 sites from GV dataset (54 flask sites, 7 continuous sites, 5 tower sites, 6 ship sites, 58

654 aircraft sites) and 54 sites from CONTRAIL aircraft measurements (bold ones include 3

655 vertical sites at 2000—4000, 4000-6000, 6000—8000 m for ascending and descending flights

656 data and thin ones include 1 sites at 8000-12000 m for level flights data).
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664 Figure 4. Impact on inter-annual variations of inverted carbon flux and posterior uncertainty
665 in China
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Figure 10. The sensitivity of the influence of (a) monthly prior flux uncertainty on the

inverted carbon sinks over China, including (b) the inter-annual variations and (c) the

monthly variations, as well as on (d) the simulated CO, concentrations in 2007 at the three

0.16 ! 0.10 - 010
China Southern China Northern China
0.14 - r
008 008
0.12- r
0.10 | [ 006 - 006
008 - r
0.06 - [ 0044 = 004+
004 - r
002 002+
—— Base case
002 o r
—— Sensitive case
0.00 T T T T T T T T T T 0.00 T T T T T T T T T 000
1
Month
0.10 0.00 0.00 L L L
Southern China Northern China
0.154
005 r
020 005 r
-0.10 4 -
025
0154 r
030 0.10 r
035 020 L
-0.40 | -0.15 - 0254 L
045+
030 r
0504 L 0204
— Base case (Case GVCT) 020 N
-0.554 — Sensitive case (Case GVCT_s) T 0357 [
-0.60 T T T T 025 : T T T 040 T T T T
2002 2003 2004 2005 2006 2007 2008 2002 2003 2004 2005 2006 2007 2008 2002 2003 2004 2005 2006 2007 2008
Year Year Year
T S R R R L L
0.159  —— Base case (Case GVCT) [ o0l L 0044
o0l T Sensitive case (Case GVCT_s) 002
002 L 0004
005 - r
002
000 r
0.004 r 0.04
-0.05 - E 0024 L -0.06+
0.08
0.10 r
0.04+ F-0.10-
015+ r 0.12
0.06 r
020 L 0.14
il L 016+
025 . f 008 . .
China Southern China 0.8 Northern China r
030 e T A A 0.10 T T T T T T L 020 — T —
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 71 8 0 1 12 1 2 3 4 5 6 71 8 0 o112
Month Month Month
05 L TR R 100 Lo
—— Observation
—— Base case (Case GVCT) 3053 L
400+ —— Sensitive case (Case GVCT_s) O 3004 L
390 £
395 r
385 L 385 F
390 F 380 £
380 L
375 £
385 L
375 L 3704 £
380 r
365 £
LAN 370 ] SDZ L LFS
375 — T T T T T T 1 T 360 T T T T T T T
12 3 4 5 6 7 8 9 10 11 12 12 3 4 5 6 7 8 o mo2 7 2 3 4 5 6 7 8 10 11 12
Month Month Month



