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ABSTRACT

Carbon dioxide (CO2) emissions and sinks in western China are estimated and implied from atmospheric

CO2 measured at Waliguan during the period of 1995�2008. The observed CO2 data are first classified as

background, elevated, and sequestration, using a modified background identification method. Comparing it

with two other methods tests the applicability of the method. By using this method, approximately

17.2%91.2% and 10.1%90.8% of all observed data are identified as elevated and sequestered CO2,

respectively, the percentages (occurrence rates) for both of which increased during 1995�2008. CO2 emissions

in western China have enhanced significantly in all seasons during the past 14 yr. Annual mean growth rates of

CO2 emissions in the region increased by �8.4 Tg C yr�1 (3.9% yr�1) during 1995�2008 but accelerated after

2000 to �12.6 TgC yr�1 (6.2% yr�1). The growth rates of CO2 emission in western China are lower than the

rest of the country. The annual mean emissions in the country during 1995�1999 and 2000�2006 are thought to
be approximately 5.5 and 6.5 times higher than in western China, respectively. However, the growth rates of

CO2 emissions in western China are higher than global increase rates as reported by other studies. CO2 sinks in

western China varied from 86.0 Tg C yr�1 in early 1995�1999 to 106.2 Tg C yr�1 in 2005�2008. The most

prominent change occurs in summer, indicating enhanced sequestration of photosynthetic CO2 taken up by

vegetation. The growth rates in sequestered CO2 cannot keep up with the increase of CO2 emissions in the

region. If this continues, it could potentially impact on the global carbon budget.
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1. Introduction

Determining the impact of regional carbon dioxide (CO2)

exchanges on the global carbon budget is an essential step

towards understanding and managing the budget. With

rapid economic development, reported growth of CO2

released from fossil fuel combustion and cement manufac-

turing over the 2001�2006 period has been dominant in

developing countries, with 54% of the global increase in

CO2 emissions coming from China alone (Raupach et al.,

2007). China has become the largest national source of CO2

emissions during recent years (Gregg et al., 2008; Peters

et al., 2012). On the basis of two publicly official energy

data sets for China for 1997�2010, CO2 emissions have

been calculated with a 1.4 Gt emission gap in 2010 between

national and provincial statistics (Guan et al., 2012).

Such an uncertainty of CO2 emissions would result in

an incorrect understanding and modelling of the global

carbon cycle. Since 2000, China has implemented a national

strategy to develop western regions and as a consequence,

economic sectors that use petroleum have also been rapidly

expanding. Therefore, a question arises of how CO2 emis-

sions over a regional as well as national scale change or

are influenced under such a policy. In order to answer

this question, there is a need to reduce the uncertainty in

estimating regional and national emissions and to learn the

extent to which the regional changes impact the global

carbon budget.

The vegetation of Asia includes a broad range of

temperate and boreal forests, grassland, and desert, and

is perhaps one of the critical and sensitive regions in the

global climate system. Several studies have reported that
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the carbon budget in China is primarily driven by land-use

changes inferred by inventory and satellite data along with

model simulations (e.g. Fang et al., 2001, 2004; Lal, 2004;

Huang and Sun, 2006; Piao et al., 2007, 2009; Mu et al.,

2008; Ren et al., 2011, 2012; Tian et al., 2011a, 2011b; Lu

et al., 2012). Large-scale reforestation and afforestation

programs conducted in western China since the 1980s have

been studied as being a main cause of regional carbon sinks

(Fang et al., 2001). Consequently, the balance of CO2

budget in China is a large issue under the situation of high

anthropogenic emissions and land use changes (Tian et al.,

2011a).

Globally, CO2 flux shows large discrepancies in different

continents and regions (Sarmiento et al., 2010) with a

significant imbalance in the global budget due to the lack of

regional flux investigations (Turnbull et al., 2011), including

uncertainties in anthropogenic emission estimates (Francey

et al., 2010). The estimated trends of CO2 emissions and

sinks possess a high degree of uncertainty in different con-

tinental areas based on top-down and/or bottom-up meth-

ods (e.g. Francey et al., 1995; Fan et al., 1998; Bousquet

et al., 1999, 2000; Pacala et al., 2001; Gurney et al., 2002;

House et al., 2003; Maksyutov et al., 2003; Peylin et al.,

2005; Ballantyne et al., 2012). To some extent, the un-

certainties are confined to limited long-term observed data

over regional scale.

Measurements of atmospheric CO2 can reflect the

information on the local/regional anthropogenic and nat-

ural perturbation. This uneven distribution of sources/sinks

usually causes large spatial and temporal CO2 variations

(Tans et al., 1996). Fortunately, we can track the differences

in fossil fuel carbon exchanges as well as the terrestrial CO2

fluxes of different regions. In China, the longest observa-

tional record of atmospheric CO2 has been obtained from

remote Waliguan since the 1990s (Zhou et al., 2003). Based

on these data obtained in earlier years, the seasonality,

secular trend, annual cycle, and inter-annual variability of

atmospheric CO2 have been presented and characterized

(Zhou et al., 2003, 2005, 2006). For example, Zhou et al.

(2003) discussed the background characteristics after

filtering the episodes by using a meteorology method.

Afterwards, a few field campaigns or research experiments

at various remote and urban sites in China were conducted

in the past few decades (e.g. Wang et al., 2002; Zhang et al.,

2008; Liu et al., 2009; Wang et al., 2010). Most of these

studies mainly focused on the levels, seasonality and spatial

variation at urban or suburban sites. In this study, we will

estimate and imply changes of CO2 emissions and sinks

in western China from the episodes of atmospheric CO2

measured at Waliguan over 1995�2008. The primary

objective is to provide a basic understanding of regional/

local impacts on the changes of CO2 emissions and sinks

under the situation of high anthropogenic emissions and

land use changes in western China. The observed data are

first classified as background, elevated, and sequestered

CO2 using a modified background identification method.

Comparing it with other methods tested the applicability of

the method. CO2 emissions and sinks are estimated from the

selected elevated and sequestered CO2 episodes. Finally, the

changes of CO2 emissions and sinks in western China are

inferred.

2. Data and methods

2.1. Data

The CO2 data are from the long-term continuous retrievals

of atmospheric CO2 mixing ratios by a Licor6251 non-

dispersive infrared NDIR analyzer at Waliguan (36.28N,

100.90E, 3816 m a.s.l.) since November 1994. Both

CO2 regional sources and sinks information observed at

Waliguan represent a relatively large-scale area due to the

high altitude and extensive topography within the region.

Therefore, measurements from the site can provide essen-

tial information on sources and sinks within the Eurasian

continent (Zhou et al., 2005, 2006). A detailed discussion

of the site, measurements, and calibrations for the system

has been addressed in previous studies (Wen et al., 1997;

Zhou et al., 2003). The data have also been updated and

reported on the WMO X2007 scale (http://ds.data.jma.

go.jp/gmd/wdcgg/products/summary/sum34/43_calibration.

pdf). The data retrieval period in this study is 1995�2008.
The overall CO2 time series had data gaps from June 1997

to November 1998 due to reconstruction of the Waliguan

main building. In addition, some data was missing in the

winter of 2001 and invalidated during June 2006�February
2007 which was due to calibration and instrumental

malfunction (e.g. leakage of the inlet line connected to

cryo-coolers).

2.2. Data selection

2.2.1. Data selection method. A remote location regarded

as having no local or regional source/sink influences is

usually selected for measuring background conditions.

However, within the planetary boundary layer (PBL), a

ground-based station like Waliguan is exposed to a wide

variety of situations, including air, which is locally or

regionally influenced. The observed episodes of anomalous

signals presented in the time series could reflect changes of

regional emissions and sinks. The objective of selecting

the data is to identify those hourly CO2 values that are

representative of well-mixed air at the latitude of Waliguan

as well as those of which that are affected by some known

local/regional phenomenon.
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Using an appropriate filter method to distinguish the

different conditions is the first step. Data selection can be

based on independently measured parameters, such as wind

speed and direction, or by using a statistical approach for

rejecting certain data, or combined meteorological and

statistical filters. The basic assumption is that the concen-

tration of CO2 in well-mixed air should change by only a

small amount over several hours at extremely remote

monitoring sites, such as the South Pole, Antarctica, where

the hour-to-hour variability is very small (B0.1 ppm,

Gillette et al., 1987).

Thoning et al. (1989) also used this assumption to

identify CO2 background conditions at Mauna Loa, but

because Mauna Loa is not as remote as the south pole,

they used a larger criteria for the initial selection process:

instability of the CO2 concentration�0.2 ppm within

1 hour and changes in the CO2 concentration�0.25 ppm

from 1 hour to the next were rejected. Any effects from

volcanic episodes in the diurnal variation that typically

occurred (11:00�19:00 LT) were temporarily removed.

Finally, they applied an iterative statistical approach of

a smooth spline curve to weighted daily averaged CO2

values, and flagged hourly data greater than two standard

deviations from the daily average.

This method assumes that the background signal varies

very slowly relative to contributions of the regional signal;

these assumptions are suitable to Waliguan where the

variation of the baseline signal is in the order of weeks

while the regional signal varies from hourly to daily. Thus,

we also apply the Thoning method to Waliguan data,

without the step of removing diurnal cycle influence due

to no existing volcanic episodes as well as insignificant

terrestrial biospheric fluxes around the site. By using the

Thoning method, approximately 40% of all observed CO2

data are selected as background data. However, according

to Zhou et al. (2003), they obtained almost 70% of all the

background data by using meteorology as a filter. There-

fore, we make modifications based on the Thoning method.

The Licor6251 NDIR system is similar to the instrument

at Mauna Loa and is used to measure CO2 at Waliguan.

The measurement errors are expected to be random and the

overall measurement precision for the instrument is less

than 0.1 ppm as determined from the standard deviation

of repeated measurements of an approximately 365 ppm

standard gas (Zhou et al., 2003). The variability within an

hour test is also applied � if CO2 hourly means with

standard deviations �0.3 ppm are initially removed to

distinguish the visible instrument fluctuation. Similar to

the Thoning method, changes in the CO2 concentra-

tion�0.3 ppm from one hour to the next were rejected.

Waliguan is located at the edge of the northeastern part

of the Tibetan Plateau (high altitude). The area surround-

ing the site is pristine, with sparse vegetation consisting

mostly of arid and semiarid grassland and the diurnal

variation is relatively small (Zhou et al., 2003). Large

variabilities are usually observed at Waliguan due to

external polluted air parcels undergoing long distance air

transportation during short time periods (e.g. 3�5 d). This
causes either an increase or decrease of CO2 concentrations

that can last anywhere from hours to several days.

Consequently, although the differences in the two

consecutive hourly values are insignificant (B0.3 ppm)

during the periods, they are actually non-background

values. If they are not rejected at this step, they would

affect the curve fit. In order to alleviate these problems, our

method for this final selection was to temporarily remove

30% of the data, which are statistically calculated as

maximum or minimum values by evaluating two weeks of

hourly data at a time. A two-week work window is chosen

because the data observed during this short period could

potentially include both polluted/sequestered episodes and

baseline information, but not be influenced by long-term

trends or seasonality. The remaining data over the two

weeks are then smoothed using an approach of moving an

average curve fit where the first hourly concentration of

the two weeks, which differed from the average of the

curve by more than twice the standard deviation (s) of

the two weeks, were flagged as a non-background value.

This is identified as pollution or sequestration according to

whether or not this value is larger than the average of the

curve. The process then moves to test the second hourly

value in another 2-week period. At this point, those values

with changes�0.3 ppm in two consecutive hourly concen-

trations and 30% hourly values previously removed at the

beginning of the selection were added if they are now

within 2s of the spline. Daily, monthly and annual means

are calculated from the final selected data.

The time series of CO2 identified by our modified

method is shown in Fig. 1. More than 70% of all observed

CO2 has been selected as background data. Elevated

CO2 mixing ratios represent contaminations from local

or regional emissions/sources. They were observed with

some episodes (red dots) distributed above the background

levels (black dots). Back-trajectories for the specific periods

of high CO2 have correlated these polluted episodes to

regions with large emission sources (Zhang et al., 2011)

that are especially active in the winter/early spring season.

CO2 with relatively low values correspond to sequestrations

primarily due to enhanced photosynthetic effects (green

dots).

2.2.2. Applicability of the method. To examine the

applicability of our modified method for the identification

of CO2 background conditions, overall long-term changes

of CO2 monthly means identified by the Thoning method

IMPLICATIONS FOR CO2 EMISSIONS AND SINKS CHANGES 3



and our modified method at Waliguan during 1995�
2008 are shown in Fig. 2. The monthly means obtained

from the Thoning method and our modified approach

are without significant differences, with more than

90% of all points within 90.5 ppm, 85% points within

90.25 ppm and about 70% points closer to zero from the

CDF and histogram of the differences embedded in the top

and left panel of Fig. 2. The linear trends of the monthly

means for the methods are very similar with slopes of

1.9045 and 1.8926 by our method as well as the Thoning

method.

To further investigate how different selection methods

can affect the CO2 seasonality over long-term periods, we

compared the results identified by using the method of

Thoning et al. (1989) and Zhou et al. (2003) with this study

(Fig. 3). Zhou et al. (2003) applied a combined statistical

and meteorological parameter as a filter to select CO2 data

at Waliguan. However, their method removes the hourly

CO2 values associated with the wind direction from

polluted wind sectors (e.g. air masses from northeastern

and north in summer) as well as CO2 hourly values during

calm conditions, during periods with horizontal wind speed

�10m/s, or vertical wind speed�91 m/s. Finally, they

used an iterative approach by a fitting curve (weighted least

squares) for each day using criteria involving the differ-

ences for each remaining hourly points and curve �3s to

further smooth the data.

In Fig. 3, the overall characteristic of the CO2 seasonal

cycle identified by the three methods did not exhibit a large

Fig. 1. Time series of CO2 measurements between 1995 and

2008 at Waliguan identified by our modified data selection

method.
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Fig. 2. Overall long-term changes of CO2 monthly means from continuous measurements identified by Thoning et al. (2003) (red dots)

and by this study (black crosses) at Waliguan during 1995�2008, and the linear trends of the monthly means for the two methods are very

similar with slopes of 1.9045 and 1.8926, respectively. The differences between the Thoning method and our method (blue dots) are also

shown on the left y-axis. A histogram and probability of the differences, which showed more than 90% of all points are within 90.5 ppm,

are embedded in the top and left panel of the figure.
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difference in that the CO2 seasonality showed an early

spring (in April) maximum and late summer (in August)

minimum. The differences between our modified method

and the Thoning method are almost close to zero in all

months whereas the discrepancy between our method and

the Zhou method is more apparent. The largest differences

always appear in cold months, such as February or March,

where the CO2 concentrations calculated by the Zhou

method are approximately 0.5�0.8 ppm higher than our

modified method. CO2 concentrations in these months

obtained by the Thoning method are only slightly lower

than that identified by our method. However, all three

methods observed seasonal amplitudes of 10 ppm. Table 1

lists the annual means of CO2 calculated from the hourly

values as identified by the three methods.

The differences in the annual means between the

Thoning method and our modified approach changed

from approximately �0.1 ppm to 0.1 ppm over the period

of 1995�2008 while the discrepancies with Zhou’s method

are also within90.1 ppm. This small bias indicates that our

modified method is ideal, not only because it is resis-

tant to year-to-year and seasonal variations of ambient CO2

during long-term periods, but also due to more data being

retained for the background conditions. In addition, the

modified method is more efficient compared to Zhou et al.

(2003) for which they also needed to take into account

more meteorological conditions. Consequently, elevated

CO2 due to regional/local emissions and sequestered CO2

caused by photosynthesis could be selected from all the

observed time series.

3. Results and discussion

3.1. Selected data analysis

3.1.1. Percentages of selected CO2 data. Table 2 lists

percentages for selected background, elevated and seques-

tered CO2 data in each year by using our method. A

percentage of 72.8%91.4% of all observed CO2 data have

6.00

4.00

2.00

0.00

–2.00

–4.00

–6.00

–8.00

–10.00
1 2 3 4 5 6 7 8 9 10 11 12

–1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

Month

C
O

2 
S

ea
so

na
lit

y 
(p

pm
)

D
iff

er
en

ce
s 

(p
pm

)

by this studyby Thoning et al. (1989)

Diff (this study minus Zhou’s)

by Zhou et al. (2003) Diff (this study minus  
Thoning’s)

Fig. 3. Mean CO2 seasonality identified by Thoning et al. (2003)

(red circle), Zhou et al. 2003 (blue circle) and this study (black

circle) during 1994�2000. The differences of seasonal trends

between the method by the other’s method and our method are

also plotted below.

Table 1. Annual means of CO2 calculated from the hourly data identified by the three methods

CO2 annual mean, in ppm Differences, in ppm

Year

by Thoning et al.

(1989) s.d.

by Zhou et al.

(2003) This study s.d.

Diff

(this study-Thoning’s)

Diff

(this study-Zhou’s)

1995 360.48 2.9 360.6 360.51 3.0 0.03 �0.09

1996 362.18 3.5 362.2 362.22 3.6 0.04 0.02

1997

1998

1999 367.93 3.3 367.9 367.86 3.5 �0.07 �0.04

2000 369.37 2.8 369.5 369.46 2.9 0.09 �0.04

2001 370.68 3.2 370.65 3.4 �0.03

2002

2003 375.51 3.2 375.65 3.1 0.14

2004 377.16 3.3 377.08 3.3 �0.08

2005 379.35 3.3 379.44 3.5 0.09

2006

2007 384.07 3.0 384.14 3.1 0.07

2008 385.78 3.3 385.78 3.4 0.00
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been selected as background data over the past 14 years

while large CO2 mixing ratios account for 17.2%91.2%

of all data representing the contaminations influenced by

local or regional emissions/sources from fossil fuel or

biosphere sources. Relatively low values of CO2 concentra-

tions correspond to sequestered CO2 suggesting photosyn-

thetic activity (lower average percentage of 10.1%90.8%).

The percentages of background, elevated and sequestered

data in different years reflect the changes in regional

sources and sinks for CO2 as well as the changes in

meteorological conditions at Waliguan.

Figure 4 displays trends in the percentages for back-

ground, elevated and sequestered CO2 data. It should be

noted that the percentage of elevated data increased slightly

from 15 to 16% during the 1995�2000 period and from 17

to 18% during the 2004�2008 period. This is likely a result

of increased CO2 sources and enhanced regional impacts in

recent years. Such an increase is driven by anthropogenic

emissions or natural releases, and thus cannot be sorted out

due to all the information being included in the observa-

tions. The percentages of CO2 data representing ‘seques-

tration’ also slightly increased from approximately 10 to

10.6% between 1995 and 2008 suggesting an increased

trend of the occurrence of sequestered CO2 in recent years

in western China.

3.1.2. Time series of elevated and sequestered CO2. We

take elevated and sequestered CO2 as an index in this study

in order to investigate the long-term variations of CO2

emissions and sinks. Daily averages are used to calculate

the changes of CO2 based on their corresponding back-

ground values. By convention, the CO2 sink is reported as

negative (removing CO2 from the atmosphere) and its

source as positive (adding CO2 to the atmosphere). In this

study, DCO2(E) refers to the amounts of emissions

(typically positive values) and DCO2(S) reflects the magni-

tudes of sinks with negative values. They are calculated by

using daily elevated and sequestered CO2 minus back-

ground values, respectively. If DCO2(E) is more positive or

DCO2(S) is more negative, that would reflect stronger CO2

emissions or sinks.

Figure 5 shows the time series of elevated and seques-

tered CO2 as indicated by DCO2(E) and DCO2(S) during

1995�2008. Significant fluctuations in DCO2(E) are exhib-

ited which vary from 0 to approximately 5 ppm during the

observed period. There is no apparent seasonal cycle

indicated by DCO2(E), but DCO2(S) does display a

significant seasonal variation with values of near zero

in winter and negative in the summer (��5 ppm).

The seasonality for DCO2(S) should be mainly attributed

to enhanced photosynthetic sequestration in the summer

which can lead to a sharp decline in atmospheric CO2

mixing ratios in the northern hemisphere (Tans et al.,

1990).

3.2. Implications of CO2 emissions and sinks

3.2.1. Study area definition and estimates method.

Analysis of air mass back-trajectories combined with

long-term ambient air measurements can be used for ana-

Table 2. Percentage for background, polluted and sequestered CO2 data in each year

Year

1995

(%)

1996

(%) 1997* 1998*

1999

(%)

2000

(%)

2001

(%) 2002*

2003

(%)

2004

(%)

2005

(%) 2006*

2007

(%)

2008

(%)

Background 74.7 73.5 72.2 74.9 72.3 72.8 73.6 71.1 70.9 71.9

Polluted 15.9 15.9 17.7 15.4 17.8 18.5 16.1 17.2 18.6 18.4

Sequestered 9.4 10.6 10.1 9.7 9.9 8.8 10.3 11.7 10.5 9.7

*Percentages in the years not available are due to the data gaps caused by the instrument malefaction or calibrations during the

measurement periods.
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lysing large-scale air pollutant transport and source identi-

fication at a receptor site (Stohl, 1996; Rousseau et al.,

2004). Usually, the influence of air transport over a site

within 3�5 d is regarded as a regional impact. Therefore, in

this study, we calculated five day (120 h) back-trajectories

originating at 00:00, 06:00, 12:00 and 18:00 UTC by the

ΔC
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Fig. 5. Time series of elevated and sequestered CO2 during 1995�2008.
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Fig. 6. Five-day (120 h) back-trajectories at Waliguan in 2005. The different colours indicate trajectory in different seasons. The back-

trajectories originating at 00:00, 06:00, 12:00 and 18:00 UTC were calculated by the Hybrid Single-Particle Lagrangian Integrated

Trajectory model (HYSPLIT) (Draxler and Hess, 1998) using NCEP (National Centers for Environmental Prediction) reanalysis data. The

arrival height of the trajectories was 500 m above ground level. A grid area, covered by almost trajectories of the whole year with latitude of

308N�508N and longitude of 708E�1108E, has been identified, as include most of the region of western China.

IMPLICATIONS FOR CO2 EMISSIONS AND SINKS CHANGES 7



Hybrid Single-Particle Lagrangian Integrated Trajectory

model (HYSPLIT) (Draxler and Hess, 1998) using NCEP

(National Centers for Environmental Prediction) reanalysis

data.

The arrival height of the trajectories was 500m above

ground level, which has been shown to be the most

representative for air sampled at Waliguan (Zhou et al.,

2003). According to the paths and regions that the trajec-

tories passed through, we have identified a grid area with

latitude of 30N�50N and longitude of 70E�110E (Fig. 6).

In this study, the estimated changes of CO2 emissions could

thus represent the specified grid area that covers most

regions of western China.

Because the occurrences of elevated and sequestered

CO2 shows large variances over different periods, using

DCO2(E) or DCO2(S) alone cannot provide a real and

integrative estimate of sources and sinks. For example,

in winter, high-sequestered CO2 concentrations can be

observed at any time but the frequency of occurrence

(percentage of sequestered data) is usually low. Therefore,

a weighted DCO2, which we define as DCO2 (W_E) and

DCO2 (W_S), are calculated using DCO2 (E) and DCO2 (S)

multiplied by their frequency of occurrence. We then esti-

mate the amount of emissions and sinks using DCO2 (W_E)

and DCO2 (W_S) multiplied by a conversion factor of

g (g�36.7 Tg C/ppm). The conversion factor is calculated

from atmospheric CO2 reported as the dry air molar mixing

ratio in ppm units (Sarmiento et al., 2010), which is then

converted to Tg C of CO2 in the atmosphere using the

following relationships:

Nair ¼
matm

mair

mair ¼ 0:0289644þ 0:012011 � vCO2
� 0:0004

� �

NCO2
¼ vCO2

�Nair

mCO2
¼ mC �NCO2

where Nair is the number of moles in the atmosphere, matm

is the dry mass of the atmosphere of the area covered by

trajectories of the whole year with latitude of 308N�508N
and longitude of 708E�1108E (Fig. 6), which accounts for

nearly 1.7253% of the total global surface area. In this

case, the total dry mass of the atmosphere (5.13529

0.0003�1018 kg) estimated by Trenberth and Smith

(2005) is multiplied by 1.7253% to obtain the matm. The

molar mass of air (mair) in kg mol�1 for which we use the

relationship given by Khélifa et al. (2007), DCO2 is the dry

air molar mixing ratio of CO2 obtained by measurements,

and mC�12 g mol�1 is the molar mass of carbon. The

conversion factor we obtain is 36.70669 Tg C per ppm of

dry air in January of 1995, decreasing to 36.70632 by

November of 2008. Thus, we use a conversion factor of

36.7 Tg C per ppm of dry air.

3.2.2. Seasonal changes of CO2 emissions. Figure 7

illustrates the CO2 emission changes derived from the

weighted amounts of elevated CO2 in different seasons

between 1995 and 2008 in western China. CO2 emissions as

indicated by DCO2 (W_E) increased significantly in each

season during the past 14 yr. The upward trends in spring

and summer are similar, with growth rates of approxi-

mately 1.2�1.3 Tg C yr�1. However, DCO2 (W_E) showed

much larger year-to-year fluctuations during the spring

with a low correlation coefficient value while during the

summer exhibiting slight inter-annual changes with a

smooth increasing linear trend. In autumn, DCO2 (W_E)

showed a rapid growth rate of �1.7 Tg C yr�1 over the

period of 1995�2008, with large year-to-year fluctuations.

In winter, DCO2 (W_E) showed the fastest upward

trend and increased by approximately 4.0 Tg C yr�1. The

inter-annual variation in winter is also small and similar to

that obtained in summer. The different growth rates of

DCO2 (W_E) observed during different seasons reflect the

distinct seasonal characteristics of CO2 sources in western

China. The large inter-annual variations of DCO2 (W_E) in

spring and autumn indicated that these regional or local

CO2 sources (e.g. fossil fuel, biomass burning or respira-

tions) changed significantly both in magnitude and type

from year to year. In other words, the slight year-to-year

fluctuations of DCO2 (W_E) implied relatively constant

CO2 sources in the winter and summer seasons.

Overall, DCO2 (W_E) increases much more dramatically

in winter than in summer. According to our previous

studies (Zhou et al., 2003; Zhang et al., 2011), CO2 spikes

in winter were closely associated with dominant air parcels

especially from the northwestern regions of the site, such as

the Taklimakan Desert and Tarim Basin, both of which

have been largely developed in past decades due to a wealth

of oil and gas resources. In summer, these spikes frequently

occur due to prevailing air masses originating from north-

eastern or eastern regions (e.g. Gansu and Shaanxi

provinces).

Furthermore, we assert that anthropogenic CO2 emis-

sions west of the site change faster than eastern areas

during previous decades. Surprisingly, we find that poten-

tial source regions of CO2 are extensively distributed west

of the site (Zhang et al., 2011), which was unexpected

since the area is typically regarded as relatively remote and

clean. High CO2 concentrations in the area have also been

retrieved based on the satellite data (Bai et al., 2010), which

further indicates strong CO2 sources. This change may be

the result of emerging economies in western China during
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the past two decades thus leading to significant increases in

CO2 emissions.

The increasing DCO2 (W_E) trend observed in autumn is

stronger than in the spring. This suggests enhanced

respirations due to autumn warming under climate change

and growing atmospheric CO2 concentrations according to

Piao et al. (2008). They found that both plant photosynth-

esis and respiration increase during autumn warming, but

the increase in respiration is greater by using process-based

terrestrial biosphere model and satellite vegetation green-

ness index observations. Their simulations and observa-

tions indicated that northern terrestrial ecosystems may

currently lose CO2 in response to autumn warming from

using historic climate data during the 1980�2002 period

(Piao et al., 2008). However, further studies are needed to

demonstrate our observed enhanced increasing CO2 emis-

sion trend in autumn.

3.2.3. Seasonal changes of CO2 sinks. Figure 8 displays

changes of the CO2 sink derived from weighted amounts of

sequestered CO2 in different seasons between 1995 and

2008. The DCO2 (W_S) values for every season ex-

cept summer did not show significant upward or down-

ward trends. The plain lines reflect CO2 sinks due to the

terrestrial ecosystem in western China and are relatively

constant in the spring, autumn and winter seasons

during the 1995�2008 period. The absolute value of
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Fig. 7. CO2 emission changes estimated from the weighted amounts of elevated CO2 in different seasons between 1995 and 2008 in

western China.
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DCO2 (W_S) in winter is lowest (B10 Tg C yr�1),

indicating weak CO2 sinks caused by decreased vegetation

activity in the northern hemisphere mid-latitude during

cold periods.

In the summer, the absolute values of DCO2 (W_S) are

larger (approximately 50�60 Tg C yr�1) due to strong

biosphere CO2 sequestration by terrestrial ecosystems. The

decreasing trend of DCO2 (W_S) in summer implies a slight

increase of CO2 sinks with a growth rate of 1.0 Tg C yr�1

from 1995 to 2008. The increase may imply an enhanced

terrestrial sink in western China driven by changes of

several integral global change factors including solar

radiation, precipitation, and vegetation fractional cover

(Tian et al., 2011a).

3.2.4. Trends of CO2 emissions. Figure 9 shows total

annual emissions and sinks of CO2 as indicated by DCO2

(W_E) and DCO2 (W_S) in each individual year from 1995

to 2008. Annual emissions of CO2 exhibited a significant

increasing trend with a yearly growth rate of approximately

8.4 Tg C yr�1 (3.9% yr�1) during 1995�2008 which

accelerated to 12.6 Tg C yr�1 (6.2% yr�1) during 2000�
2008. This is most likely due to China implementing

a national strategy in 2000 to develop western regions.

Economic sectors that use petroleum have also rapidly

expanded since 2000. By comparing the total emission

growth rate of China, we estimated an increase in CO2

emissions of 58% from 2000 to 2006, which is lower than

the near 80% increase (at 10% annual growth) from all
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Fig. 8. CO2 sink changes estimated from the weighted amounts of sequestered CO2 in different seasons between 1995 and 2008 in

western China.
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China during the same periods reported by Gregg et al.

(2008).

The annual mean emissions changed from 167 Tg C yr�1

in 1995�1999 to 193 Tg C yr�1 during 2000�2006. Gregg

et al. (2008) estimated that the country emitted 132 Tg C

month�1 in November 2005 and 142 Tg C month�1 in

September of 2006. One can thus roughly estimate an

annual emission of 1644 Tg C in 2006 by using the average

of monthly emissions in November 2005 and September

2006 multiplied by 12. According to the 10% annual

growth during 2000�2006, one can also calculate the

annual national emissions of nearly 926 Tg C in 2000 and

1256 Tg C during the 2000�2006 period. Consequently, the

annual emission during 2000�2006 in the country is almost

6.5 times higher than that in western China. Additionally,

we suppose the national annual emission in 2000 should be

slightly higher or similar to that during 1995�1999, and
thus the annual mean emission during the early years of

1995�1999 in the country is approximately 5.5 times higher

than that in western China. The large discrepancy of CO2

emission between western and eastern China has also been

indicated by a short-term observed dataset from Shang-

dianzi, which is located in populated North China Plain

(Turnbull et al., 2011). Based on the above assumption, the

emission gap of CO2 between western China and the rest of

the nation has grown since 2000. However, due to the sharp

acceleration of emission rates in western China, we imply

the numbers would be closer, and the emission gap between

the western areas and other regions of China would be

reduced with the rapid economic development over the

country in the near future.

As compared to global emissions, the growth rates of

CO2 emissions in western China are much higher. For

example, Le Quere et al. (2009) reported global CO2

emissions from fossil fuel combustion, including small

contributions from cement production and gas flaring,

increased at a rate of 1.0% yr�1 in the 1990s and 3.4%

yr�1 between 2000 and 2008. Canadell et al. (2007) also

reported CO2 emissions from fossil fuel burning and

industrial processes increased with a similar growth rate

of 1.3% yr�1 for 1990�1999 to 3.3% yr�1 for 2000�2006.
The quickening trend of CO2 emissions in western China

since 2000 implied from changes of atmospheric CO2 by

this study is consistent with the trend globally. However,

the reported anthropogenic CO2 emissions by the above-

mentioned studies are all sourced from CO2 Information

Analysis Center (CDIAC) compilations of reported na-

tional emissions based on slightly varying inventory

methods. While our study just implies regional atmospheric

changes in western China, which could provide an im-

portant correlation with the reported anthropogenic emis-

sions, one should be cautious when extrapolating it to

global acceleration. Raupach et al. (2007) suggested that

54% of the global increase in CO2 emissions from fossil
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Fig. 9. Trend of CO2 emissions and sinks estimated from the observed elevated and sequestered CO2 during 1995�2008 in western China.
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fuel combustion and cement manufacturing over the 2001�
2006 periods came from China alone. Gregg et al. (2008)

demonstrated that China became the largest national

source of CO2 emissions during recent years. Consequently,

the much faster increase rates even in remote western China

would certainly play a huge role in global emissions.

Additionally, the rising respiration in autumn due to

climate change and autumn warming (Piao et al., 2008)

may happen. However, we assume the contribution to the

overall trend should be much less compared to the fossil

fuels and other human sources.

3.2.5. Trends of CO2 sinks. Although no apparent

upward or downward trend was observed during the

1995�2008 period for the overall change of CO2 sinks,

two peaks were present in 2005 and 2007 (Fig. 9). Mean

DCO2 (W_S) varied from �86.0 Tg C yr�1 in 1995�1999
to �106.2 Tg C yr�1 in 2005�2008. This may yet imply

an increasing trend of CO2 sinks in the region. Because

the trend was only observed in summer (Fig. 8), we infer

that it is attributed to enhanced CO2 fluxes of vegetation

absorption.

Several studies have reported increasing trends of carbon

sinks in China driven by land-use changes or climate

change based on both observations of inventory as well

as satellite data and model simulations (Fang et al., 2001,

2004; Lal, 2004; Huang and Sun, 2006; Piao et al., 2007,

2009). For example, Fang et al. (2004) found that the

increased summer precipitation in China may have bene-

fited vegetation growth as the large-scale reforestation and

afforestation programs conducted since the 1980s have

been confirmed by Fang et al. (2001) as being the main

causes of regional carbon sinks.

Precipitation has increased significantly in western China

during the past 50 yr (Zhai et al., 2005). The changes in

precipitation amount and distribution would alter current

regional and global-scale terrestrial carbon cycles. This

is likely associated with enhanced CO2 sinks in western

regions of China by our estimation and in addition,

changes in land cover/use (e.g. the strategy of returning

the grain plots to forestry and grass) over past decades may

be another factor that increases carbon sinks in the region

(Tian et al., 2011a).

However, the growth rate of CO2 sinks cannot keep up

with the increase in CO2 emissions in the region which

results in the continuous increase of atmospheric loading of

CO2 mixing ratios that will greatly impact the global

carbon cycle. According to past records, the atmospheric

temperature measured at Waliguan increased by more than

0.68C/decade, which is much faster than the global land

mean temperature growth rates of �0.278C/decade (IPCC,
2007). The rapid growth rate of atmospheric temperature

implies that the region is sensitive to climate change.

Therefore, further studies including more regional data

with high spatial resolutions and more developed models

like the atmospheric inverse model and process-based

ecosystem models are needed in order to illustrate our

results.

4. Conclusions

We have implied changes in CO2 emissions and sinks in

western China over the 1995�2008 period based on the

long-term dataset of atmospheric CO2 at Waliguan.

Changes in CO2 emissions and sinks are estimated from

episodes of elevated and sequestered CO2 concentrations

selected by a modified background identification method.

With this method, we have identified nearly 17.2%91.2%

and 10.1%90.8% of all observed data as elevated and

sequestered CO2, respectively. We propose that the CO2

emissions of western China have increased significantly

in all seasons during the past 14 yr, with a growth rate

of �8.4 Tg C yr�1 (3.9% yr�1) during 1995�2008.
We estimate the growth trend has steadily increased 12.6

Tg C yr�1 (6.2% yr�1) since 2000.

The growth rates of CO2 emissions from western China

are lower than that estimated from all of China by Gregg

et al. (2008), but higher than the simulations for the global

CO2 emission trend by Le Quere et al. (2009) on the basis

of the national energy statistics and by Raupach et al.

(2007) during the same periods. We also find that CO2

sinks in western China varied from 86.0 Tg C yr�1 in early

1995�1999 to 106.2 Tg C yr�1 in recent 2005�2008.
According to the seasonal changes of CO2 sinks, we have

demonstrated that the change is closely related to the

summer enhancement of CO2 sequestration by the vegeta-

tion photosynthesis effect during the growing season in the

Northern hemisphere. Thus, we suppose the increase of

CO2 sinks may be related to increased precipitation and

changes in land use over past decades in western China.

The growth rate of CO2 sinks cannot keep up with the

increase of CO2 emissions in the region, which will result in

a continuous increase of atmospheric CO2 mixing ratios

and finally influence global CO2 loadings in the future.

Although this relatively comprehensive analysis is in-

tended to identify the changes of CO2 emissions and sinks

in the west area of China, it is also critical to recognize the

limitation of the current method. Because of the compli-

cated sources and sinks of CO2 in terrestrial systems in

China, it is necessary to use more regional input data with

higher temporal and spatial resolutions for carbon fluxes

estimation in the future. Furthermore, we will apply other

models like the atmospheric inverse and process-based

ecosystem models to simulate and derive more confident

estimations.
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J. G. and co-authors. 2007. Global and regional drivers of

accelerating CO2 emissions. Proc. Natl. Acad. Sci. 104,

10288�10293.
Ren, W., Tian, H. Q., Tao, B., Huang, Y. and Pan, S. 2012.

China’s crop productivity and soil carbon storage as influenced

by multifactor global change. Glob. Chang. Biol. 18, 2945�2957.
Ren, W., Tian, H. Q., Xu, X., Liu, M., Lu, C. and co-authors.

2010. Spatial and temporal patterns of CO2 and CH4 fluxes in

China’s croplands in response to multifactor environmental

changes. Tellus. B. 63B, 222�240.
Rousseau, D. D., Duzer, D., Etienne, J. L., Cambon, G., Jolly, D.

and co-authors. 2004. Pollen record of rapidly changing air

trajectories to the North Pole. J. Geophys. Res. 109, D06116.

DOI: 10.1029/2003JD003985.

Sarmiento, J. L., Gloor, M., Gruber, N., Beaulieu, C., Jacobson,

A. R. and co-authors. 2010. Trends and regional distributions of

land and ocean carbon sinks. Biogeosciences. 7, 2351�2367.
Stohl, A. 1996. Trajectory statistics � a new method to establish

source-receptor relationships of air pollutants and its applica-

tion to the transport of particulate sulfate in Europe. Atmos.

Environ. 30, 579�587.
Tans, P. P., Bakwin, P. S. and Guenther, D. W. 1996. A feasible

global carbon cycle observing system: a plan to decipher

today’s carbon cycle based on observations. Glob. Chang. Biol.

2, 309�318.
Tans, P. P., Fung, I. Y. and Takahashi, T. 1990. Observational

constraints on the global atmospheric CO2 budget. Science. 247,

1431�1438.
Tian, H. Q., Melillo, J., Lu, C., Kicklighter, D., Liu, M. and co-

authors. 2011a. China’s terrestrial carbon balance: contribution

from multiple global change factors. Glob. Biogeochem. Cycles.

25. DOI: 10.1029/2010GB003838.

Tian, H. Q., Xu, X., Lu, C., Liu, M., Ren, W. and co-authors.

2011b. Net exchanges of CO2, CH4, and N2O between China’s

terrestrial ecosystems and the atmosphere and their contribu-

tions to global climate warming. J. Geophys. Res. 116,

1393�1405.
Trenberth, K. E. and Smith, L. 2005. The mass of the atmosphere:

a constraint on global analyses. J. Clim. 18, 864�875.
Thoning, K., Tans, P. P. and Komhyr, W. 1989. Atmospheric

carbon dioxide at Mauna Loa Observatory, 2. Analysis of

the NOAA GMCC data, 1984�1985. J. Geophys. Res. 94,

8549�8565.
Turnbull, J. C., Tans, P. P., Lehman, S. J., Baker, D., Conway,

T. J. and co-authors. 2011. Atmospheric observations of carbon

monoxide and fossil fuel CO2 emissions from East Asia.

J. Geophys. Res. 116, D24306. DOI: 10.1029/2011JD016691.

Wang, G. C., Wen, Y. P. and Kong, Q. X. 2002. The concentration

of CO2 and its variation in China. Chin. Sci. Bull. 47(10),

780�783.
Wang, Y., Munger, J. W., Xu, S., McElroy, M. B., Hao, J. and

co-authors. 2010. CO2 and its correlation with CO at a rural site

near Beijing: implications for combustion efficiency in China.

Atmos. Chem. Phys. 10(18), 8881�8897.
Wen, Y. P., Tang, J., Shao, Z. Q., Zhang, X. C. and Zhao, Y. C.

1997. A study of atmospheric CO2 concentration variations and

emission from the soil surface at MT. Waliguan. Q. J. Appl.

Meteorol. 8, 129�136.
Zhai, P., Zhang, X., Wan, H. and Pan, X. 2005. Trends in total

precipitation and frequency of daily precipitation extremes over

China. J. Clim. 18, 1096�1108.
Zhang, D. Q., Tang, J., Shi, G. Y., Nakazawa, T., Aoki, S. and

co-authors. 2008. Temporal and spatial variations of the atmo-

spheric CO2 concentration in China. Geophys. Res. Lett. 35(3),

L03801. DOI: 10.1029/2007GL032531.

Zhang, F., Zhou, L. X., Novelli, P. C., Worthy, D. E. J., Zellweger,

C. and co-authors. 2011. Evaluation of in situ measurements of

atmospheric carbon monoxide at Mount Waliguan, China.

Atmos. Chem. Phys. 11(11), 5195�5206.
Zhou, L. X., Conway, T. J., White, J. W. C., Mukai, H., Zhang, X.

and co-authors. 2005. Long-term record of atmospheric CO2

and stable isotopic ratios at Waliguan Observatory: background

features and possible drivers, 1991�2002. Glob. Biogeochem.

Cycles. 19, GB3021. DOI: 10.1029/2004GB002430.

Zhou, L. X., Tang, J., Wen, Y. P., Li, J. L. and Yan, P. 2003.

The impact of local winds and long-range transport on the

continuous carbon dioxide record at Mount Waliguan, China.

Tellus. B. 55, 145�158.
Zhou, L. X., White, J. W. C., Conway, T. J., Mukai, H., MacClune,

K. and co-authors. 2006. Long-term record of atmospheric CO2

and stable isotopic ratios at Waliguan Observatory: seasonally

averaged 1991�2002 source/sink signals, and a comparison

of 1998�2002 record to the 11 selected sites in the Northern

Hemisphere. Glob. Biogeochem. Cycles. 20, GB2001. DOI:

10.1029/2004GB002431.

14 F. ZHANG AND L. X. ZHOU


