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ABSTRACT

Mole fractions of atmospheric carbon dioxide (CO,) and carbon monoxide (CO) have been continuously
measured since September 2010 at the Shangri-La station (28.02 ° N, 99.73 ° E, 3580 masl) in China using a
cavity ring-down spectrometer. The station is located in the remote southwest of China, and it is the only
station in that region with background conditions for greenhouse gas observations. The vegetation canopy
around the station is dominated by coniferous forests and mountain meadows and there is no large city
(population > 1 million) within a 360 km radius. Characteristics of the mole fractions, growth rates, influence
of long-distance transport as well as the Weighted Potential CO Sources Contribution Function (WPSCF)
were studied considering data from September 2010 to May 2014. The diurnal CO, variation in summer
indicates a strong influence of regional terrestrial ecosystem with the maximum CO, value at 7:00 (local time)
and the minimum in late afternoon. The highest peak-to-bottom amplitude in the diurnal cycles is in summer,
with a value of 18.242.0 ppm. The annual growth rate of regional CO, is estimated to be 2.5+ 1.0 ppm yr ~!
(1-o), which is close to that of the Mt. Waliguan World Meteorological Organization/Global Atmosphere
Watch (WMO/GAW) global station (2.2+0.8 ppm yr '), that is also located at the Tibetan plateau but
900 km north. The CO mole fractions observed at Shangri-La are representative for both in large spatial scale
(probably continental/subcontinental) and regional scale. The annual CO growth rate is estimated to be -
2.640.2 ppb yr ~! (1-5). But the CO rate of decrease in continental/subcontinental scale is apparently larger
than the regional scale. From the back trajectory study, it could be seen that the atmospheric CO mole
fractions at Shangri-La are subjected to transport from the Northern Africa and Southwestern Asia sectors
except for summer and part of autumn. The WPSCF analysis indicates that the western and southwestern areas
of the Shangri-La station (India, Myanmar and Bangladesh) may be the most important CO sources.
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1. Introduction gases (IPCC, 2013; AGGI, 2014). The large increase of

Carbon dioxide (CO,) is the most important greenhouse gas ~ atmospheric CO, of nearly 120 ppm above preindustrial
levels has been unequivocally attributed to human emis-
sions (Keeling, 1993; IPCC, 2013; WMO, 2014). This
increase is mainly from fossil fuel burning and land-use

changes (Houghton, 2003; Peters et al., 2012). Oceans and

of anthropogenic origin that contributes to more than 60 %
of total radiative forcing (RF) of the long-lived greenhouse
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terrestrial ecosystems act as sinks for atmospheric CO, and
absorb approximately half of the anthropogenic emissions
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(Ballantyne et al., 2012). Carbon monoxide (CO) is not a
greenhouse gas as it hardly absorbs any infrared radiation
from the earth. However, the reaction with hydroxyl
radicals (OH) in the atmosphere, as the main sink of CO,
will enhance the lifetime of other components such as
methane, halocarbons and tropospheric ozone (Crutzen,
1973; Thompson, 1992; Mickley et al., 1999). As a result, it
is generally considered as an important indirect greenhouse
gas (Daniel and Solomon, 1998). Sources of atmospheric
CO include fossil fuel combustion and biomass burning
(Duncan et al., 2007) and the oxidisation of methane and
other hydrocarbons (Holloway et al., 2000). Major sinks of
atmospheric CO include reaction with OH and surface
deposition (Seinfeld and Pandis, 1998).

China has become the number one state concerning
fossil fuel CO, emissions in 2006 and emitted 1.8 PgC in
2011 (Marland 2012; LeQuéré et al., 2013). Along with the
development of the economy, increased combustion of
fossil fuels, relatively low combustion efficiency and weak
emission control measures have also led to drastic increases
in air pollutants such as CO and other components (Ohara
et al., 2007; Lin et al., 2014).

Many background CO, and CO observations are made
around the world under the framework of the World
Meteorological Organization/Global Atmosphere Watch
(WMO/GAW) programme to understand the carbon cycle
in atmosphere (Keeling et al., 1976; Tans et al., 1990; Novelli
et al., 2003; Artuso et al., 2009; Zhang et al., 2011; Andreae
etal., 2012). In the past years, a lot of measurement campaigns
or research programmes were also carried out in China
(Wang et al., 2002; Gao et al., 2005; Zhou et al., 2006; Fu
etal.,2009; Liuet al., 2009; Zhang et al, 2011). Most of them
focussed on emissions from or concentrations in severely
polluted areas. The China Meteorological Administration
(CMA) is responsible for background greenhouse gas
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measurements. Currently, CMA is running seven stations
with one WMO/GAW global station (Mt. Waliguan in
Qinghai province), three WMO/GAW regional stations
(Shangdianzi in Beijing, Lin’an in Zhejiang and Longfeng-
shan in Heilongjiang province) (Fig. 1) and three Chinese
regional stations (Shangri-La in Yunnan, Jinsha in Hubei
and Akedala in Xinjiang province). The four WMO/GAW
stations have in place in situ greenhouse gas measurement
systems (for CO,, CHy, etc.) already for years and their
observations have been thoroughly investigated along with
associated data analysis, interpretation and publications
(Zhou et al., 2004, 2006; Yao et al., 2012; Fang et al., 2013;
Zhang et al., 2013; Fang et al., 2014; Liu et al., 2014).

To expand the observations of greenhouse gas on the
Chinese mainland, a cavity ring-down spectroscopy (CRDS)
analyser (G1302, Picaro Inc.) was installed in 2010 at the
Shangri-La station. Since then, first-hand observations of
CO, and CO mole fractions over the southwest of China
have been acquired. In this study, we present and analyse
the CO, and CO time series from September 2010 to May
2014.

2. Experiment

2.1. Sampling site

The Shangri-La station (28.01 ° N, 99.73 ° E, 3580 masl) is
located in the Tibetan autonomous prefecture of Diqing in
Yunnan province, China. The of the station is illustrated in
Fig. 1. The station is ~ 30 km to the north of the Shangri-La
town (a tourist town, ~ 60,000 inhabitants), which is in the
joint of Yunnan, Sichuan province and Tibetan autono-
mous prefecture. The climate type here is tropical monsoon
(Am). There are no strong anthropogenic CO, and CO
sources such as villages, agricultural fields or factories
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stations (Mt. Waliguan global station, Shangdianzi, Lin’an and Longfengshan regional station). Currently, these stations are running with

in situ CO,/CH4 observation systems.
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within a 5 km radius of the station. The terrain surrounding
the station is dominated by coniferous forests and mountain
meadows. The population density within this area is about
10 per square kilometre, implying a weak anthropogenic
influence on regional atmospheric CO, and CO mole
fractions. The observatory is built on the top of a hill
(~200 magl). A small village road runs from southwest to
northeast, ~0.4 km away from the station. The road is
generally for agricultural vehicles with a very light load
(~10 passes per day). A sampling tower is erected next to
the observatory with a height of 55 magl and the sample
inlet is fixed at 50 m height. Near the sampling port,
meteorological sensors (Changchun Met. Inc., Changchun,
China) for wind speed, direction, atmospheric pressure, air
temperature and humidity are also installed.

2.2. Measurement system

A cavity ring-down spectrometer (G1302, Picarro, Inc.,
Santa Clara, CA, USA) is used for continuous measure-
ments of atmospheric CO, and CO. This instrument and the
measurement technique have been proven to be suitable for
measurements of atmospheric CO, and CO mole fractions
(Crosson, 2008; Zellweger et al., 2012; Welp et al., 2013).
The factory reported precision is 50 ppb for CO, and 2 ppb
for CO (1-c) in 5 min. The measurement technique is
identical to and the measurement system is similar to the
CRDS instruments (G1301, Picarro) for simultaneous CO,
and CHy observations installed at the four WMO/GAW
stations in China. Only the selected wavelengths are
different adapted to the spectral properties of CO, and
CO. The detailed schematic of measurement setup is
described in Fang et al. (2013). Air sample is delivered to
the instrument by a vacuum pump (N022, KNF Neuberger,
Germany) via a dedicated 10-mm o.d. sampling line
(Synflex 1300 tubing, Eaton, Cleveland, OH, USA). Then
the ambient air is filtered (7 pm) and pressurised at 1 atm.
The ambient air is dried to a dew point of approximately
—60 °C by passing it through a glass trap submerged
into a —70 °C ethanol bath (MC480D1, SP Industries,
Warminster, PA, USA). An automated sampling module
equipped with a VICI 8-port multi-position valve is
designed to sample from separate gas streams (standard
gas cylinders and ambient air). The effective travel time of
the air from the top of inlet to the analyser is less than 45 s.
The system became operational on 18 September 2010.

2.3. Calibration, quality control and data processing

The CO, and CO dry air mole fractions are referenced to a
working high (WH) and a working low (WL) standard.
Additionally, a calibrated cylinder is used as a target (T)
gas to check the performance (precision and accuracy) of

the system routinely. All standard gases are pressurised in
29.5 L treated aluminium alloy cylinders (Scott-Marrin
Inc., Riverside, CA, USA) fitted with high-purity, two-
stage gas regulators (CGA-590, Scott Specialty Gases Inc.,
Plumsteadville, PA, USA). The scale for CO, is the WMO
X2007 scale (Zhao et al., 1997; Zhao and Tans, 2006) and
for CO, it is the National Oceanic and Atmospheric
Administration (NOAA)/WMO 2004 scale (Novelli et al.,
1991). The two standards and target gas are analysed for
5 min every 6 h.

Due to the time required for flushing the internal volume
of the analyser, the response of the analyser is usually not
stable until 1 min after switching to a different gas stream
using the multi-position valve. Every gas cylinder (WH, WL
or T) is measured for 5 min. Thus, we used the last 4 min of
each 5-min segment to compute CO, and CO mole fractions
and the averages in the 4 min are used to represent the levels
in current 5-min segment. The mole fractions of both gases
were calibrated using a linear two-point fit through the most
recent standard gas measurements (WH & WL). Figure 2
illustrates the differences between the measured and the
assigned values in T. The average differences are 0.01 +0.04
ppm for CO, and —0.2+1.9 ppb for CO during the
observation period, proving that the accuracies of measure-
ment meet the compatibility goals of WMO/GAW (0.1 ppm
for CO; in the Northern Hemisphere and 2 ppb for CO).
The 5-min data selected in that manner were then aggre-
gated to hourly averages. To evaluate the seasonal cycle
and peak-to-bottom amplitude, we used the curve fitting
method described by Thoning et al. (1989) to fit the CO,
data. In this study, the data were fitted into a function with
three polynomial terms for the long-term trend and four
annual harmonic terms. Except for special notes, the
average values in this study are reported with 95 %
confidence intervals (CI). The CO, and CO mole fractions
in this study are in dry air.

3. Results and discussions

3.1. Diurnal CO2 and CO variations

Figure 3 shows the diurnal variations of CO, (a) and CO (b)
for each of the four seasons. The corresponding months are
March-May (MAM) for spring, June—August (JJA) for
summer, September—November (SON) for autumn and
December—February (DJF) for winter. Only days contain-
ing 24 1-h average values are considered to reduce the effect
of day-to-day CO, and CO mole fractions fluctuations. In
summer, a distinct CO, variation is observed with, on
average, the minimum value at 17:00 (local time) and the
maximum at 7:00 in the morning. The occurrence times
of the minimum and the maximum CO, lag ~1 h behind
those at Lin’an station, which is located in the east of China
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Shangri-La station.

(Fang et al., 2014). This offset corresponds to the difference
in local solar time due to Lin’an’s location further east
(119.44 ° E versus 99.73 ° E at Shangri-La). Thus the diurnal
cycles are comparable, despite the different altitude and
vegetation. Distinct CO, variation is also observed in
autumn, reflecting that the local sources and sinks still
have a large influence on observed CO, mole fractions
(Kerang et al., 2004). The average peak-to-bottom ampli-
tudes of the diurnal cycles are 3.44+0.8 ppm in spring,
182+2.0 ppm in summer, 10.2+1.2 ppm in autumn
and 1.54+1.0 ppm in winter. The small diurnal variation
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Differences of the measured and assigned CO, and CO mole fractions in reference tank (T) during the observation period at

in winter is due to the extreme low temperature (average
—10 °O).

Diurnal CO variations at Shangri-La have similar pat-
terns in all seasons, with peak values during daytime and
relatively lower values during the rest of the day. The CO
mole fraction reaches its maximum at 12:00-14:00.
We investigated the atmospheric CO at Mt. Waliguan
station (altitude 3810 masl) located on the Tibetan plateau
(Shangri-La is situated at the southeastern edge and Mt.
Waliguan is at the northeastern edge) during the same
period and from 2004 to 2007, and the diurnal patterns in all
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Fig. 3.

Mean diurnal variations of CO, and CO mole fractions in the four seasons. Spring: March-May (MAM); summer: June—August

(JJA); autumn: September—November (SON); winter: December—February (DJF). (a) CO,, (b) CO versus surface wind speed. Error bars

indicate the standard errors with 95 % confidence intervals.
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seasons also display the maximum at 10:00—15:00, except in
summer, when another peak was seen at 20:00 (Zhang et al.,
2011). The enhanced values at Mt. Waliguan station are
caused by upslope winds from the surrounding areas
transporting pollution to the station, as also observed at
mountain station Jungfraujoch in the Swiss Alps (Zellweger
etal., 2009). However, the Shangri-La station is located on a
plateau and the observatory is built on a relatively small hill.
The higher CO values in the midday are more likely due to
larger scale advection. We studied the CO mole fractions
versus wind speeds during the observation period and found
that the CO mole fractions were lower than 132+2 ppb
when the surface wind speed was lower than 1.5 m s~ !
(Beaufort scale 0 & 1), and increased to 141 +1 ppb above
Beaufort scale 2 (> 1.6 m s ~"). Higher levels of CO might
be transported along with these stronger winds from
southwest of the observatory (see section 3.4). Most of
the moments of stronger wind speed are observed in the
morning with peak speed at 8:00, 4-6 h prior to the
maximum CO values (grey line in Fig. 3b). The time
difference between the peak in wind speed and CO
concentrations is probably due to the transport time from
remote CO sources.

3.2. Data filtering approaches for CO, and CO

Figure 4 shows the hourly averages of the atmospheric CO,
and CO mole fraction at Shangri-La station. The data gaps
are mainly due to malfunctioning of the instrument,
maintenance of the gas sampling system and unexpected
power failure. (The station is located at the remote south-
western China and a robust power supply is lacking. The
stationary UPS system can only last a very short period).
To identify the CO, and CO data at least influenced by
local processes adjacent to the station (by local vegetation,
vehicles on road, cattle), we used methods similar to
previous studies to filter the observed data into ‘regional’
and ‘local’ values (Zhou et al, 2004; Fang et al, 2013; Liu
et al., 2014). Unlike the other WMO/GAW regional stations
in China, the Shangri-La station is located in a remote area
without obvious local anthropogenic emissions. Thus we
used mainly two steps to flag the CO, data. First, night-
time data were dismissed from the regional events to
exclude episodes with significant local biospheric CO,
respiration under poorly mixed atmospheric conditions.
Second, we flagged the data when the surface wind speed
was lower than 1.5 m s ! to minimise the influence of very
local sources/sinks. The remainder of the data were flagged
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Fig. 4.

Variations of hourly CO, and CO mole fractions at Shangri-La station. (a) Long-term CO, variations. (b) Long-term CO

variations. The blue closed circles are regional records and the grey open circles are local representative. The red dots in the upper chart are
the curve-fitted results to the background CO, using the method by Thoning et al. (1989). The red dots in the lower chart are curve-fitted
results to the regional CO using the Robust Extraction of Baseline Signal technique according to Ruckstuhl et al. (2012).
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as ‘regional’ mole fractions (Fig. 4a). After the two steps
filter, 8126 hourly CO, mole fractions are identified as
‘regional’ events, which account for ~35 % of the total
valid hourly mole fractions. For CO, we applied the robust
extraction of baseline signal (REBS) method to extract the
regional values, which is widely used in the Global Atmo-
spherics Gases Experiment/Advanced Global Atmo-
spherics Gases Experiment (GAGE/AGAGE) network
and other sites (e.g. Zhang et al., 2011; Ruckstuhl et al.,
2012). It is a purely non-parametric technique that is used
to track any long-term trend and seasonal variation. It
assumes that the background signal varies very slowly
relative to the contributions of the regional signal. After the
filtering, about 12,780 hourly CO is identified as regional
events, accounting for ~53 % of the total values (Fig. 4b).

Table 1 illustrates the annual mean regional CO, and CO
mole fractions at Shangri-La station and at Mt. Waliguan
station in China. The CO, mole fractions at Shangri-La are
lower than those at the other regional stations in China and
are similar to those at Mt. Waliguan. The CO mole
fractions at Mt. Waliguan and Shangri-La are obviously
lower than those in the east of China, for example,
3934223 at Mountain Tai (Gao et al., 2005). Relatively,
the CO values at Shangri-La are also lower than those of
the Mt. Waliguan in the last 3 yr, especially in 2012, with a
difference of ~22 ppb. It is known that atmospheric CO at
Mt. Waliguan is partly influenced by transport from the
heavily populated regions located at the east or southeast
of the station (Tang et al., 1999; Zhang et al., 2011). While
for Shangri-La station, the nearest big city is Myitkyina in
Myanmar, located 360 km away, with a population of
~200,000 and Kunming in China, located 460 km away,
with a population of 7 million. The lack of strong emissions
from big cities near the station may be the main reason for
the lower CO mole fractions.

3.3. Seasonal variations

The red dots in Fig. 4 denote the curve-fitted results of
regional CO, (Fig. 4a) and CO (Fig. 4b). Using the method
of Thoning et al. (1989), the annual CO, growth rate is
estimated to be 2.5+1.0 ppm yr ! (1-o) during the

Table 1. Annual mean regional CO, and CO mole fractions at
Shangri-La station from 2011 to 2013, compared with the back-
ground data at Mt. Waliguan station in China

CO,/ppm CO/ppb
Year Shangri-La Mt. Waliguan Shangri-La Mt. Waliguan
2011 389.8+0.1 389.1+0.3 131+1 136+2
2012 393.340.1 392.1+0.3 139+1 161+5
2013 396.7+0.2 393.9+0.3 109+1 12542

observation period, which is close to that of the Mt.
Waliguan station (Fang et al., 2014), and the global
average during the same period as well (WMO, 2014).
For CO, the yearly growth rate is —2.6+0.2 ppb yr ! (1-0).
The negative trend reflects the descending CO mole
fractions over southwestern China (Tohjima et al., 2014).

Figure 5 illustrates the seasonal cycle of regional CO, and
CO mole fractions. For comparison, the data during the
same period from Mt. Waliguan are presented, as well as the
surface CO, mole fractions from the Marine Boundary
Layer (MBL) reference computed by NOAA/GMD as a
function of latitude (30 deg. N). The seasonal CO, variation
at Shangri-La is similar to that of the MBL reference, with
the maximum value in May and the minimum value in
August to September (Fig. 5a). The peak-to-bottom ampli-
tude of the monthly average is 10.54+5.9 ppm, which is
higher than the value of Mt. Waliguan (8.5+4.5 ppm) and
the MBL (5.7+4.8 ppm). The larger amplitude at Shangri-
La indicates the influence of the regional terrestrial ecosys-
tem. The CO, mole fractions in spring nicely match the
MBL values, while in summer, the difference of CO, values
between Shangri-La and MBL is large with a maximum
difference of 4.8 ppm in August. The almost always lower
CO, mole fractions than MBL proves that this area
averaged over the whole year acts as a regional sink of
atmospheric CO,.

CO mole fractions at Shangri-La station display strong
monthly variations. The maximum value is in May (157 + 1
ppb) and the minimum value (104 + 1 ppb) is in November.
In the northern hemisphere, seasonal CO cycle is mainly
driven by variations in OH abundance as a CO sink with
the highest monthly value generally observed in March and
the lowest value in July (Wang et al., 2010; Tohijima et al.,
2014). This pattern — in particular the minimum in summer —
cannot be observed at Shangri-La. It is well known that
biomass burning and the combustion of fossil fuels in
Southwest Asia is a very important contributor to atmo-
spheric CO and CO, in the region, especially in spring (Liu
et al., 2003; Streets et al., 2003; Turnbull et al., 2011; Yen
et al., 2013; Jena et al., 2015). The Shangri-La station is
located at the southwestern border of Chinese mainland
and is isolated from the east by Hengduan Mountains and
from the north by Tanggula & Himalayas Mountains in
China. As most of the air masses arriving at the station are
from west or southwest (e.g. India, Bangladesh and Myanmar;
see section 3.4), the strong CO emissions from Southern or
Southwestern Asia can be easily transported towards the
station and hence induce high CO mole fractions in May.
For example, most of the CO emissions from biomass
burning in India are located in east—northeast and the
Western Indo-Gangetic plain (Venkataraman et al., 2006),
that is located at about 1800 km southwest of Shangri-La
station. CO enhancement during summer has also been
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observed in the upper troposphere over South Asia from
the CARIBIC aircraft measurements at flight (Schuck
et al., 2010; Rauthe-Schoch et al., 2015). Lin et al. (2015)
observed the atmospheric CO from 2007 to 2011 at the
Hanle station (32.78 ° N, 78.96 ° E, 4517 masl) in India,
which is located at 2000 km west of Shangri-La. They
found that the CO mole fractions reached their maximum
in mid-March and the minimum by the end of October and
they concluded that the delay in timing of the seasonal CO
minimum was due to the mixing time of regional surface
CO emissions and the relatively short atmospheric lifetime
of CO (1-2 months on average). On the other hand, the
summer season is monsoon at Shangri-La with monthly
precipitation larger than 300 mm, which will obviously
reduce the oxidation capacity (O3, OH radicals) in the
regional atmosphere (Ma, 2011), leading to a subsequent
lower CO sink. As a result, the mole fractions will not reach
the lowest values until November. This result also confirms
that, besides the influence of OH radicals, the variation of
CO at Shangri-La is driven by long-distant transport.

3.4. Influence of long-distance transport on
ambient CO

Back trajectories combined with long-term air measure-
ments can be used for estimation of large scale transport
and source identification (Rousseau et al., 2004). To study
the contribution of regional sources on observed CO, and
CO mole fractions, we computed 5-day back trajectories
coincident with the hourly observations using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYS-

PLIT) dispersion model (Draxler and Rolph, 2003). The
model is based on NCEP/NCAR reanalysis data. Trajec-
tories were calculated seasonally for hours when both CO,
and CO mole fractions were regional representative. The
arrival height of the trajectories is set to 50 magl, as this is
estimated to be the representative average height of the
mixed layer (on the times corresponding with the selected
data points).

The cluster analysis results are shown in Fig. 6. In winter
and spring virtually all trajectories are from west of the
station, also 44.8 % of trajectories in autumn are from these
directions. These phenomena indicate that the regional CO
mole fractions at Shangri-La are subjected to transport from
this direction. The CO mole fractions differ on clusters and
in separate seasons. For example, in winter, cluster 2 moves
very fast and runs through the Southern Europe (Mediter-
ranean Sea area), northern Africa and northern India. It has
a higher mean CO mole fraction (122 + 1 ppb) than cluster 1
(Table 2). Cluster 1 moves over Southern Asia and northern
Arabian Sea. Although both clusters run over northern
India, northern India is not expected to be a major
contributor to the CO levels at Shangri-La as the winter
monsoon usually moves the emissions to the Indian Ocean
at lower latitudes (Rauthe-Schoch et al., 2015). Cluster 2
may bring pollution from Europe to the station and induce
higher mean CO mole fractions; in spring, the difference of
CO mole fractions is not obvious. As the CO emissions from
biomass burning are very strong in spring in Indo-Gangetic
plain in India (Venkataraman et al., 2006) and both clusters
run through this region, the regional CO mole fractions at
Shangri-La may be primarily influenced by the emissions
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Fig. 6.  Cluster analysis of 120-h back trajectories for hours when both CO, and CO mole fractions are regional representative. The

average CO, and CO mole fractions on each cluster are also calculated and the relative occurrences are given. The ranges represent the
standard errors of the mean with a confidence interval of 95 %. The red dots in the figure represent cities ( > 100,000 inhabitants).

from this area, which subsequently leads to the highest
monthly value in May (Fig. 5).

In summer and autumn, the CO mole fractions are more
influenced by regional sources compared with the other
seasons. Cluster 1 (29.2 %) runs from some of the devel-
oped areas in China (Guangxi and Guizhou province). It
has the highest CO mole fraction (133 +3 ppb). Cluster 2
crosses the Tibetan plateau, which is commonly considered
as a ‘clean’ and isolated area (Zhou et al., 2006). The
average CO mole fractions are obviously lower than
the others. Most of the trajectories in autumn are from
the southwest of the Shangri-La (55.2 %). Cluster 1 is from
Bangladesh, Myanmar, and the northeastern India where
several big cities are located (Chittagong and Khulna in
Bangladesh, Kolkata in India). Average CO mole fraction
on it is the highest with a value of 121 +1 ppb.

3.5. Scale representative of the filtered mole fractions

In general, the CO mole fractions at Shangri-La
are influenced by air masses from two scales. One is at the

continental/subcontinental scale (CON), from east of the

station, including Southern Europe, Northern Africa and
Southern Asia, which is mostly observed in winter, spring,
and partly in autumn. The other is at the regional scale
(REG), from southeast (developed region), northwest
(poorly developed area) and southwest of the station
(Bangladesh, Myanmar and the northeastern India). Thus
the CO mole fractions in winter, spring and cluster 2 & 3 in
autumn are defined as CON events, and the rest of them are
REG events. The CO growth rates calculated from the liner
regressions are —9+ 1 ppb yr ~!' at CON scale and —2+1
ppb yr ~ ! at REG scale. The smaller CO decreasing rate in
REG indicates that Southeast Asia may still act as a source
of atmospheric CO (Jena et al., 2015).

Unlike to the CO, the differences of average CO, mole
fractions among the clusters in all seasons are not evident,
except for the extremely slow moving cluster 1 in summer.
Besides the long-distance transport, atmospheric CO, mole
fractions are affected by many factors such as regional
anthropogenic sources, absorption/emission by regional
terrestrial ecosystems, short/medium range transport, etc.
The CO, records at Shangri-La can be used in inverse or
transport models (e.g. Carbon-Tracker) to evaluate regional
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Table 2. Cluster analysis of the trajectories in all seasons and the average regional CO, and CO mole fractions on each cluster

Number of Average CO, mole Average CO mole
Season  Cluster trajectories fraction (ppm) fraction (ppb) Region of air mass origin *Scale
Winter 1 601 392.8+0.3 117+1 Southern Asia, Northern Arabian Sea CON
2 1256 392.940.2 12241 Southern Europe, Northern Africa, CON
Southern Asia
Spring 1 187 397.04+0.4 140+2 Southern Europe, Northern Africa, CON
Southern Asia
2 547 397.540.2 14242 Southern Asia CON
Summer 1 81 388.1+0.9 13343 Developed area in China (Guangxi and REG
Guizhou province in China)
2 99 387.8+0.9 12542 Tibetan plateau REG
3 97 389.640.6 12742 Southern Asia REG
Autumn 1 296 386.9+0.3 121 +1 Bangladesh, Myanmar, northeastern India CON
2 191 390.1+0.6 105+2 Southern Asia, border of Tibetan plateau REG
3 49 390.5+1.0 100+ 5 Southern Europe, Northern Africa, REG

Southern Asia

*CON represents mole fractions may be influenced by air masses from continental/subcontinental scale, and REG represents values mainly

influenced by air masses from REGIONAL scale.

China,
Bangladesh, Myanmar and northeastern India region.
While for CO, the records may be assimilated in models
to evaluate sources/sink in continental/subcontinental and
regional scale respectively, as it is influenced by a very large
region.

sources/sink strength within the Southwest

3.6. Potential sources contribution of CO

To identify the potential source area of CO, we used the
potential sources contribution function (PSCF) analysis
which was previously used at the Mt. Waliguan station
(Zhang et al., 2011). This method can calculate the
probability density functions reflecting the residence times
of an air parcel over a given geographical area prior to its
arrival at the observatory using back trajectories (Begum
et al., 2005). Details of this method are described in Li et al.
(2012). When calculating PSCF values, some grid cells will
contain only 1 endpoint (n; =1). If this endpoint happens
to be a ‘pollution’ event, the PSCF will be 1. Thus there is a
bias on the estimation. To reduce this large uncertainty, a
weighted function W(#n;) was multiplied by the PSCF as
used in previous studies (Polissar et al. 1999; Wang et al.,
2009) (WPSCF). Here, W(n;) was defined as:

100 n;>120
0.70 40 <n, <120
0.42 20 <n, <40
017 n,;<20

j =

W(nl./.) =

The geographical region covered by the trajectories is
divided into 0.5 x 0.5 degree grid cells (with a height of up to
500 magl). The data in January, April, July and October are

used to calculate WPSCF. The average regional CO mole
fractions in the selected respective month were used as the
thresholds to defined ‘pollution’ events. Figure 7 shows the
potential sources region from back trajectory statistics.
In winter, the sources contributing to the CO mole fractions
are likely to be located within a continental/subcontinen-
tal region (from Southern Europe, Northern Africa to
Southern Asia), and most CO sources are located in
northern Myanmar and Nepal. In spring, besides the
potential regions concluded in section 3.4, there is a possible
contribution from the city of Myitkyina in Myanmar
located at southwest of the station. On the other hand,
the high CO emissions from the biomass burning and fossil
fuel combustion in this area may induce the highest CO
mole fraction in May at Shangri-La. The potential sources
in summer are more restricted within the regional areas than
in the other seasons with two main directions. One is from
the southwest (Myitkyina in Myanmar, and Lijiang in
Yunnan province, China), and the other is from the
northeast of the station, where the megacities of Chengdu
(516 km away) and Chongqing (690 km away) in China are
located. In autumn, the high CO mole fractions are likely
from southwest of the station (Myanmar, Bangladesh and
northern India). Overall, except in summer, the CO mole
fractions observed at Shangri-La station are mainly subject
to transport from the west or southwest of the station, from
Southern Europe, Northern Africa to Southern Asia. It
should be noted that the WPSCF method only studies the
possibility of CO sources and there may also be errors for
the simulation because it only considers back trajectories.
For example, there is potentiality of CO from the Bay of
Bengal in the four seasons, especially for the simulation
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in October. Obviously, the ocean cannot be a strong source
of atmospheric CO.

4. Conclusions

Atmospheric CO, and CO mole fractions measured at
Shangri-La station located in southwestern China have
been reported. Characteristics of the mole fractions, growth
rates and the influence of long-distance transport, as well as
the WPSCF, were studied. Atmospheric CO, mole frac-
tions at Shangri-La are affected by regional terrestrial
ecosystems. The annual CO, growth rate and the seasonal
variation at Shangri-La are similar to those of the Mt.
Waliguan WMO/GAW global station. The CO mole
fractions observed at Shangri-La represent a larger scale
(probably continental/subcontinental) than CO, because
this site is relatively remote and there are no strong
anthropogenic emissions within a 360 km radius. From
the trajectories study, it could be seen that the atmospheric
CO at this station is mainly subject to transport from
Northern Africa, Southern Europe and Southern Asia
except for summer. The WPSCF analysis shows that the
western and southwestern area of the Shangri-La (India,
Myanmar, Bangladesh) may be the most potential CO

sources. In this study, we only present 4 yr of continuous
atmospheric CO, and CO measurements at Shangri-La
station. Future analysis which can profit from the ongoing
observations and thus, longer time series will help to better
understand the underlying processes.
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