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Abstract

High frequency measurements of carbon monoxide (CO) recorded over three years at
Mount Waliguan (WLG), a global background station in remote western China, were
examined using back trajectory analysis. Corrections for the drift in reference gases
were also included in the data revision. Between July 2004 and June 2007, a time
series of CO exhibited large fluctuations and the 5%, 50% and 95%-percentiles of rel-
evant CO mixing ratios were 102 ppb, 126 ppb and 194 ppb. Approximately 50% of
all observed data have been selected as CO background data using a mathematical
procedure of robust local regression with the remainder affected by regional-scale pol-
lution. The monthly mean background CO mixing ratios showed a minimum in summer
and a maximum in late winter, although all seasons were effected by short-term en-
hancements that exceeded background levels two or more times. The CO data were
compared to the values observed at the high alpine research station Jungfraujoch,
Switzerland. Smaller seasonal amplitudes were observed at WLG compared to the
Jungfraujoch due to lower winter and spring CO levels, however, episodic enhance-
ments of polluted air were much greater at the site in China. The air parcels arriving at
WLG came predominately from the West, except in summer when advection from the
East and Southeast prevailed. Transport from the East typically brought polluted air to
the site, having passed over populated urban areas upwind. A large number of elevated
CO mixing ratios could also be associated with advection from the Northwest of WLG
via the central Xinjiang Uygur Autonomous Region (XUAR) and the Ge’ermu urban
area where growing industrial activities as well as crops residue burning provide large
sources of CO. These background conditions were observed most frequently when air
masses originated from remote Tibet west of WLG. The probability that air parcels pass
over regions of clean or polluted regions was further identified using potential source
contribution function (PSCF) analysis.
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1 Introduction

Carbon monoxide (CO) effects the tropospheric oxidizing capacity as it is the main sink
of the hydroxyl radical (OH) (Logan et al., 1981; Thompson, 1992). Through its role in
removing OH, CO has been identified as an important indirect greenhouse gas (Daniel
and Solomon, 1998). With an atmospheric lifetime ranging from 10 days in summer
over continental regions to more than a year over polar regions in winter (Novelli et al.,
1992), the uneven distribution of sources causes large spatial and temporal CO varia-
tions. The main sources of CO are associated with primary emissions from combustion
processes (transport, heating, industrial activities and biomass burning) and the oxida-
tion of methane and non-methane hydrocarbons (e.g., Logan et al., 1981; Holloway
et al., 2000).

The gas chromatographic technique combined with a mercuric oxide detector (GC-
HgO) has been widely used in quasi-continuous measurements of CO mixing ratios
at many measurement stations over the globe because of its low detection limit and
good precision (Novelli et al., 1992, 1998). However, the nonlinearity of the tech-
nique requires careful calibration. The drift of CO mixing ratios in standard gases
over time may further affect the measurement accuracy (Novelli et al., 2003; Zellweger
et al., 2009). As a result, the observed discrepancies between different labs during
inter-comparison activities have often exceeded the limits stated in the quality objec-
tives of the World Meteorological Organization/Global Atmosphere Watch (WMO/GAW)
(WMO, 2009) and have, to a certain extent, limited the accuracy of CO regional source
and sink estimation from their spatial and temporal distributions.

Although industrial growth in Asia has the potential to emit large amounts of CO,
there are few monitoring stations on the continent. The location of WLG is influenced
both by background and polluted air, from which changes in regional CO abundance
and sources can be examined. For the proper use of the WLG data it is essential to first
evaluate the quality of the CO measurements and the calibration history. In this paper,
we establish the link between the WLG measurements and the WMO2000 CO scale.
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We then characterize the CO time series in terms of background vs. polluted air parcels
and compare the results with those observed at Junfraujoch, Switzerland. Lastly, us-
ing two trajectory-based statistical approaches, we examine how the meteorological
conditions and potential source regions influence WLG observation.

2 Site description and experimental method
2.1 Description of the site

Waliguan Baseline Observatory (WLG) (36.28° N, 100.09° E, 3816 m a.s.l.), situated in
remote western China (Fig. 1), is one of the 27 WMO/GAW global baseline stations.
It is located at the edge of the northeastern part of the Tibetan Plateau and run by
the China Meteorological Administration (CMA). The area surrounding the station is
pristine with sparse vegetation, mostly arid and semiarid grassland. Small farms are
located in the lower valley area, with yak and sheep grazing during the summer months.
Xining city lies approximately 90 km northeast of WLG with a total population of 2.2 mil-
lion. The predominant wind directions are southwest in winter and northeast/southeast
in summer (Zhou et al., 2003). Measurements from WLG could provide essential in-
formation on sources and sinks within the Eurasian continent because of its unique
location (Zhou et al., 2004, 2005, 2006).

2.2 Experimental methods
2.2.1 Instrumentation and analysis

CO mixing ratios at WLG were measured using an RGA-3 gas chromatograph (GC)

equipped with an HgO reduction detector (Trace Analytical Inc.). The automated sam-

pling module was designed to sample from separate gas streams (standard tanks and

ambient air) supplied to the instrument. The ambient air was delivered to the GC at ap-

proximately 5L min~" by a KNF Neuberger N2202 vacuum pump via a dedicated 80 m
1943
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0.95cm i.d. Dekabon tube sampling from the intake on an 89 m steel triangular tower
located approximately 15 m away from the laboratory. The flow rate through the sample
line was about 1 Lmin~". After the pumping, a valve bleed reduced the flow to approx-
imately 0.23 Lmin~". The air was then filtered via a 7 pum inline filter and cryogenically
dried to a dew point of —65 °C. The ambient air was then distributed to the GC system.
The flow through the 3 mL sampling loop was stopped a few seconds before injection
to equilibrate the pressure. The flow rate of the carrier gas nitrogen (N5, 99.999%)
was 0.03Lmin~'. The ambient air first passed through a pre-column (Unibeads 1S
60/80) and thereafter into an analytical column (Molecular Sieve 5A 60/80), maintained
at 90°C. The sample then passed into a reaction chamber (265 °C) where CO was
oxidized to CO, and HgO reduced to Hg; Hg was then detected by UV absorption.
A HP3396 integrator acquired and processed the detector analog information. Peak
height was used for CO quantification. Sixteen injections were made every hour in-
cluding two reference gases. The hourly, daily and monthly averages were aggregated
from 14 ambient air samples per hour (see Sect. 2.2.2). The overall precision, defined
as the standard deviation of all determined results by continuously measuring a series
of reference tanks with CO mixing ratios of approximately 60-300 ppb (30 times for
each tank), was 1.0-2.5 ppb.

In some observed periods, no data were collected when new analytical columns and
HgO beds were exchanged for the old ones. Other missing data resulted from periods
of instrument calibration or, more commonly, instrument malfunction (e.g. problems
with stream selection valves, which sometimes shifted to a wrong position). Those
data have been flagged and are not included. During the period of study acceptable
data were collected approximately 75% of the time.

2.2.2 Standards and calibrations

Both the absolute response and the instrument linearity can change over time using the

GC-HgO technique (Novelli et al., 1992). Therefore a calibration sequence using work-

ing low (WL, ~100 ppb) and working high (WH, ~290 ppb) reference gases was applied
1944
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(WH followed by 7 air samples, WL followed by another 7 air samples). Ambient CO
mixing ratios were determined by the updated linear curve of the WH and WL in each
hour. Target tanks with assigned CO mixing ratios of 203.9 ppb (July 2004—December
2004) and 254.9 ppb (January 2005—-June 2007) were injected every six hours to track
and evaluate the performance of the system (Fig. 2). 92% of the measurements of the
target tanks were within £5.0 ppb of their assigned value, indicating good long-term
system stability.

To account for non-linear instrument response, a weekly calibration sequence with
working gases followed by a set of six primary gases (S1-S6, 29.5L aluminum cylin-
ders purchased from Scott Marrin, Inc., with CO ranging from ~50 to 300 ppb) at WLG
was used. The primary gases were calibrated in 1997 at Environment Canada (EC,
formally the Meteorological Service of Canada, MSC) against standards referenced to
WMO1988 CO scale (Novelli et al., 1994a, b). The assigned values for S1-S6 are
listed in Table 1. Assigned CO mixing ratios for the working standards were updated
every week using the quadratic fitting function derived from the six primary gases at
WLG.

2.3 Calibration scale conversions

The CO reference scale maintained at National Oceanic and Atmospheric Administra-
tion/Earth System Research Laboratory (NOAA/ESRL) was designated by WMO as
the reference scale for the GAW program. As the Central Calibration Laboratory (CCL)
for GAW, NOAA provides calibrated standards to other laboratories. The certified val-
ues from the CCL were revised in 2002 to account for drift in the original WMO1988
scale and are denoted as WM0O2000 (WMO, 2010).

The six primary gases (S1-S6) at WLG were calibrated at EC against the orig-
inal WMO1988 scale. After the EC standards were revised by the CCL in re-
sponse to a WMO scale correction (Novelli et al., 2003), EC provided WLG with
a conversion algorithm to update the WLG primary standards to WMO2000. The
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revised WLG CO mixing ratios were calculated using a quadratic conversion curve
(y=0.0002-x*~0.1036-x+13.99, R°=0.9856). In the function, “x” refers to CO mixing
ratios in WLG working scale; “y” refers to the difference of calibrated results (WLG
working scale minus WMO2000 scale). The results are listed in Group 1 of Table 1.

We also used results from the WMO World Calibration Centre (WCC)-Empa CO
Audits in 2000 and 2004 at WLG to revise the WLG standards (Zellweger et al.
2000, 2004). In 2000, four cylinders from WCC were calibrated against working stan-
dards at WLG. Based on differences in the WLG and WCC results, a quadratic fit of
y=0.0002-x2—0.1233-x+1 7.896 (R2=1) was applied to update the S1-S6 values. Here
“x” refers to CO mixing ratios in WLG working scale, “y” is the estimated bias (WLG
working scale minus WMO2000). The results are shown in Table 1, Group 2. Because
the CO values of WCC cylinders covered the range from 58.6 to 207.1 ppb, the function
is more accurate and robust for calculating S1-S4; the results for S5 and S6 contain
larger uncertainties and were not used in the revision.

We further tied the WLG working standards to the WMO2000 scale using the results
of the WCC audit at WLG in 2004. Six WCC CO traveling standards (referenced to
WMO2000 scale, covering the range 73.4 to 304.5 ppb) were used to re-calibrate the
S1-S6 primary standards; in this case, the CO mixing ratios of the S1-S6 cylinders
were regarded as unknown. We use the assigned values of the six WCC cylinders to
calculate CO values of S1-S6. The results of these on-site calibrations are shown in
Table 1, Group 3.

We averaged only results (marked with an asterisk in Table 1) that fell within the
range of CO mixing ratios in these transfer gases — as the GC non-linear response
may not be accurately characterized above and below this range. Then the ambient
CO mixing ratios were updated and recalculated using the newly assigned CO mixing
ratios.

In summary, the CO mixing ratios for the six WLG primary standards were revised
based upon results from the re-analysis by EC and the two WCC audits. The WLG
working standards were recalculated based on the new primary assignments and all
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CO measurements were revised based on the corrected working standards. All the
results are reported on the WMO2000 scale.

3 Results and discussions
3.1 Revised CO data

New calibration functions were generated using the revised CO mixing ratios of the
S1-56 references. These functions were then used to re-process ambient CO mixing
ratios. Figure 3 displays an overlay of the original and the revised daily averages of
the ambient CO mixing ratios. As can be seen in Table 1, the largest correction to the
original standard CO assignments occurred at the lower end of the scale. Therefore, as
the levels of ambient CO varied, the magnitude of the correction to the ambient samples
changed accordingly. Changes in CO were typically greatest in samples with a lower
mixing ratio (7—8 ppb below ~100 ppb) and decreased to 2 ppb at 200 ppb (Fig. 4).

3.2 Time series and monthly variations

Figure 5 shows the hourly data of CO at WLG from July 2004 to June 2007. Enhanced
CO mixing ratios were observed with some episodes exceeding 200 ppb, and back
trajectories for the specific periods of high CO have traced these episodes to regions
with large sources (see next section). To define CO mixing ratios representing back-
ground air, we used a statistical approach for extracting background concentrations
from measurements. This method is based on robust local regression called REBS
(robust extraction of background signal). It is a modified version of a technique of
robust baseline estimation (RBE) and developed for baseline removal from chemical
analytical spectra (Ruckstuhl et al., 2001, 2010). Approximately 50% of all observed
data were thus classified as CO background data. The distribution of CO mixing ra-
tios is characterized by value of 102 ppb, 126 ppb and 194 ppb for the 5%, 50% and
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95%-percentile. Data classified as background (Fig. 5) exhibited low mixing ratios and
smooth changes; data classified as pollution influenced exhibit large fluctuations com-
pared to background values.

To investigate regional influences on mixing ratios of CO observed at WLG, we
compared both background and pollution values with data from another baseline sta-
tion (Jungfraujoch, Switzerland, 46.55° N, 7.99° E, 3580 m a.s.l. of http:/gaw.empa.ch/
gawsis/) in the Northern Hemisphere at a similar altitude (Fig. 6). Jungfraujoch (JFJ),
situated in Central Europe, is influenced by both clean air masses and polluted bound-
ary layer air (Zellweger et al., 2003) and observations at JFJ has been used to assess
locations of emissions from the European continent (Reimann et al., 2008). The CO
observations at JFJ are performed by Empa as part of the Swiss National Air Pollution
Monitoring Network and as a contribution to the GAW programme. The data selection
algorithm used to define background CO at WLG was also applied to the JFJ data.

The background CO monthly means at WLG exhibited a seasonal cycle typical of
the Northern Hemisphere where in the late winter/early spring CO reaches its annual
maximum before a rapid decrease to its summer minimum resulting from reaction with
the OH radical. Similarly, the general characteristics of background CO at WLG are
consistent with JFJ. However, while the summer CO background mixing ratios at WLG
and JFJ are similar, we find larger differences in background CO in winter when JFJ is
2040 ppb higher, possibly reflecting different surface sources and greater wintertime
OH at WLG.

Pollution episodes were characterized by significantly enhanced mixing ratios and
large and erratic variations. This apparently reflects significant influence of regional
emission sources on WLG. The greatest enhancements above background occur in
the winter and spring months due to transport of pollution from the northwest of the
site (as further discussed in Sects. 3.3 and 3.4). The relatively lower enhancements in
summer may reflect CO loss during transport.
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3.3 Long-distance transport impact on ambient CO
3.3.1 Trajectories analysis of selected observation episodes

Statistical analysis of air mass back trajectories combined with long-term ambient air
pollution measurements can be used for analyzing large-scale air pollutant transport
and source identification at a receptor site (Stohl, 1996; Rousseau et al., 2004). Tra-
jectory position error of the method is typically considered to be about 20% of the tra-
versed distance (Stohl, 1998), but the statistical uncertainty can be reduced with large
sets of trajectories. In our study, the CO data from July 2004 to June 2007 were ana-
lyzed using trajectory statistics. Five day (120 h) 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 trajec-
tories was 500 m above ground level which has been shown to be the most represen-
tative for air sampled at WLG (Zhou et al., 2003, 2004). Figure 7 shows hourly data of
ambient CO for 2006. Two pollution episodes (20—23 January 2006 and 2-5 July 2006)
and one baseline period (26—29 October 2006) were selected as examples for evalu-
ating source regions. Figure 8 shows the trajectories for the selected days. The period
in October represents background conditions when corresponding trajectories track to
the Tibet and south Xinjiang Uygur Autonomous Region (XUAR). The episode of high
CO in July is associated with the trajectories from the heavily populated regions east
or southeast of WLG suggesting a large source area due to human activities. During
the event on 20-23 January 2006, the highest CO values were observed when the tra-
jectories indicated transport of air parcels arrive from the area northwest of WLG and
via the Ge’ermu urban area (the second largest city of Qinghai), a major source region
due to rapid industrial development caused by abundant petroleum oil and natural gas
resources, additional emissions are expected from biofuel burning in the region.
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3.3.2 Cluster analysis

Cluster analysis, which combines the trajectories into representative spatial groups us-
ing multivariate statistics, was employed to identify distinct transport patterns (Fig. 9).
Angle distance was chosen as the clustering criterion (Sirois and Bottenheim, 1995).
We used CO hourly averages corresponding to trajectory arrival times only at 00:00,
06:00, 12:00 and 18:00 UTC in the analysis. Each trajectory in a cluster was identified
and then used to obtain cluster statistics (Table 2, polluted CO criteria in each season
was determined by the maximum background CO: 132.4 ppb for spring, 121.6 ppb for
summer, 109.6 ppb for autumn and 124.9 ppb for winter). Table 3 lists regional charac-
teristics for each cluster by season.

Within each cluster, air parcels transported to WLG are characterized as either back-
ground or polluted using the background subtraction method described previously. In
spring, cluster 3 contains air parcels mainly from the area southeast of the WLG,
85%,which are characterized as polluted (Table 2 and Fig. 9). The air parcels from
cluster 2, arriving from the Northeast and representing 24% of the transport, had also
elevated CO levels, reflecting potential sources probably due to the biomass burning in
Northwest Gansu province, the largest agricultural region in Northwest China. Cluster 1
(with 71% of the trajectories) corresponds to the air parcels coming from the central re-
gion of XUAR and north of the Qinghai province. The relatively remote area defined in
cluster 1 is still a potential CO source region mainly due to agricultural biomass burning
(Yan et al., 2006) and a growing economy (from fossil fuel combustion in the region).

In summer, the most elevated CO mixing ratios are associated with cluster 3 which
passed through the urbanized area southeast of WLG (e.g. Lanzhou city, the central
region and southeast of Gansu province). The clusters 1 and 2 that represent advection
from the North or Northwest (central region of XUAR and region northwest of Qinghai)
with relatively low CO mixing ratios compared to those of observed in cluster 3, but
they still contain a large number of trajectories with enhanced CO originating in more
polluted areas. As in spring, fossil fuel combustion and biomass burning add CO to
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this region. However, in summer, unlike other times of the year, WLG is significantly
influenced by the air masses from the populated southeastern regions. In autumn and
winter the high CO mixing ratios were shown in which the airflow originated in the
East or Southeast. All year round, air parcels originating from this direction exhibit the
highest CO levels.

As seen in spring and summer, during autumn and winter polluted air arrives from the
West or Northwest. This further indicates that the XUAR region and the North Qinghai
province is a potential CO source region, which is also consistent with model esti-
mations (GEOS-CHEM) using biofuel and fossil fuel emissions determined by Yevich
and Logan (2003) and Bey et al. (2001), as reported in Liang et al. (2004). These
showed a band of “hot spots” in the region, in agreement with studies having found
strong CO emissions from biomass burning especially during cold winters (Yan et al.,
2006). The large number of baseline data in which the air masses originated from the
West or a southwestern area (via sparsely inhabited Tibet) suggest a relatively clean
environment.

3.3.3 PSCF analysis

We also used a potential source contribution function analysis approach (PSCF) for
further investigation. PSCF can compute probability density functions reflecting the
residence times of an air parcel over a given geographical area prior to its arrival at
the measurement site using back trajectories (Ashbaugh et al., 1985; Begum et al.,
2005). To calculate the PSCF, the geographic region covered by the trajectories is
divided into an array of 0.3 x 0.3 degree grid cells (with a height of up to 500 m from
ground). The PSCF is a location function defined by cell indices / and j while the
number of trajectories that pass through the jj-th cell is denoted by n;;. The number of
trajectories resulting in CO values that exceed the background value is defined by m;;.
The probability that any given cell can be related to enhance CO is defined following
(Polissar et al., 1999):
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PSCFU =m,-j/n,-/-

This method tends to give good angular but poor radial resolution because the tra-
jectories converge as they approach the receptor (Vasconcelos et al., 1996). Hence,
because grid cells always have the same PSCF value regardless of whether CO mixing
ratios are slightly higher or much higher than the threshold, making it difficult to distin-
guish between moderate and strong CO sources. To reduce this effect, PSCF values
were weighted with an arbitrary coefficient W;; (Polissar et al., 1999), which reduced
them when the total number of the endpoints in a particular cell was less than about
three times the average value of the endpoints in each cell. Here W;; was defined as:

1.00 n;; >80
W - 0.70 20<n;<80
1 0.42 10<n;; <20
0.05 n;; <10

Figure 10 shows the potential source regions resulting from trajectory statistics of CO
in the four seasons. Regions in black and white respectively indicate strong and weak
potential CO sources. In general, the CO source locations identified by PSCF are very
similar to the results obtained by the clustering method. In summer, the black and dark
gray colored regions (areas more likely to be CO source areas) showed large spatial
extensions to the northeast and southeast of WLG, areas with dense populations and
industry. Otherwise, in the other three seasons, the PSCF are very similar and the
source regions were mainly situated northwest of WLG, influences which may be in-
creasing especially under the strategy of China’s western region development. This
policy could significantly change the CO source distributions in the future. The largest
increases in regional emissions throughout China will have an impact on global CO.
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4 Conclusions

In this paper, we report a revision to the quasi-continuous observations of CO at WLG
to the WMO 2000 scale. The three year record of CO mixing ratios exhibited large fluc-
tuations showing periodic transport of polluted air to the site. We have used a “robust
local regression” statistical method to distinguish the background data from polluted air
and find that approximately 50% of all observations can be identified as background
air. The seasonal variation of background CO shows a minimum in summer and a max-
imum in winter, which is consistent with that observed in the Northern Hemisphere CO
surface distribution and the high altitude measurements at JFJ. Larger differences in
background CO in winter between the two sites (when JFJ is 20—40 ppb higher) reflect
different surface sources and possibly greater wintertime OH at WLG. Compared to
the JFJ, air masses identified at WLG as polluted contained more CO relative to the
background values and displayed large and irregular fluctuations suggesting greater
influence from regional emission sources. By combining the CO data with trajectory-
based statistics and cluster analysis, we have demonstrated that air masses originating
from the East to the Southeast of WLG have the strongest impact on CO, however, are
only significant in the summer transport from this direction. In the other seasons, air
parcels arriving via the Northwest are more common. These exhibit both background
and polluted characteristics. Air from the central XUAR and the Ge’ermu urban area
have shown enhanced CO levels due to the growing economy in West China as well
as biomass burning in the region. Air parcels coming from sparsely populated Tibet
contribute least to the enhanced CO values observed at WLG.
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Table 1. S1-S6 primary standards cylinders revision for CO mixing ratios.

)
Cylinder# CA01488 CA01500 CAO01441 CA01457 CA01459 CA01449 @
2 F. Zhang et al.
Used as S1 S2 S3 S4 S5 S6 &
Assigned (ppb)al 49.4 95.2 150.2 202 254.9 297.4 e
Group1b 58.8* 101.1* 153.1* 203.2* 255.5* 298.3* S _
Group2° 61.7* 103.2* 154.1* 203.2* 254 .4 296.3 5
Group3® 59.0 103.9*  1557* 2055  250.1* 2985  Abstract Introduction
Mean (see text) 60.2 102.7 154.3 204.0 257.3 298.4 o
S.D. 2.1 1.4 1.3 1.3 2.6 0.2 o ! !
Expanded 4.2 2.8 2.6 2.6 5.2 04 @
uncertainty 5 ! !
(72}
g
& WLG working scale, in ppb, assigned by MSC in 1997 against the WMO88 scale. _30 ! !
b WMO2000, in ppb, calculated based on the curves from EC. )
¢ WMO2000, in ppb, calculated based on the data of WCC 2000 CO audit at WLG (CO span of WCC cylinders covering -c'ig ! !
from 58.6 to 207.1 ppb).
4 WM02000, in ppb, calculated based on the data of WCC 2004 CO audit at WLG (Range of the 2004 audit gases — ! !
from 73.4 to 304.5 ppb).
* Results used to assigned mixing ratios to the WLG standards. These are referenced to the WMO2000 scale. ) _
2
(2}
(2}
:
5
3
)
ks
-
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Table 2. Statistical CO results of clusters in different seasons at WLG.

Background conditions

Polluted conditions

Cluster Number of Mean (CO) s.d. (CO) Number of Mean (CO) s.d. (CO)

Trajectories (-) (ppb) (ppb) Trajectories (-) (ppb) (ppb)
Spring 1 202 121.8 6.2 169 154.5 26.8
2 26 125 6.1 100 177.8 33.2
3 4 122.9 4.9 23 183.3 38.2

Summer 1 107 107.4 71 61 141.3 18
2 21 111.3 4.8 53 150.3 25.3
3 16 115.9 5.4 153 178.8 41.3

4 40 112.9 5.3 120 154.7 28
Autumn 1 281 99.2 6.4 176 141.4 425
3 10 97.2 3.4 16 149.2 31.1
2 2 94.8 4.3 38 181.1 67.8
Winter 1 240 112.8 6.4 148 183.3 75.8
2 103 113.7 5.9 78 181.4 68.6
3 0 NA NA 12 206.4 65.5

The “cluster number” indicates different air parcel origin/routes (see Fig. 9). The statistical results for background
and polluted CO mixing ratios in different seasons are listed here: “Number of Trajectories(-)” refers to quantity of
trajectories in each corresponding cluster; “Mean(CO) (ppb)” refers to averaged CO mixing ratios; s.d.(CO) (ppb)

refers to standard deviation of the background CO mixing ratios.
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Table 3. Characteristics for each cluster in all seasons.

Season  Cluster Region Characteristic
Spring 1 Central region of XUAR and Fossil fuel resources
north of Qinghai province and agricultural
2 northwest of Gansu province Rural
3 southeast of Gansu province Populated
Summer 1 Central region of XUAR and Fossil fuel resources
northwest of Qinghai province and agricultural
2 northwest of Gansu province Rural
3 southeast of Gansu province Populated
4 central region of Gansu province  Rural
Autumn 1 Northwest of Qinghai and some  Fossil fuel resources
region of WSoutheast XUAR and agricultural
2 northwest of Gansu province Rural
3 southeast of Gansu province Populated
Winter 1 Central region of XUAR and Fossil fuel resources
northwest of Qinghai and agricultural
2 northwest of Tibet and Qinghai Undeveloped
province (only in this season)
3 centrally and southeast of Gansu  Populated

province
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Fig. 1. Map of Waliguan (black triangle) and location of main cities (black dots).
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Fig. 2. Deviation of CO mixing ratios for target gases from their assigned value.
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Fig. 5. Ambient CO mixing ratios obtained from in situ measurement (hourly averages, black
lines represent background conditions, and gray lines represent data influenced by polluted air
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Fig. 6. Monthly mean mixing ratios of ambient CO and its standard deviations at Waliguan and
Jungfraujoch for both air identified as background and as polluted.

Date

1965

Apr-07

Nov-07

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 1939-1969, 2011

Atmospheric carbon
monoxide at Mount
Waliguan, China

F. Zhang et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/1939/2011/acpd-11-1939-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/1939/2011/acpd-11-1939-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
11, 1939-1969, 2011

Jaded uoissnasiqg

800

Atmospheric carbon
monoxide at Mount
Waliguan, China

Episodes 20-23 January, 2006
F. Zhang et al.

+++
Jaded uoissnasiq

‘c;L Episodes 2-5 July, 2006
3
z [ bt | inwoduction.
2
g ~ [Conalusions  References
(72}
(72}
2.
=]
Baseline 26-29 October, 2006 — . ! !
Jan/2006 Apr/2006 Jul/2006 Oct/2006 Jan/2007 B ! !
Month/Year a
Fig. 7. Hourly data of ambient CO for the whole year of 2006. §
S
3
QO
@
-

1966


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/1939/2011/acpd-11-1939-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/1939/2011/acpd-11-1939-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

{ ¢ 1 4/ J- ﬂ/ [ /
" Polluted episode: 20-23 Januiary, 2006 - a1 —~

~ T

/
o
e

oY ' %/ L\
s/ ,2006-01-23

| "2006-01-21

L\,\/w ;
(20060120 ..

7
!
S

e > ek ,M‘ ”":. A ) e \7; A\( o
< Polluted episode: 02-05 July, 2006 ™ o N ¢
o e~ ST N S e !

/2006-07-05
[
P’ ’\\

/2006-10-26

S e

Y e

A S Y RSN AN A .
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Fig. 9. Isobaric trajectory clusters (+500 m) in spring, summer, autumn and winter at WLG, July
2004—-June 2007. Numbers beside each cluster indicate cluster sequence; the percentages

present the trajectory counts of the total.
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