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ABSTRACT

This paper describes the continuous measurements of atmospheric carbon dioxide at Mt. Waliguan
(36°17'N, 100°54'E, 3816 m asl) in western China over the period 1994-2000. The CO, hourly mixing
ratios were segregated by horizontal wind direction/speed and vertical winds, respectively, merged by
season over the entire measurement period. The short-term variability in CO, was examined mainly
from the point of view of local winds observed at this station and isobaric back trajectory cluster-
concentration analysis as for local and long-range transport influence, to permit the selection of hourly
average data that is representative of background conditions. From the selected hourly data, daily,
monthly and annual averages that are not influenced by local CO, sources and sinks be computed by
discriminating the local and regional impact on the Waliguan CO; records. On the basis of these results,
background CO, data were then analyzed to evaluate the averaged diurnal variation, monthly mean time
series, CO mixing ratio distribution in different seasons as well as averaged seasonal cycle. Annual
mean and growth rate of CO; at Waliguan during the period of 1991 to 2000 were further discussed by
supplement with NOAA/CMDL flask air sampling records at this station and other monitoring stations
located at similar latitudinal band in the Northern Hemisphere. The results from this study can provide
atmospheric CO; characteristics in Asian inland regions, and be used in other studies to improve the

understanding of carbon source and sink distributions.

1. Introduction

Long-term observation of carbon dioxide (CO,)
mixing ratios in the atmosphere have provided a ba-
sis for studies of the global carbon cycle and CO,-
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induced climatic change. The atmospheric burden of
CO, has been monitored at many sites world-wide
for many years (Conway and Steele, 1989; Conway
et al., 1994; Keeling et al., 1976a, b; Tans et al.,
2001; WMO, 1981; 2000). Waliguan Observatory, lo-
cated at the remote area of western China, is one of
the World Meteorological Organization (WMO)’s 22
Global Atmosphere Watch (GAW) Baseline Stations
scattered around the world (Wen et al., 1994; WMO,
1978; 1993; 1997; Zhou et al., 1998a, b). Figure 1
shows the geographical distribution of the 22 stat-
ions (http://www.wmo.ch/web/gcos/git/gaw.gif). The
Waliguan station was established in 1994 and is sit-
vated in an important geographical region within
the WMO-GAW’s monitoring network providing
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Fig. 1. Geographical distribution of the 22 baseline observatories in the WMO-GAW monitoring network (http://www.

wmo.ch/web/gcos/gif/gaw.gif).

important information from the Eurasia continent. The
overall measurement program includes a wide variety
of typical baseline measurements, but with an empha-
sis on greenhouse gases and atmospheric ozone (Tang
et al., 1995; Zhou et al., 1998a). Due to its unique lo-
cation, large geographic region, multitude of measure-
ments and the site’s representativeness, the continuous
atmospheric measurements from the Waliguan Obser-
vatory received increasing attention in recent years
(Tans et al., 2001; Masarie and Tans, 1995; WMO,
2000; 2001).

Continuous measurements of CO, can provide great
detail for the study of CO, variability and on its sources
and sinks. Different researchers around the world have
used various methods for filtering the observed CO,
data, according to site location and environment (Ba-
castow et al., 1985; Beardsmore and Pearman, 1987,
Ciattaglia, 1983; Ciattaglia et al., 1987; 1999; Gaudry
et al., 1983; 1991; Halter et al., 1988; Halter and
Harris, 1983; Harris and Kahl, 1990; Harris, 1992;
Haszpra, 1999; Keeling et al., 1976a, b; Navascues
and Rus, 1991; Thoning et al., 1989; Watanabe et al.,
2000; Waterman et al., 1989). The typical CO, back-
ground data selection that is utilized at many other
remote site locations has been applied to the Waliguan
CO, data (Wen et al., 1994) up to now. This has been
shown to be suitable for some ocean and polar sta-
tions that have relatively uniform wind direction for
sustained periods, but is not suitable for Waliguan
due to its meteorological, landform and environmental
conditions.

In this paper we will examine the short-term vari-
ability in CO, of one day or less to permit the selection
of hourly average data that are representative of back-
ground conditions. From these selected data, daily,
monthly and annual averages that are not influenced by
local CO, sources and sinks be computed by discrim-
inating the local and regional impact on the Waliguan
CO;. It can provide the thorough understanding of at-
mospheric CO, background variations and the major
influencing factors in the inland plateau of China, and
provide long-term, continuous and accurate observa-
tion records for the use in global climate and other
related research activities. It can also provide the CO,
background values to determine the behavior of the
Asian mainland on a global scale, and further inter-
pret the formation of CO, background characteristics
over continental Asia.

2. Site and experiment

Figure 2 shows the topographical distribution of
the area within 100 km around Mt. Waliguan. Lo-
cated at the edge of the north-eastern part of the Ti-
betan Plateau, the surrounding area primarily main-
tains its natural environment of sparse vegetation,
with arid/semi-arid grassland and desert predominat-
ing. Yak and sheep pasturage is the main activity in
summer with a small agricultural area in the lower
valley. The population density is less than 6 peo-
ple km™2 and relatively isolated from industry and
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Fig. 2. Topographical map of Mt. Waliguan surrounding area
within 100 km distance: triangles represent high mountains
(height in m above sea level); scattered dots in the western
part indicate desert area.

populated areas. The main building accommodating
the in-situ CO, measurement systems, as well as a 89
m height triangular steel tower for the ambient air sam-
pling and meteorological equipment (10, 20, 40 and 80
m height, respectively) for surface wind observation,
are located at the top of Mt. Waliguan.

Atmospheric CO, is measured using a Licor6251
non-dispersive infrared (NDIR) analyzer, and a
HP5890 gas chromatograph equipped with a flame
ionization detector (GC-FID). Both systems are lo-
cated in a second-floor laboratory. Ambient air is sup-
plied via 3/8” o.d. Dekoron® tubing extending 80 m
up the tower, approximately 5 m away from the lab-
oratory. Air is drawn in via vacuum pumps through
pressure release valves set at 15 psi to remove ex-
cess air and allow high continuous flow through the
main line (a Cole-Parmet Air Cadet model 7530-50
pump for the NDIR analyzer, sample flow 100 mL
min~!, an UN022 ANT KNF Neuberger pump for
the GC-FID, sample flow 225 mL min~"), and passes
through a 7 um in-line filter to remove particulate mat-
ter. The ambient air residence time from the top of
the tower to the NDIR analyzer and GC-FID is about
30 s. The air flow then passes through glass traps sub-
merged in methanol cryocoolers set at —52° (two series
glass traps for the NDIR analyzer) and —70° (one glass
trap for the GC-FID), respectively, to remove residual
moisture.
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Standard gases are supplied from pressurized 30 L
treated aluminium alloy cylinders fitted with stainless-
steel two-stage gas regulators. A group of five station
standards C1 (339.31 ppmv CO; in clean dry air), C2
(347.02 ppmv), C3 (359.55 ppmv), C4 (371.84 ppmv)
and C5 (379.73 ppmv), as well as reference tanks W1,
W2, Zero and Target, are supplied to the NDIR system.
The station standards were prepared and calibrated for
CO; on an NDIR analyzer at the NOAA/CMDL lab-
oratory. A group of three station standards CA01082
(331.81 ppmv CO; in clean dry air), CA01465 (347.22
ppmv) and CA01462 (354.45 ppmv), as well as two
working standards AES034 and AES067, are supplied
to the GC-FID system. The station standards were pre-
pared by Praxair Inc. and calibrated for CO, on an
NDIR system at the AES (MSC) laboratory in Toronto,
Canada. The stabilities of all the standard gases are
acceptable, with an absolute deviation less than 0.02
ppmv in the re-calibration activities carried out on the
Waliguan NDIR system every half a year, as well as
in the WMO round-robin CO, inter-comparison activ-
ities (Peterson, 1999).

The NDIR system began in November 1994 with an
ambient analysis frequency of 1 min~!. The GC-FID
system began in July 1994 with an ambient analysis
frequency of 3 injections h™! (CO, converted to CH,
by a heated nickel catalyst tube at 350 °C: the esti-
mated reduction efficiency from CO, to CHy is around
90%). The estimated overall precisions of the NDIR
and GC-FID analyses is below 0.02% and 0.05%, re-
spectively, for an approximately 365 ppmv standard
gas repeated injection (Wen et al., 1994; Zhou et al.,
1998a). The surface wind observations began in July
1994; with a sampling frequency of once per 2 s, by an
RMY-05103 wind monitor (R. M. Young Co.) for 10,
20, 40 and 80 m height horizontal wind speed and di-
rection, and by an RMY-27106T anemometer for 80 m
height vertical winds. The meteorological parameters
are recorded on a CSI-21X Datalogger.

3. Results and discusion

3.1. Data handling

Ambient CO, hourly averages and standard de-
viations were derived from NDIR and GC-FID raw
records. The two data sets were merged (Zhou et al.,
1998a; Zhou, 2001) in order to reduce the data gap.
Figure 3 is a box-whisker plot with estimated long-
term trends, describing the time-series data for all the
CO; hourly records from 1994 to 2000 obtained from
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Fig. 3. Box-whisker plot (5%, 25%, median, 75% and 95%, open circles indicate averages) of CO, monthly mean time series
as well as estimated linear trend, based on raw hourly records at Mt. Waliguan, 1994-2000.

the NDIR and GC-FID raw data at Mt. Waliguan. In
order to realize the averaged statistical feature and
its relationship in different seasons, estimated CO,
long-term trends during 1994-2000 (a linear curve
fit Y = 0.158X + 358.6 in Fig. 3) were removed.
The detrended CO, hourly means were further desea-
soned for the study of the short-term variation by sub-
tract estimated corresponding monthly means (open
circles in Fig. 3). A CO, value of 360 ppmv was
added to each hourly mean residual (detrended and
deseasoned) for the purpose of convenient plotting.
The surface wind hourly records came from calcu-
lations on the raw data. Ambient CO, and surface
wind hourly means were then partitioned correspond-
ing to different seasons (March—May as spring, June—
August as summer, September—November as autumn,
December—February as winter). The impact of local
winds and long-range transport on the observed CO,
hourly records were further investigated mainly based
on these partitioned data sets.

3.2. Impact of local surface winds on the observed
CO; hourly averages

The annual prevailing wind directions at Mt.
Waliguan are NW-W-WSW-SW (occurrence 55%,
mostly in winter), and NE-ENE-E-ESE (about 40%,
mostly in summer), with calm conditions occurring
less than 4% of the time (Zhou, 2001). The wind roses
in spring and autumn are similar, with a dominating
SW-WSW-W and ENE-E-ESE, whereas the wind

pattern in summer is dominated by an ENE-E-ESE
and N pattern, and in winter by a SW-WSW-W-
WNW pattern, as shown in Fig. 4. The CO, hourly
mixing ratio was segregated by horizontal wind direc-
tion merged by season over the entire measurement
period, as shown in Fig. 5. The results show that the
horizontal wind direction of NE-ENE in summer con-
tributes to an approximately 1.5 ppmv decline in CO,
concentration, while in other seasons there is a rise of
1-2.5 ppmv. The situation is similar for the widening
section of NNE-NE-ENE-E-ESE-SE-SSE.

Figure 6 illustrates the CO, mixing ratios weighted
by the frequency of wind occurrence. This method
of weighing (Gras, 2001) is a means of showing the
relative importance of different local wind directions
to the annual atmospheric CO, loading at Waliguan.
As is evident in Fig. 6, in spring, autumn and win-
ter the largest contributions originate from ENE and
the contribution from W—WSW is the lowest, showing
calm conditions have a small positive contribution. In
summer, however, this pattern is reversed in that the
NE-ENE sector has a large negative contribution to the
CO, concentration level, while N has only a minimal
positive contribution, and calm has a small negative
contribution.

In winter, the temporal variability of CO,, CHy, BC
(black carbon) and CO at Waliguan has been shown
be similar even on timescales of less than a day (Zhou,
2001). BC and CO mainly produced by the combus-
tion of carbonaceous material, such as fossil fuels and
biomass (Conway et al., 1993; Hansen et al., 1989;
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Spring(Calm 1.08%)

S
Autumn(Calm 2.34%)

Hopper et al., 1994). Since Waliguan is located in a
drought temperate climatic zone surrounded primarily
with low grasslands and mountainous regions, contri-
butions from natural combustion sources such as for-
est fires would be negligible. CO, and CH4 have sig-
nificant biological sources, but again these processes
would be minimal during the winter months. Using
this simple argument, it is reasonable to conclude that
the origin of Waliguan episodic increases in BC, CO,
CO, and CHy, is anthropogenic during winter. Since
CO, has a relatively simple source/sink process, and
combining the relationship of BC and CO concentra-
tion level with the surface wind direction and long-
rang transport in different seasons, the highest BC and
CO concentration in all seasons mainly happened in
the NNE-NE and the adjacent direction, attributable to
the large-scale emission and transport from the Yellow
River Canyon industrial area in north-eastern region
approximately 500 km away from Waliguan (Tang
et al., 1999; Zhou et al., 2001). The lower CO, con-
centration level in the NE-ENE sector in summer is
likely attributed to decreased anthropogenic emissions
(heating activities, etc.) and increased photosynthesis
(the major growing season in western China), due to a

Tellus 55B (2003), 2
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Fig. 4. Wind rose in spring, summer, autumn and winter at Mt. Waliguan, during the period 1994-2000.

large vegetation distribution in this sector. The higher
CO, level for the ENE direction in the other seasons
is likely due to the elevated anthropogenic emission
sources in this sector.

Horizontal wind speeds were divided by groups of
<0.5, 0.5-3, 3-6, 6-10 and >10 m s~'. The cases
of wind speed <0.5 or >10 m s~! in total account
for approximately 10% occurrence in different seasons
(Zhou et al., 2001). CO, averaged mixing ratios as a
function of wind speed indicate that horizontal wind
speed has a varying influence on the CO, concentration
levels in different seasons. CO, level decreases with
increasing wind speed by an alteration of up to 1.0
ppmv in spring and 1.5 ppmv in winter. The alteration,
however, is less than 0.3 ppmv in summer or autumn.
Calm conditions have a small positive contribution to
the CO, level in spring, autumn and winter; however,
they have a small negative contribution to the CO, level
in summer. In general, horizontal wind speed >10 m
s~ or calm conditions in all seasons has maximum
impact on the CO, hourly mixing ratios at Waliguan.

Vertical winds were divided by groups of < —1,
1to —0.3, —0.3 t0 0.3, 0.3-1 and >1 m s~! (where
represent a downslope airflow). The circumstances of



150 L. ZHOU ET AL.

2L

AN

P
“oﬁ“g’

Autumn (COy C, ppmv)

Winter (CO; C, ppmv)

Fig. 5. CO; hourly mixing ratios segregated by horizontal wind direction merged by spring, summer, autumn and winter at

Mt. Waliguan, 1994-2000.

vertical wind speed > 21 m s~! in total account for
<10% occurrence in different seasons. Usually, as a
result of local landform influence, horizontal winds
from east of the sampling site bring a downslope air-
flow: horizontal winds from west of the sampling site,
however, bring an upslope airflow (Zhou et al., 2001).
The corresponding CO, mixing ratios show a slight de-
crease along with the upslope winds but show a small
increase along with the downslope winds, coinciding
with the above-cited statistical relationship between
CO; mixing ratio and horizontal wind direction in dif-
ferent seasons. Generally, vertical wind speed >=41m
s~!in all seasons has considerable impact on observed
CO; hourly mixing ratios, depending on the different
origin and route of air flow arriving at the Waliguan
sampling site.

3.3. Atmospheric CO; background
data selection procedures

Determining “baseline” conditions is necessary to
minimize the effect of local sources and sinks of CO,
on the long-term variations in the data series (Thon-

ing et al., 1989; WMO, 2001). The procedure to select
CO, hourly data representative of “baseline” condi-
tions at Waliguan is as follows: (a)Remove CO, hourly
averages with standard deviations (std) >1.0 ppmv
(approximately 3% of the raw records removed); dis-
tinguish the visible instrument fluctuation and pol-
luted air parcel influence. (b) Calculate the hour-to-
hour changes in CO, and retain any two consecutive
hourly values where the hour-to-hour difference was
<0.5 ppmv (approximately 5% of the raw records re-
moved); selection of relatively well mixed and coin-
cident air parcels. (c) Remove the CO, hourly values
associated with the NE-ENE and N in summer (ap-
proximately 17% removed), NE-ENE-E-ESE in win-
ter (approximately 5% removed) NE-ENE-E in spring
(approximately 15% removed), and ENE-E directions
in autumn (approximately 10% removed). In addition,
remove CO; hourly values during calm conditions, or
during periods with horizontal wind speed >10m s,
or vertical wind speed > 41 m s~! (approximately 8%
of the raw records removed). (d) Remove the hourly
concentrations differed from an iterative approach
fitting curve (weighted least squares) by >30 for each
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Fig. 6. CO;, hourly mixing ratios weighted by frequency of wind occurrence in spring, summer, autumn and winter at Mt.

Waliguan, 1994-2000.

day using the remaining data (approximately 3% of
the raw records removed).

Figure 7 shows all the selected CO, hourly data
during the period 1994-2000. The selected “baseline”
data set account for approximately 70% of the raw
hourly records. Daily, monthly and annual means of
CO, at Mt. Waliguan were computed from the final
selected hourly data set.

380

3.4. Influence of long-range transport to the
observed CO; short-term fluctuations

Lagrangian isobaric back trajectories were calcu-
lated for air parcels reaching Waliguan every 6 h (00,
06, 12,18 UTC) during 1994-1998 at endpoint heights
corresponding to 600 mbar levels. The 600 mbar tra-
jectories constitute the main data set used in this
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Fig. 7. Selected CO; hourly data set at Mt. Waliguan, 1994-2000.

Tellus 55B (2003), 2



152

study because they were considered to be the most
representive of the air being sampled at Waliguan sta-
tion. Each trajectory calculation was carried back for
5 d. In general, Waliguan trajectories calculated for
pressure levels of 500 and 600 mbar were quite sim-
ilar (Zhou, 2001a). Accoring to Bridgman and Bod-
haine (1994); Halter and Harris (1983) and Worthy
et al. (1994), although this time length is unlikely to
be sufficient to permit source region identification, air
parcel location 5 d previous to arrival at Waliguan can
still provide valuable information and indicate a rea-
sonable link to a potential source region.

Figures 8 and 9 show the Waliguan trajectory clus-
ters in the four different seasons during the period

D
| | '
i i ,‘7&
e R

Waliguan 600mb trajectory clusters in winter, 1994-1998

Waliguan 600mb trajectory clusters in spring, 1994-1998

Fig. 8. 600 mbar isobaric trajectory clusters in winter and
spring at Mt. Waliguan, 1994-1998. Numbers beside each
cluster indicate each of the cluster sequences (as indicated in
Table 2).

L. ZHOU ET AL.
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Waliguan 600mb trajectory clusters in summer, 1994-1998

Fig.9. 600 mbar isobaric trajectory clusters in summer
and autumn at Mt. Waliguan, 1994-1998. Numbers beside
each cluster indicate each cluster sequence (as indicated in
Table 2).

1994-1998. There are 496, 480, 248 and 496 trajec-
tories being selected, in winter, spring, summer and
autumn, respectively, according to the calculated tra-
jectories and corresponding CO, observed data avail-
able at Mt. Waliguan (Zhou, 2001a). The influence of
air mass long-range transport on the Waliguan atmo-
spheric CO, variation in different seasons was further
investigated using the trajectory cluster CO, concen-
tration analysis, similar to that used by Brankov et al.
(1998), Cape et al. (2000) and Harris (1997), in that
CO; concentrations are segregated by those closest to
each other with similar directions.

Table 1 shows the cluster CO, concentrations cor-
responding to each of the clusters (refer to Fig. 7 for
each of cluster sequence and route) in different sea-
sons at Waliguan, centered to zero concentration level

Tellus 55B (2003), 2
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at Mt. Waliguan, 1994—-1998

153

Cluster CO, concentration (conc. ppmv) centered at zero level in spring, summer autumn and winter

Winter Spring Summer Autumn
Cluster
serial number Trajec. Conc. Trajec. Conc. Trajec. Conc. Trajec. Conc.
(refer to Fig. 8) count (ppmv) count (ppmv) count (ppmv) count (ppmv)
1 56 1.81 96 4.34 60 —4.63 266 —3.54
2 142 0.22 115 3.81 54 —6.59 86 —3.30
3 159 —0.04 148 3.16 40 —6.34 144 —3.73
4 95 —0.02 121 3.02 54 —6.81
5 44 0.04 25 —5.51
6 15 —5.08
Total 496 480 248 496

The ‘Cluster serial number’ indicates each cluster relevant to different air parcel origin/routes displayed in Figure 8. It is
also associated with each of the cluster CO, concentration in different seasons showed in this table, abbreviated as ‘conc.
(ppmv)’.‘Trajec. count’ represents quantity of trajectories hold similar directions in each corresponding cluster.

for comparison. Each cluster CO, concentration was
calculated by the equation:

[cluster CO, concentrations]

= [trajectory CO, concentration]; /n

Where the [trajectory CO, concentration]; is the ob-
served CO, mixing ratio corresponding to the trajec-
tory (i) arrival time, where i represents the sequence
number of a trajectory (one of the trajectories held with
similar directions) in an individual cluster, and » is the
total number of trajectories in this cluster.

Figures 8 and 9 and Table 1 indicated that the highest
cluster CO, concentration is associated with cluster 1
in winter, which passes through the north-eastern in-
dustrial and populated area. The elevated cluster CO,
concentration is associated with cluster 1 and cluster 2
in spring, and cluster 1 in autumn, which mostly come
from the NE-ENE-E sector. In summer, however, the
decreased cluster CO, concentration most likely cor-
responds to an air parcel coming from the NE-ENE-E
sector and N direction. Considering CO, sources, sinks
and long-range transport in different seasons investi-
gated by other researchers (Chung, 1988; Colombo
et al., 2000; Denning et al., 1995; Harris, 1992; 1997,
Higuchi et al., 1987; Higuchi and Daggupaty, 1985;
Pearman, 1977; Pearman and Hyson, 1980), and com-
bining the estimated 1° x 1° latitude—longitude res-
olution grid map of CO, emissions over continental
China (Bai, 1996) with each back-trajectory cluster
route at Waliguan in Fig. 8, it should be noted that
eastern China has become one of the highest emission
regions in Asia due to rapid growth both in economy
and population in the past decades; however, emissions

Tellus 55B (2003), 2

in western China have consistently been lower. The re-
sults and discussion suggest that air parcels originating
from NE-ENE-E in all seasons and additionally the
N direction (with more vegetation) in summer cause
considerable short-term variation in the Waliguan CO,
records.

3.5. Atmospheric CO, background characteristics

Figure 10 shows the averaged diurnal variation of
atmospheric CO; in different seasons at Waliguan dur-
ing the period 1994-2000, with the standard deviation
of the hourly mean indicated as an error bar. The di-
urnal variation in summer is much more significant
(up to 2 ppmv) than during the other three seasons
(less than 0.5 ppmv). This is primarily due to night-
time respiration and daytime photosynthesis. As men-
tioned earlier, the winter period variability is mainly
due to the transport from anthropogenic regions on
timescales seen in the synoptic variability.

Based on selected CO, hourly data, statistical anal-
ysis shows the distribution of CO, mixing ratios dur-
ing the period 1994-2000 to be 364-374, 354-370,
356-368 and 362-372 ppmv (with >90% occurrence)
in spring, summer, autumn and winter, respectively.
Figure 11 shows CO, monthly mean time series at
Waliguan during the period 1994-2000, with standard
deviation indicated as an error bar. This reflects the
exchange activities between the atmosphere and ter-
restrial ecosystem in the middle-high latitudes of the
Northern Hemisphere (NH). Inter-annual variability
in the seasonal cycle is due to variation in the bal-
ance between photosynthesis and respiration, as well
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Fig. 10. Averaged CO; diurnal variations in spring, summer, autumn and winter at Mt. Waliguan, with standard deviations

indicated as error bars, 1994-2000. Hour (BJT) =

as ocean uptake and release. The strong seasonality
in the NH is due to photosynthesis and respiration of
the terrestrial biosphere; seasonality in the Southern
Hemisphere, however, is much smaller and opposite
in phase. The study of longer-time atmospheric CO,
monitoring records (Bacastow et al., 1985; Tans et al.,
2001) showed that CO, seasonal amplitude of the NH
was enhanced in past decades. This phenomenon, how-
ever, is hardly distinguished in Waliguan CO, records
during the period 1994-2000.
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UTC + 8 h = Waliguan Local Time + 1 h.

Figure 12 shows the CO, averaged seasonal cycle
by detrended “baseline” data at Waliguan during the
period 1994-2000, with standard deviation indicated
as an error bar, in which the estimated long-term trend
(12 months running mean, similar to the method in
Conway et al., 1994) is removed at first. There was an
obvious seasonal cycle, with a maximum occurring in
April and a minimum in August, CO, mixing ratios de-
clining rapidly during the period May—July but climb-
ing fleetly during the period September—November.
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Fig. 11. CO, monthly mean time series based on selected hourly records at Waliguan, with standard deviations indicated as

error bars, 1994-2000.
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Fig. 12. CO; averaged seasonal cycle at Mt. Waliguan, with
standard deviation indicated as error bars, 1994—2000.

The averaged CO, seasonal amplitude was up to 10.5
ppmv, which reflects the periodicity of terrestrial veg-
etation growth (the metabolic cycle of the land biota)
in the middle to high latitudes of the NH. In compar-
ison with some literature results (Masarie and Tans,
1995; Tans et al., 2001; WMO, 2000), the tempo-
ral phase of the Waliguan CO, seasonal cycle almost
agrees with the records from other WMO/GAW base-
line stations Alert (82°26'N, 62°30'W, 210 m asl),
Barrow (71°19'N, 156°36'W, 11 m asl), Mace Head
(53°19'N, 9°53'W, 25 m asl) and Zugspitze (47°25'N,
10°59’E, 2960 m asl), and regional stations Ulaan Uul
(44°27'N, 111°06'E, 914 m asl), Niwot Ridge (40°3'N,
105°35'W, 3475 m asl), Ryori (39°2'N, 141°50'E,
230 m asl) and Tae-ahn Peninsula (36°44'N, 126°8'E,
20 m asl)], all of which are located in the middle to high
latitudes of the NH. It is, however, about one month
earlier than that of lower latitudinal baseline stations
Izana (28°18'N, 16°29'W, 2367 m asl), Minamitor-
ishima (24°18'N, 153°58'E, 8 m asl) and Mauna Loa
(19°32'N, 155°35'W, 3397 m asl), due to different CO,
sources and sinks from land or ocean. The Waliguan
CO, seasonal amplitude also comes within the range
of middle to high latitudes in the NH, in which the
approximate seasonal amplitudes of the above men-
tioned monitoring stations are as follows: Alert (14
ppmv), Barrow (18 ppmv), Mace Head (14 ppmv),
Zugspitze (15 ppmv), Ulaan Uul (17 ppmv), Niwot
Ridge (11 ppmv), Ryori (13 ppmv), Tae-ahn Penin-
sula (15 ppmv), Izana (8 ppmv), Minamitorishima
(9 ppmv) and Mauna Loa (8 ppmv). It can be seen that
the amplitudes of the CO, seasonal cycle are clearly
large in northern high and mid-latitudes but small in
low latitudes.
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Table 2 provides CO, annual means and growth
rates at Waliguan during the period 1991-2000, as well
as records of some other monitoring stations located in
a similar latitudinal band (http://cmdl.noaa.gov/ccgg).
The Waliguan annual means are merged from all
of the selected records of in-situ NDIR and GC-
FID observations, as well as cooperative flask air
sampling results once per week since 1991, analyzed
by NOAA/CMDL (Zhou et al., 1998b; Zhou, 2001).
The Waliguan CO, annual means show an approxi-
mately linear increase with averaged growth rate of
approximately 1.6 ppmv yr—! during the period 1991—
2000. However, the growth rates vary significantly
inter-annually, from the lowest value 0.7 ppm in 1992
to the highest value around 2 ppmv in 1997-1998.
According to literature results (Colombo et al., 2000;
Masarie and Tans, 1995; Tans et al., 2001; WMO,
2000), the global annual mean CO, mixing ratio is 355
ppmv (1992), 359.7 ppmv (1995), 363 ppmv (1997)
and 369 ppmv (2000), respectively, 3—4 ppm higher in
the NH where anthropogenic emissions are greatest,
with a global growth rate of 1.5 ppmv yr~' on aver-
age for the period 1983-2000. The CO, concentration
peak in northern high and mid-latitudes reflects strong
net sources in these areas. The high global growth
ratesin 1983, 1987/1988, 1994 /1995, and 1997 are as-
sociated with warm El Nifio Southern (ENSO) events;
the anomalously strong El Nifio event in 1997/1998
brought about record-breaking high increases in 1997/
1998 (WMO, 2000; Watanabe et al., 2000). The excep-
tional low growth rate in 1992, however, was caused
by low global air temperatures following the eruption
of Mt. Pinatubo in 1991 (Conway et al., 1994). Based
on the above results and discussions, we concluded
that Waliguan CO, annual means and growth rates co-
incide with most of the published results of baseline
monitoring stations in NH, and can further support the
well known argument of the world-wide influence of
fossil-fuel emissions on the atmosphere.

4. Conclusions

The horizontal wind direction of NE-ENE-E in
all seasons, appended with the N direction in sum-
mer, was the major non-background section of atmo-
spheric CO, observations at Mt. Waliguan. Horizontal
wind speeds > 10 m s~!, calm conditions, or vertical
wind speeds > £1 m s~ in all seasons have a max-
imum impact on CO, hourly mixing ratios, depend-
ing on different origins and routes of air flow arriv-
ing at the Waliguan sampling site. A background data
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Table2. Atmospheric CO, annual means (ppmv) and growth rates (ppmv) at Waliguan and other Northern

Hemisphere stations, 1991-2000

Year 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
Waliguan
Annual mean  355.2 356.7 357.4 359.2 360.6 362.2 363.8 365.9 367.9 369.5
Growth rate 1.5 0.7 1.8 1.4 1.6 1.6 2.1 2.0 1.6
Barrow
Annual mean  357.6 357.5 358.2 359.6 361.9 364.1 365.0 367.4 369.8
Growth rate —-0.1 0.7 1.4 2.3 2.2 0.9 2.4 2.4
Mace Head
Annual mean 356.1 356.7 358.6 360.8 363.1 364.3 366.3 368.4
Growth rate 0.6 1.9 2.2 2.3 1.2 2.0 2.1
Ulaan Unl
Annual mean 356.6 357.1 359.3 360.8 362.4 363.7 367.5 368.7
Growth rate 0.5 2.2 1.5 1.6 1.3 3.8 1.2
Niwot Ridge
Annual mean  356.1 356.9 357.4 359.5 361.2 363.0 363.9 366.5 368.4
Growth rate 0.8 0.5 2.1 1.7 1.8 0.9 2.6 1.9
Tae-ahn
Annual mean  359.7 360.5 360.4 361.2 364.0 366.3 368.7 370.6 373.1
Growth rate 0.8 —0.1 0.8 2.8 2.3 2.4 1.9 2.5
Izana
Annual mean 356.2 357.5 358.6 361.5 363.0 363.7 367.1 368.5
Growth rate 1.3 1.1 2.9 1.5 0.7 3.4 1.4
Mauna Loa
Annual mean  355.6 356.5 356.9 358.5 360.6 362.4 363.5 366.6 368.2
Growth rate 0.9 0.4 1.6 2.1 1.8 1.1 3.1 1.6

selection procedure was suggested according to sta-
tistical analysis and influence of local surface winds,
with a selected hourly data set that represents “base-
line” conditions accounting for approximately 70%
of the raw records. Air parcel long-range transport
coming from the NE-ENE-E in all seasons, appended
with the N direction in summer, brought about con-
siderable CO, short-term variation. The CO, diurnal
variation in summer is much more significant than in
the other three seasons, representing vegetation and
soil microbe activities at the sampling site. From a se-
lected “baseline” hourly data set, distribution of CO,
mixing ratios in different seasons and CO, monthly
mean time series reflected exchanges between the at-
mosphere and terrestrial ecosystem in the middle to
high latitudes of the NH. The averaged CO, seasonal
cycle, as well as CO, annual means and growth rates,
coincided with most of the records obtained from other
WMO/GAW or NOAA/CMDL monitoring stations lo-
cated in a similar latitudinal band. The highly quality-
controlled CO, monitoring system and data set at
Waliguan can be used in modeling and other studies to
improve our understanding of carbon source and sink
distributions, particularly over the Asian continent.

The Waliguan CO; records are regularly submitted to
the WMO World Data Center for Greenhouse Gases
(WDCGG, http://gaw.kishou.go.jp/wdcgg.html), and
are also integrated into the Cooperative Atmospheric
Data Integration Project (CADIP, anonymous FTP to
ftp.cmdl.noaa.gov/ccgg/co2/globalview).
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