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ABSTRACT

Measurements of carbon dioxide (CO,), methane (CH,), and carbon monoxide (CO) are of great importance in the
Qinghai-Tibetan region, as it is the highest and largest plateau in the world affecting global weather and climate systems. In
this study, for the first time, we present CO,, CHy, and CO column measurements carried out by a Bruker EM27/SUN
Fourier-transform infrared spectrometer (FTIR) at Golmud (36.42°E, 94.91°N, 2808 m) in August 2021. The mean and
standard deviation of the column-average dry-air mixing ratio of CO,, CH,, and CO (XCO,, XCH,, and XCO) are 409.3 +
0.4 ppm, 1905.5 + 19.4 ppb, and 103.1 + 7.7 ppb, respectively. The differences between the FTIR co-located TROPOMI/
S5P satellite measurements at Golmud are 0.68 + 0.64% (13.1 + 12.2 ppb) for XCH, and 9.81 + 3.48% (-10.7 + 3.8 ppb)
for XCO, which are within their retrieval uncertainties. High correlations for both XCH, and XCO are observed between
the FTIR and S5P satellite measurements. Using the FLEXPART model and satellite measurements, we find that enhanced
CH,4 and CO columns in Golmud are affected by anthropogenic emissions transported from North India. This study
provides an insight into the variations of the CO,, CH4 and CO columns in the Qinghai-Tibetan Plateau.
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Article Highlights:

¢ CO,, CHy, and CO columns were observed at Golmud in August 2021 with the mean values of 409.3 ppm, 1905.5 ppb,
and 103.1 ppb, respectively.

¢ A high correlation between CH,4 and CO is observed by both ground-based FTIR and co-located TROPOMI/S5P satellite
measurements.

¢ CH, and CO column enhancements at Golmud are affected by the anthropogenic emissions in North India.

Introduction

vide highly accurate and precise total column measurements

Carbon dioxide (CO,), methane (CH,), and carbon
monoxide (CO) are important atmospheric trace gases that
affect air quality and climate change (IPCC, 2013). To pro-
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of CO,, CHy, and CO, the Total Carbon Column Observing
Network (TCCON) was established in 2004 and is continu-
ously running today (Wunch et al., 2011). Currently, there
are 28 operational sites worldwide covering the latitude
range from 45°S to 80°N (https://tccondata.org/). The
TCCON requires the Bruker IFS 125HR Fourier-transform
infrared spectrometer (FTIR) to record direct solar absorption
of near-infrared spectra. The Bruker 125HR spectrometer is
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stable but difficult to move, and the instrument requires a
full alignment when transported. To fill the gap in the
TCCON measurements, the COllaborative Carbon Column
Observing Network (COCCON, Frey et al., 2015), using
well-calibrated portable FTIR spectrometers (such as the
Bruker EM27/SUN), was established and developed in
recent years. The dry-air column-averaged mole fractions of
CO,, CHy, and CO (XCO,, XCH,4, and XCO) retrievals
from the portable FTIR have been compared to the TCCON
measurements and co-located AirCore profiles at several
sites. The results show that the XCO,, XCH,, and XCO
columns retrieved from the EM27/SUN portable FTIR have
similar precision compared to those from a 125HR measure-
ment (Frey et al., 2019; Sha et al., 2020).

Due to its unique topography, the Qinghai-Tibetan
Plateau (QTP) plays an important role in earth's climate sys-
tem (Ge et al., 2017; Zhang et al., 2021). The extremely
high mountains in the QTP can change the atmospheric ther-
modynamic and dynamic status and, therefore, make a funda-
mental impact on the Indian monsoon, Asian monsoon, and
other climate and weather systems (Tada et al., 2016; Zhou
et al., 2019). In addition, Bian et al. (2020) pointed out that
the air pollutants near the surface in Asia can be transported
to the stratosphere via the QTP, thereby allowing for global
transport. Measurements of CO,, CH,, and CO in the QTP
are of great importance for understanding the background of
our planet. There are two sites in the QTP monitoring CO,,
CH,, and CO concentrations near the surface (Guo et al.,
2020; Liu et al., 2021). However, until now, there was no
TCCON site in the QTP providing XCO,, XCHy, and XCO
measurements. Compared to surface in situ measurements,
column measurements are less affected by the change of the
atmospheric planetary boundary layer thickness and are also
less influenced by nearby point sources. Another advantage
of the ground-based XCO,, XCH,, and XCO measurements
is that they have a similar observation geometry to the satellite
measurements. Therefore, column measurements serve as a
better satellite validation reference than surface in situ mea-
surements (Zhou et al., 2016; Wunch et al., 2017; Sha et al.,
2021).

In this study, we present the EM27/SUN measurements
carried out at Golmud [36.42°E, 94.91°N, 2808 m above sea
level (a.s.l.)], Qinghai province, in August 2021. The EM27/
SUN FTIR operated in Golmud is in line with COCCON mea-
surement guidelines. To our knowledge, this is the first
study showing the ground-based FTIR XCO,, XCHy, and
XCO measurements in the QTP. The synoptic and diurnal
variations of XCO,, XCH,, and XCO, and the correlations
among these species, are discussed. After that, the EM27/
SUN FTIR measurements are compared to the co-located
TROPOMI/SS5P satellite observations. The remainder of this
paper is organized as follows. Section 2 describes the experi-
mental site and observations, Section 3 presents the method,
Section 4 discusses the results, and Section 5 provides conclu-
sions.
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2. Experiment site and observations

The near-infrared solar absorption spectra, with spectral
coverage from 3900 to 11 000 cm! and a spectral resolution
of 0.5 cm™!, were recorded by a Bruker EM27/SUN FTIR
(serial number 110; Hase et al., 2015) in the Golmud Meteoro-
logical Bureau. Surface temperature and pressure are continu-
ously observed in the site next to the FTIR instrument. The
site's location is shown in Fig. 1. Golmud is inside the QTP,
and the surface altitude is 2808 m a.s.l. The landscape of
this region is mainly grassland and bare areas (http://maps.
elie.ucl.ac.be/CCl/viewer/index.php). In August 2021, the
mean temperature was 18° Celsius, and the mean relative
humidity was 32%. Golmud is a small city with a population
of about 200 000. A large photovoltaic power station, situated
about 20 km east of the Golmud city center, provides
energy for the residents. Inside the city, there are no large fac-
tories, and the economic income mainly comes from animal
husbandry, planting, and tourism. Figure 1 also shows the
main roads and the rivers around Golmud, together with the
CO, anthropogenic emissions from the Open-source Data
Inventory for Anthropogenic CO, (ODIAC) inventories
(Odaetal., 2018). The EM27/SUN site is located in the north-
ern part of the city, marked by the blue star in Fig. 1.

The FTIR measurements were only operated during
clear sky conditions. In total, we collected 21 days of EM27
/SUN FTIR measurements in August 2021. There are about
600 spectra for each measurement day (between 1000 and
1900 local time (LST)), and one spectrum takes about 59 sec-
onds to record. The FTIR XCO,, XCH,, and XCO retrievals
are executed using the PROFFAST retrieval code, commonly
used in the COCCON community (Frey et al., 2015; Tu et
al., 2020; Sha et al., 2021). After the Golmud campaign, the
EM27/SUN FTIR was shipped to Xianghe, Hebei Province,
where we operated the EM27/SUN measurements next to a
Bruker 125HR TCCON site between September and Novem-
ber 2021. To reduce the systematic uncertainty of the
EM27/SUN FTIR retrievals, the EM27/SUN XCO,, XCHy,
and XCO measurements have been scaled to the TCCON
based on the co-located measurements collected at Xianghe
(GGG2014; Wunch et al., 2015). The scaling factors of
EM27/SUN XCO,, XCHy, and XCO used in this study are
1.002, 1.006, and 0.854, respectively. After scaling, the
EM27/SUN FTIR retrievals deliver similar accuracy and pre-
cision as TCCON, which are 0.05 £+ 0.25% (accuracy + preci-
sion) for XCO,, 0.10 £ 0.50% for XCHy,, and 3.0 £ 4.0% for
XCO, respectively (Wunch et al., 2015).

We use the offline CH4 and CO products from the TRO-
POspheric Monitoring Instrument (TROPOMI) onboard the
S5P satellite (https://scihub.copernicus.eu/). The CH,y
columns are retrieved from the near infared (NIR: 0.76 pm)
and shortwave infrared (SWIR 2.3 pum) bands (Hu et al.,
2016), with a spatial resolution of 7.0 x 7.0 km? before 6
August 2019 and of 7.0 x 5.5 km?2, afterward. The latest
CH, product has corrected the uncertainty attributed to the sur-
face albedo (Lorente et al., 2021). The retrieval uncertainty
of the TROPOMI XCH, meets its mission requirement with
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Fig. 1. The location of the EM27/SUN measurement site at Golmud. The map is colored with
the anthropogenic CO, emissions from the ODIAC inventory. The ODIAC emissions
correspond to the monthly mean of August 2019, with units of tonne carbon/cell (monthly
total). Golmud is in the Qinghai-Tibetan Plateau with an elevation of 2808 m a.s.1.

a systematic error of 1.5% and a random error of 1.0%. The
relative mean and standard deviation of the differences
between TROPOMI XCH, data and 25 TCCON global sites
(GGG2014) are 0.26% and 0.57% (Sha et al., 2021). The
TROPOMI/S5P CO product is retrieved from the SWIR
(2.3 um) spectral range under clear-sky conditions (Landgraf
et al., 2016). The spatial resolution of the SSP XCO observa-
tions is the same as the S5P XCH, observations. Since 1
July 2021, the CO and CH, cross-sections have been
updated using the DLR Scientific Exploitation of Operational
Missions - Improved Atmospheric Spectroscopy Databases
(SEOM-IAS) spectroscopy (Borsdorff et al., 2019; Rodina
et al., 2021). Moreover, the stripes of erroneous CO values
have been corrected based on the fixed masked de-striping
method (Borsdorff et al., 2019). The retrieval uncertainty of
the TROPOMI XCO also meets its mission requirement of a
systematic error of 15 % and a random error of 10%. The rela-
tive mean and standard deviation of the differences between
TROPOMI XCO and TCCON (standard GGG2014) data
are 9.22% and 5.36 %, respectively (Sha et al., 2021). For
the CO and CH, overpass data, we selected the S5P measure-
ments around 50 km around Golmud. The satellite overpass
time is about 1430 LST. Regarding CO, satellite measure-
ments, we use the Level 2 bias-corrected XCO, retrospective
processing OCO-2 V10 lite version (Kiel et al., 2019). OCO-
2 provides a high spatial resolution of < 3 km? per sounding,
but only eight measurements are recorded along a narrow
track. During this campaign, there was only one day (17
August 2021) with five OCO-2 satellite soundings available
within 50 km around Golmud. As the satellite CO, measure-

ments are quite limited, we mainly focus on the comparisons
between the FTIR and S5P XCH, and XCO measurements.

3. Methods

The time series of XCO,, XCH,, and XCO are plotted
based on the individual EM27/SUN FTIR retrievals. The cor-
relations among these three species are investigated based
on the individual retrievals and the daily means. The Pearson
correlation coefficients are calculated between XCO, and
XCO and between XCH, and XCO.

To check the diurnal variations of these species, the
FTIR X, anomaly (AX,,,) is derived as

AXgys = XgasXday , (1

where X, is the FTIR XCO,, XCH,4, or XCO retrievals,
and (Xday)is the daily median.

Regarding the comparison between the FTIR and S5P
measurements, we follow the method used for TCCON and
S5P measurements described in Sha et al. (2021). The
EM27/SUN retrieval is similar to TCCON retrieval, as they
both keep the vertical shape unchanged and apply a profile
scaling. The FTIR and S5P retrievals use different a priori pro-
files. The a priori profiles of CO,, CHy, and CO FTIR
retrievals come from the atmospheric chemistry model
GEOS-FPIT model (https://gmao.gsfc.nasa.gov/pubs/docs/
Lucchesi571.pdf). Normally an FTIR a priori profile varies
with time, but a fixed a priori profile is used for all FTIR
retrievals on the same day. The a priori profiles of S5P
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retrievals come from another 3-D atmospheric chemistry-
transport model (TMS5) monthly means. To reduce the uncer-
tainty from different a priori profiles, the a priori profile of
the S5P satellite retrieval (TM5 model) is used as the common
prior (Rodgers and Connor, 2003). It is then gridded to the
FTIR retrieval grid with a mass conservation equation (Lange-
rock et al., 2015).

@

where Xprr is the original FTIR retrieval, X'prr is the
FTIR retrieval using the SSP a prior as the a priori profile,
PC,;; is the vertical profile of dry-air partial column, [ is the
unity vector, Aprir is the column averaging kernel in a unit
of molecule cm=2 / molecule cm=2 , and x, gsp and x, rir are
the S5P and FTIR a priori profiles, respectively. In addition,
the pixel altitude correction is carried out to bring the FTIR
and S5P measurements to the same surface altitude. The scal-
ing factor (f) is calculated based on the different surface alti-
tudes from the FTIR and S5P retrievals (see Appendix B in
Sha et al., 2021):

X'rrir = Xprir + PCair( — AFTIR ) (Xa,85P — XaFTIR) »

X'ssp = fXssp - 3)

For each FTIR measurement, we select all the SSP mea-
surements within a temporal window of +1 hour and a spatial
distance of 50 km. For all FTIR-S5P data pairs, we apply
the a priori substitution on the FTIR retrievals and apply the
altitude correction on the S5P retrievals. According to the
topography, all the S5P footprints within 50 km around Gol-
mud have a similar surface altitude as the EM27/SUN FTIR,
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leading to a f value close to 1.0. Finally, we average the
S5P measurements ( X’gsp), and compare them to the FTIR
retrieval using the common a priori profile (X'prr)-

In addition to the ground-based and space-based measure-
ments, the backward simulations of the Lagrangian particle
dispersion model FLEXPART v10.4 model (Pisso et al.,
2019) is used to understand the sources of the air observed
by the EM27/SUN and S5P measurements at Golmud. The
FLEXPART model is driven by the NCEP Climate Forecast
System Version 2 (CFSv2) data with a horizontal resolution
of 0.5° x 0.5° and 64 vertical levels from the surface to
0.266 hPa (Saha et al., 2014). We release 20 000 air particles
between 1300 and 1500 LST on each FTIR measurement
day, and the backward time duration is set to 10 days.

4. Results and discussion

4.1. Time series, correlations, and diurnal variations

The time series and correlations of the EM27/SUN
FTIR XCO,, XCH,, and XCO measurements in August
2021 at Golmud are shown in Fig. 2. The mean and standard
deviation (std) of XCO,, XCH,, and XCO are 409.3 +
0.4 ppm, 1905.5 + 19.4 ppb, and 103.1 + 7.7 ppb, respec-
tively. The XCO, at Golmud is much more stable than the
other two species. The ratios of the standard deviation to the
mean are 0.1% for XCO,, 1.0% for XCH,, and 7.5% for
XCO, respectively. A good correlation between XCH, and
XCO is observed by the FTIR measurements with a statisti-
cally significant correlation coefficient (R) of 0.86 (p <
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Fig. 2. The time series of the XCO, (a), XCH, (b), and XCO (c) from the EM27/SUN measurements in August 2021. Together with
the correlation plots using the individual measurements between XCO and XCO, (d), and between XCO and XCHy, (e), as well as
the daily means between XCO and XCO, (f), and between XCO and XCH, (g). In (d) and (e), the dots are colored with the number
densities. In (f) and (g), the error bars are the standard deviation of the measurements on that day, and the dots are colored with the
measurement dates. The grey dashed line is the linear regression. The R-value is the Pearson correlation coefficient, and N is the

number of dots.
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0.05), whether derived from the 6569 individual measure-
ments or 21 daily means. The enhancements of XCH, and
XCO are observed simultaneously between 16 and 24
August, with two peaks around 16 August and 22 August.
However, we do not observe an enhancement from the
FTIR XCO, measurements between 16 and 22 August. The
R-values between XCO, and XCO are —0.31 for the individual
measurements and —0.43 for the daily means.

The AX,,, values over the 21 days are plotted together
in Figs. 3a—c. It can be seen that AX,, is generally higher at
noon than in the morning and afternoon. Before interpreting
the diurnal variation of AX,,,, we must access the influence
from the smoothing uncertainty. According to Rodgers
(2000), the retrieved X,,, can be written as

Xgas = AXa,gas +APCyir (X —x,) + &, 4

where X, ¢, is the a priori dry-air column-averaged mole frac-
tion, A is the column averaging kernel, x; and x, are the true
and a priori gas profiles, and ¢ is the retrieval uncertainty.
Due to the change of the light path during the day, the column
averaging kernel, A, varies with the solar zenith angle (SZA,
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Fig. 3e). The typical averaging kernel of EM27 FTIR
retrievals can be found in Hedelius et al. (2016). According
to Eq. (4), even if the x; is unchanged during a given day,
the Xg,s will vary with the SZA, leading to an artificial diurnal
variation. To access the impact of the smoothing uncertainty
on the diurnal variation, we use the Copernicus Atmosphere
Monitoring Service (CAMS) model as the true status of atmo-
spheric CO,, CHy, and CO at Golmud. Therefore, the differ-
ence between the CAMS model and retrieved X, becomes:

DiﬂXgas =Xcams — Xgas
=PCyirXcams — [Xa,gas + APCir (Xcams — xa)]
= - A)PCyir (Xcams — Xa) - (%)

Figure 4 shows Diff X, for CO,, CHy, and CO from all
FTIR measurement days. Between 1000 and 1800 LST, the
absolute Diff XCO, is less than 0.05 ppm, Diff XCHy is less
than 0.5 ppb, and Diff XCO is less than 0.1 ppb. When the
SZAislarge (e.g., >60°), the smoothing error becomes signifi-
cant, especially for XCO,. Figure 3a shows that XCO, is
high before 1000 and after 1800 LST, which is probably
due to its large smoothing error with the large SZA (Fig. 4a).
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Fig. 3. The diurnal variations of AXCO, (a), AXCH, (b), and AXCO (c) as derived from the EM27/SUN measurements at
Golmud in August 2021. The black dots and error bars are the hourly means and standard deviations of AX,,,. The solar light
paths for each hour on 10 August 2021 with the city map from Google are illustrated in (d) along with the solar zenith angles
(e). The geometric information of the EM27/SUN measurements in the morning or afternoon (~1000 and ~1800 LST) and

for local noon (~1400 LST) is shown in (f).
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It is notable that the CAMS model simulations are not the
true atmospheric status. Therefore, the real smoothing uncer-
tainty could potentially be even larger than our estimations.
Regardless, based on our estimations, the smoothing errors
of FTIR XCO,, XCHy, and XCO retrievals, with an SZA <
60°, are generally negligible.

The differences between the gas column at local noon
(1300-1500 LST) and in the morning/afternoon (1000—
1100 and 1700-1800 LST) are 0.38 ppm for XCO,, 3.49 ppb
for XCHy, and 6.56 ppb for XCO, respectively. These differ-
ences are much larger compared to our estimated smoothing
errors. Figures 3d and 3f show the geometric information of
the EM27/SUN measurements in the morning (~1000 LST)
or afternoon (~1800 LST) and at local noon (1300-1500
LST). The FTIR site is located in the northern part of the
city. In the morning and afternoon, the sunlight passes over
the suburbs. While, at the local noon, the sunlight passes
above the city center. Since the anthropogenic emissions (resi-
dential consumption, transport, and other human activities)
of these species are higher inside the city than in the sub-
urbs, the FTIR measurements would be expected to show

(a)
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maximums for these species around local noon.

4.2. Comparison with TROPOMI/SSP  satellite

measurements

Figure 5 shows the time series of the co-located FTIR
and TROPOMI/SSP satellite XCH,4 and XCO measurements,
together with their correlations. The relative mean and stan-
dard deviation of the differences between the FTIR and STP
((SAT-FTIR)/(FTIR x 100%)) are 0.68% =+ 0.64% (13.1 +
12.2 ppb) for XCH, and —9.81% £3 .48% (—10.7 + 3.8 ppb)
for XCO, respectively. Good correlations between the FTIR
and S5P co-located measurements are found for both XCH,
and XCO, with statistically significant R-values of 0.86 for
both species (p< 0.05). Similar to the FTIR measurements,
the co-located SSP measurements also show the enhance-
ments of XCH, and XCO between 16 and 24 August.

The difference between the EM27 FTIR and S5P XCH,
measurements is within the S5P mission requirements, with
a systematic error of 1.5% and a random error of 1.0%. The
difference between XCH, retrievals from FTIR and S5P at
Golmud is generally consistent with TCCON measurements
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Fig. 4. The difference between the true XCO,, XCH,, and XCO (CAMS model) and the
EM27/SUN FTIR retrievals using the GEOS-FPIT model as the a priori profile.
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against the S5P XCH, data in Sha et al. (2021). It is notable
that the impact coming from the different a priori profiles
between the FTIR and S5P retrievals is small, as the mean dif-
ference between original EM27/SUN FTIR XCH, retrievals
and the corrected FTIR retrievals using the SSP a priori as
the common prior is —0.6 ppb (<0.1%). The reason is that
TCCON and S5P a priori profiles are close to each other at
Golmud. The standard deviation of SSP XCH, measurements
(Fig. 5a) indicates that the uncertainty of the S5P retrieval
in this region is high. Many satellite pixels are also filtered
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out in this region. Thus, we cannot identify a high XCH,
value inside the Golmud city from the S5P monthly mean
measurements (Fig. 6a).

The difference between EM27 FTIR and S5P XCO mea-
surements is also within the S5P mission requirements, with
a systematic error of 15% and a random error of 10%. How-
ever, the difference between TCCON and co-located S5P
XCO measurements at Xianghe is only 2.05% + 7.82% as
reported by Yang et al. (2020), and —0.73% =+ 7.35%, as
reported by Sha et al. (2021), while the EM27/SUN FTIR
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Fig. 5. The time series of the SSP XCH, (a) and XCO (b) satellite measurements plotted along with the co-located
EM27/SUN FTIR measurements. The black error bars represent the standard deviation of all TROPOMI/S5P
satellite measurements within 50 km around the site. Correlations are shown between the EM27/SUN and
TROPOMI/S5P measurements for XCH, (c) and XCO (d). The error bars are the standard deviation of the co-located
measurements on that day, and the dots are colored with the measurement dates. The solid black line is the one-to-
one line, and the dashed grey line is the linear regression. The Pearson correlation coefficient is indicated by R, and

N is the number of co-located days.
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Fig. 6. The monthly means of the TROPOMI/S5P XCH, (a) and XCO (b) measurements around Golmud (blue star).

The S5P data are binned into 0.05° x 0.05°.
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measurement at Golmud is 9.81% =+ 3.48% larger than the
co-located S5P data. The large positive bias at Golmud is par-
tially attributed to the different samplings between FTIR
and S5P measurements. As mentioned above, the EM27 mea-
surements observe the air above the Golmud city center dur-
ing the SSP overpass time, while S5P measurements look at
the regional mean within a distance of 50 km around the site.
The monthly mean of S5P XCO measurements (Fig. 6b)
can identify an XCO high value inside the Golmud city,
with an increase of 4.3 ppb. In addition, the latest SS5P satellite
XCO product uses an updated spectroscopy product (from
HITRAN2008 to SEOM-IAS) starting from 1 July 2021.
The S5P retrievals using the updated spectroscopy can
make XCO decrease by about 2.8 ppb (Borsdorff et al.,
2019). If we consider both the sampling uncertainty and
updated spectroscopy, the difference between the S5P and
EM27/SUN FTIR XCO measurements at Golmud reduces
to 3.6 £ 3.8 ppb.

4.3. Airmass sources on the FTIR measurement days

The FTIR and co-located S5P measurements both
observed enhancements of XCH, and XCO between 16 and
24 August. When using the measurements before 16 August
and after 24 August as the background, the amplitudes of
the enhanced XCH,; and XCO between 16 and 24 August
were 41.6 ppb and 14.4 ppb, respectively. The amplitudes
of the synoptic variations of XCH, and XCO are larger than
the amplitudes of their diurnal variations. Figure 7 shows
the FLEXPART 10-day backward trajectories for air particles
released in the vertical range between the surface and 2 km
above ground level (a.g.l.) over Golmud. The vertical range
between the surface and 2 km is selected since the planetary
boundary layer height at Golmud is about 2 km at 1400 LST,
as indicated by the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERAS hourly reanalysis data.
Based on the co-located FTIR and S5P measurements
shown in Fig. 5, we selected two days with an XCH, peak
of 1951.9 ppb and XCO peak of 121.2 ppb on 16 August,
and an XCH, peak of 1930.4 ppb and XCO peak of 118.9 ppb
on 22 August. For the background, we select two days with
a low XCO and XCH,, where the XCH,4 means are 1883.5 ppb
and 1900.2 ppb, and the XCO means are 96.7 ppb and
102.9 ppb on 12 and 26 August, respectively.

The spatial distributions of the backward trajectories on
12 and 26 August are similar, where air mass sources
mainly come from the west and north. Different from the
background cases, the airmass observed at Golmud came
partly from the south (North India) on 16 and 22 August,
with two different pathways: 1) air particles were directly
transported from North India to Golmud and passed the
Tibet plateau on 16 August; 2) air particles were transported
along the Himalayas mountains from North India to the
west north China (southern Xinjiang), and then transported
to Golmud on 22 August. The two different air pathways on
16 August and 22 August are confirmed by the TROPOMI/
S5P monthly XCO anomaly (AXCO = XCO - XCO
monthly mean; Fig. 8). On 16 August, high AXCO values
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were observed in Tibet, indicating that the high XCO air parti-
cles mainly came from the south. On 22 August, high
AXCO values were observed in southern Xinjiang, and
AXCO was negative in Tibet, indicating that the high XCO
observed in Golmud came from the west. In summary, the
S5P monthly XCO anomaly measurements agree well with
the FLEXPART backward simulations. According to the
OCO-2 and S5P satellite measurements, we calculate the
annual means of XCO,, XCH,, and XCO for middle and
South Asia (Fig. 9). The XCH, and XCO in North India are
much larger than in surrounding regions, the advection of
which explains the high XCO and XCH, observed at Golmud
on 16 and 22 August 2021. In addition, no clear high values
of XCO, are found in North India compared to surrounding
areas. Consequently, no XCO, enhancement is observed by
the FTIR measurements during this period.

5. Conclusions

A Bruker EM27/SUN spectrometer provided atmo-
spheric CO,, CHy, and CO column measurements at Golmud
in August 2021. The means and standard deviations of
XCO,, XCHy, and XCO are 409.3 + 0.4 ppm, 1905.5 +
19.4 ppb, and 103.1 £ 7.7 ppb, respectively. A high correlation
between XCH, and XCO with an R of 0.86 is observed by
the FTIR measurements. In addition, the diurnal variations
of XCO,, XCH,, and XCO are derived from the FTIR mea-
surements, with high values at local noon and low values in
the early morning and late afternoon. The amplitudes of the
diurnal variations are 0.38 ppm for XCO,, 3.49 ppb for
XCHy, and 6.56 ppb for XCO, respectively. The similar diur-
nal variation, with a high value at local noon and low values
in early morning and late afternoon, is observed for all three
species, likely attributed to the observational geometry of
the FTIR measurement. As the FTIR site is located in the
northern part of the city, the FTIR observes the air mass
above the suburbs in the morning and afternoon and
observes the air mass above the city center at noon.

The EM27/SUN FTIR measurements at Golmud are
also compared to the co-located S5P satellite measurements.
The relative means and standard deviations of the differences
between the FTIR and TROPOMI/SSP are 0.68% + 0.64%
for XCH, and —-9.81 * 3.48% for XCO, respectively. The dif-
ference between the FTIR and TROPOMI/S5P at Golmud
generally agrees with previous validation studies at other
places (Sha et al., 2021). The relatively high bias (-9.81%)
in XCO is affected by the sampling mismatch between
FTIR and TROPOMI/S5P, as well as the change in the spec-
troscopy updated by the TROPOMI/S5P CO retrieval algo-
rithm (Borsdorff et al., 2019). The ground-based FTIR mea-
surements in Golmud add to our knowledge about background
greenhouse gas concentration in the Tibetan Plateau and
also confirm the accuracy of satellite retrievals in this
region. Currently, however, we only have one site covering
one month in summer at Golmud. In the future, more
ground-based FTIR measurements are needed to better under-
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Fig. 7. The backward trajectories of the air mass at Golmud (black cross) in the vertical range
between the surface and 2 km a.g.l. on 12 August (a), 16 August (b), 22 August (c), and 26
August (d) 2021, as simulated by a 10-day backward trajectory analysis using the FLEXPART
model.
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stand the variations of XCO,, XCHy, and XCO in the QTP
region and validate satellite greenhouse gas measurements
in different seasons.

High correlations between the FTIR and S5P co-
located measurements are found for both XCH, and XCO,
with R values of 0.86 for both species. Moreover, enhance-
ments of XCH, and XCO between 16 and 24 August are
observed by both FTIR and S5P measurements. Based on
the FTIR measurements, the amplitudes of the enhanced
XCH, and XCO are 41.6 ppb and 14.4 ppb, respectively,
which are larger than the amplitudes of their diurnal varia-
tions. The FLEXPART backward analysis show that the air
mass during the enhancement period partly comes from
North India. The S5P measurements confirm that the XCHy,
and XCO in India are much larger than in surrounding areas.
It is inferred that the enhancements of the CH, and CO
columns in Golmud are affected by the anthropogenic emis-
sions transported from North India.
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