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Abstract: Monitoring the atmospheric CO2 columns inside and around a city is of great importance
to understand the temporal–spatial variation of XCO2 near strong anthropogenic emissions. In this
study, we use two FTIR CO2 column measurements in Beijing (Bruker EM27/SUN) and Xianghe
(Bruker IFS 125HR) between 2019 and 2021 to investigate the differences of XCO2 between Beijing
(urban) and Xianghe (suburb) in North China and to validate the OCO-2 and OCO-3 satellite XCO2
retrievals. The mean and standard deviation (std) of the ∆XCO2 between Beijing and Xianghe (Beijing–
Xianghe) observed by two FTIR instruments are 0.206 ± 1.736 ppm, which has a seasonal variation
and varies with meteorological conditions (wind speed and wind direction). The mean and std of
the XCO2 differences between co-located satellite and FTIR measurements are −0.216 ± 1.578 ppm
in Beijing and −0.343 ± 1.438 ppm in Xianghe for OCO-2 and 0.637 ± 1.594 ppm in Beijing and
1.206 ± 1.420 ppm in Xianghe for OCO-3. It is found that the OCO-3 snapshot area mode (SAM)
measurements can capture the spatial gradient of XCO2 between urban and suburbs well. However, the FTIR measurements indicate that the OCO-3 SAM measurements are about 0.9–1.4 ppm
overestimated in Beijing and Xianghe.
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1. Introduction
Carbon dioxide (CO2 ) is the most important anthropogenic greenhouse gas that affects
climate change and global warming. Atmospheric CO2 is mainly emitted from fossil fuel
combustion and partly from land-use changes [1]. Urban areas, which only comprise about
2% of the area of the Earth’s surface but account for more than 70% of global CO2 emissions,
are the concentrated sources of fossil fuel combustion [2]. Due to rapid urbanization in
developing countries, especially in China, during the last decades, there is a large demand
for energy consumption.
Monitoring the atmospheric CO2 inside or around the city is of great importance to
understand the temporal–spatial variation of CO2 , and to calculate the CO2 flux. Beijing,
the capital of China, has a population of more than 21 million. The large fossil fuel combustion leads to strong CO2 emissions [3–5]. The in situ measurements show that the CO2 concentration near the surface inside the urban area is larger than that in the suburb, with the
CO2 mean concentration between October 2018 and September 2019 of 448.4 ± 12.8 ppm
in Beijing (urban) and 436.0 ± 9.2 ppm in Xianghe (suburb) [6]. The temporal–spatial
variation of the CO2 concentrations observed by the in situ or sampling measurements

Remote Sens. 2022, 14, 3769. https://doi.org/10.3390/rs14153769

https://www.mdpi.com/journal/remotesensing

Remote Sens. 2022, 14, 3769

2 of 14

are crucial to the carbon flux calculation using the “top-down” method [7–9]. However,
the CO2 concentrations near the surface are strongly affected by the local meteorological
conditions, e.g., boundary layer height [6,10,11].
The dry air total column-averaged mole fraction of CO2 (XCO2 ) is less sensitive to
variations in local meteorological conditions and can represent a regional mean [12]. XCO2
can be observed by space-based and ground-based spectrometers via the remote sensing
technique. The Orbiting Carbon Observatory (OCO)-2/3 satellites provide XCO2 measurements with a high spatial resolution (<3 km2 ), which can monitor the XCO2 level
above a city or an emission hot spot [13,14]. Moreover, the OCO-3 has the snapshot area
mode (SAM), which can provide the spatial distribution of XCO2 in a city [15]. However,
by using the reflected and scattered lights from solar radiation, the satellite XCO2 retrievals
suffer from the variations in the surface type, atmospheric scatters, and other instrumental
parameters. Different from the satellite, the well-calibrated ground-based Fourier Transform Infrared spectrometer (FTIR) records direct solar radiation, which is less affected
by the uncertainties of surface and atmospheric scatters. Therefore, it can provide XCO2
measurements with high precision and accuracy. Consequently, the ground-based FTIR
XCO2 data are often used to validate and calibrate the satellite retrievals [16–18].
Currently, there are two international networks of FTIR XCO2 measurements, namely
the Total Carbon Column Observing Network (TCCON) [19] and the Collaborative Carbon Column Observing Network (COCCON) [20]. TCCON uses a very stable instrument
(Bruker IFS 125HR) and records solar near-infrared (NIR) absorption spectra from 4000 to
11,000 cm−1 with a spectral resolution of 0.02 cm−1 . The systematic uncertainty of TCCON
XCO2 has been corrected by comparison with in situ (aircraft and AirCore) vertical profiles using a WMO standard, and the remaining systematic uncertainty of TCCON XCO2
measurements is limited (within 0.05%) [19,21]. COCCON uses a portable FTIR (Bruker
EM27/SUN) and records NIR spectra with a spectral resolution of 0.5 cm−1 . Previous studies have demonstrated that the TCCON and COCCON XCO2 measurements show good
agreement, with similar precision [22,23]. The Bruker IFS 125HR FTIR measurements have
been carried out in Xianghe since June 2018 (about 50 km southeast of Beijing), affiliated to
the TCCON. The FTIR measurements between June 2018 and July 2019 in Xianghe have
been used to validate the OCO-2 v9 satellite retrievals [24], and they found that the mean
and std of the differences between OCO-2 and TCCON (GGG2014) measurements between
June 2018 and May 2019 are 0.62 ± 1.20 ppm. Both TCCON and OCO-2 XCO2 retrieval
algorithms have been updated since then. Since the time coverage is relatively short (about
one year), a loose co-location threshold (5◦ latitude × 10◦ longitude around Xianghe) was
adopted [24].
Previous satellite validation studies mainly focused on the global and continental
scales [16,18,25,26]. The performance of the SAM mode of the OCO-3 satellite measurements around the mega-city of Beijing has not yet been evaluated. In January 2019, we
started the Bruker EM27/SUN FTIR measurements on the roof of IAP in the center of
Beijing [27]. By combining the Bruker EM27/SUN FTIR measurements in Beijing and
the Bruker 125HR FTIR measurements in Xianghe, the objective of this study is to better
understand the differences of XCO2 between Beijing (urban) and Xianghe (suburb), and to
validate the OCO-2 and OCO-3 satellite XCO2 retrievals in this area. The data and method
used in this study are presented in Section 2. The FTIR XCO2 measurements in Beijing and
Xianghe between January 2019 and December 2021 are presented in Section 3. Moreover,
the OCO-2 and OCO-3 XCO2 measurements in Beijing and Xianghe are validated by the
corresponding FTIR measurements. The differences in FTIR XCO2 measurements between
Beijing and Xianghe are also applied to compare the co-located OCO-3 measurements
to evaluate the spatial gradient of XCO2 observed by the OCO-3 SAM mode. Finally,
the conclusions are drawn in Section 4.
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2. Materials and Methods
2.1. Data
The ground-based FTIR XCO2 measurements are operated in Xianghe (39.75◦ N,
116.96◦ E), which is about 50 km southeast of Beijing, and are affiliated with TCCON,
(Figure 1). More detail about the Xianghe FTIR site can be found in Yang et al., (2020) [24].
The spectrum is recorded by 2 scans with the spectral resolution of 0.02 cm−1 . The GGG2020
retrieval code, updated from the previous version GGG2014 [28], is used to derive XCO2
from the observed solar near-infrared (NIR) absorption spectra. The GGG2020 code includes software to convert the interferogram to spectra with the DC correction, a non-linear
least-squares fitting algorithm (GFIT), and a post-correction to scale XCO2 to the WMO
standards [19]. The XCO2 is derived from the CO2 (TCCO2 ) and O2 (TCO2 ) retrieved
total columns
TCCO2
XCO2 = 0.2095 ×
.
(1)
TCO2
The retrieval windows of CO2 and O2 are listed in Table 1. The surface temperature,
pressure, and humidity come from the local auto-weather station. The meteorological
profiles (H2 O, T and P) and CO2 a priori profile are derived from the 3-hourly Goddard
Earth Observing System Model, Forward Processing for Instrument Teams (GEOS FP-IT
model; https://gmao.gsfc.nasa.gov/GMAO_products/GEOS-IT/, accessed on 30 June
2022). The FTIR XCO2 measurements in Xianghe are publicly available in https://tccondata.
org/, accessed on 30 June 2022.
Table 1. The instrumental characters of Bruker IFS 125HR in Xianghe and Bruker EM27/SUN in
Beijing, together with their XCO2 retrieval settings.
Instrument

Bruker IFS 125HR

retrieval code
Spectral resolution (cm−1 )
CO2 retrieval window (cm−1 )
O2 retrieval window
A priori profile

(cm−1 )

GGG2020
0.02
6180–6260,
6297–6382

Bruker EM27/SUN
GGG2020

PROFFAST v1.0
0.5

6180–6260,
6297–6382
7765–8005
GEOS FP-IT model

6173–6390

The portable Bruker EM27/SUN (SN095) instrument is operated on the roof of the IAP
(39.98◦ N, 116.39◦ E), which is located in the center of the city (Figure 1). The measurement
setup follows the COCCON. The spectrum is recorded by 10 scans with a spectral resolution
of 0.5 cm−1 . The EM27/SUN spectra are tested with two retrieval codes: GGG2020 and
PROFFAST v1.0. Compared to the GGG2020, the same O2 retrieval window is used in the
PROFFAST v1.0, while the CO2 retrieval window used in the PROFFAST v1.0 is slightly
wider (see Table 1). PROFFAST v1.0 also includes software to convert interferogram to
spectra with the DC correction (preprocess) and a non-linear least squares fitting algorithm
(inverse). The GEOS FP-IT model data are used for the meteorological and CO2 a priori
profiles. To speed up, the PROFFAST v1.0 uses the meteorological and CO2 a priori profiles
on every measurement day to generate a look-up absorption cross sections table (pcxs) [20].
To reduce the systematic uncertainty, the PROFFAST v1.0 code applies a post-processing to
scale the PROFFAST v1.0 retrievals to the TCCON measurements [26].
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Figure 1. The location of the Bruker EM27/SUN measurements in Beijing (urban) and the Bruker
IFS 125HR measurements in Xianghe (suburb). The background map is from Google Maps with the
name (English and Chinese) of Beijing remarked (https://www.google.com/maps, accessed on 30
June 2022).

The lite_v10_FP version of OCO-2 and the lite_v10.4_FP version of the OCO-3 satellite XCO2 measurements are used in this study. The satellite data are downloaded from
https://disc.gsfc.nasa.gov/, accessed on 30 June 2022. The XCO2 product is retrieved
from the O2 band 0.76 µm, the weak CO2 band at 1.61 µm, and the strong CO2 band at
2.06 µm [29]. Both OCO-2 and OCO-3 XCO2 products have been bias-corrected against
with TCCON measurements when Xianghe was not part of the TCCON network [25,29,30].
The spatial resolutions of the OCO-2 and OCO-3 XCO2 observations are approximately
1.3 km × 2.2 km and 1.6 km × 2.2 km, respectively. OCO-2 was launched to a sunsynchronous orbit in July 2014, and the overpass time is about 13:30 local time. Two
observation modes (nadir and glint) are operated by the OCO-2 satellite above Beijing
and Xianghe. OCO-3 was launched to the International Space Station in May 2019, and it
maintains an orbit with an average altitude of about 400 km. Note that OCO-3 sampling
at a particular location varies across all hours of the day. Two observation modes (nadir
and SAM) are operated by the OCO-3 satellite above Beijing and Xianghe. Both OCO-2
and OCO-3 XCO2 data are filtered out with bad quality filtering (qf = 1). To reduce the
sampling error, we selected all the OCO-2/3 satellite XCO2 measurements within only
50 km around the Beijing and Xianghe sites.
In addition to the ground-based and satellite XCO2 measurements, the ECMWF ERA5
hourly re-analysis data [31] are used to understand the mean meteorological condition
between Beijing and Xianghe. ERA5 provides the atmospheric variables with a 0.25◦ × 0.25◦
horizontal resolution and 137 vertical levels (from surface to ∼80 km).
2.2. Method
2.2.1. Bruker EM27/SUN in Beijing against Bruker IFS 125HR in Xianghe
To reduce the systematic bias between the EM27/SUN (SN095) measurements in Beijing
and Bruker IFS 125HR measurements (TCCON) in Xianghe, we use another EM27/SUN
instrument (SN109) as a transfer calibration. First, we operated it close to the EM27/SUN
(SN095) in Beijing for about 10 days in 2019 and then moved it close to 125HR TCCON
measurements in Xianghe between November 2019 and January 2020. Finally, the EM27/SUN
(SN095) retrievals were scaled according to the 125HR measurements.
According to the optimal estimation method [32], the retrieved CO2 total column can
be written as

~ · PCair (~xt − ~x a ) + e,
TCr = TCa + A

(2)
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where TCr and TCa are retrieved and a priori total columns, respectively; ~xt and ~x a are the
true and a priori CO2 dry air mole fraction profile, respectively. In this study, the same a
priori profile is used for the Bruker IFS 125HR measurements (TCCON) in Xianghe and
Bruker EM27/SUN (both GGG2020 and PROFFAST v1.0). PCair is the dry air partial column
~ is the column averaging kernel, representing the sensitivity of the retrieved
profile. A
total column to the true CO2 partial column. Due to the different spectral resolutions,
the averaging kernels of Bruker EM27/SUN and Bruker IFS 125HR are slightly different
(Figure 2). Note that the averaging kernels derived from GGG2020 and PROFFAST v1.0 are
very similar (not shown), which agrees well with previous studies [22,33]. According to the
PROFFAST technical note (https://www.imk-asf.kit.edu/downloads/Coccon/Technical%
20note%20on%20XCO2%20bias%20in%20current%20P.pdf, accessed on 30 June 2022), we
scale the PROFFAST v1.0 retrieved XCO2 with the following scaling factor f.
f = 1.0018 − 0.001(SZA/90◦ )2 .

(3)

Figure 2. The column averaging kernels of Bruker EM27/SUN (left) and Bruker IFS 125HR (right)
CO2 retrievals varying with the solar zenith angle, which are both analysed by the GGG2020 code.

The smoothing error resulting from the different averaging kernels between Bruker
IFS 125HR and Bruker EM27/SUN retrievals is

~ HR − A
~ EM ) · PCair (~xt − ~x a ) + e,
TCr,HR − TCr,EM = ( A

(4)

where the subscript HR and EM donate 125HR and EM27/SUN, respectively. As the ~xt is
unknown, here we use the retrieved TCCON CO2 in Xianghe as the true status to estimate
the uncertainty of (~xt − ~x a ). The (~xt − ~x a ) is about 1%. As a result, the difference caused by
different averaging kernels between Bruker IFS 125HR and Bruker EM27/SUN retrievals is
estimated to be within 0.008% (∼0.03 ppm). As the smoothing error is relatively small, it is
ignored in the following sections.
2.2.2. OCO-2/3 Satellite against FTIR Measurements
As mentioned above, the OCO-2/3 satellite measurements within 50 km around
Xianghe and Beijing were selected. For each satellite footprint, we chose all the groundbased FTIR measurements within a temporal window of ± 2 h. The criteria (within 50 km
and ±2 h) can be motivated because the FTIR signal is typically spread over a 50 km in
2 h with a wind speed of 7 m/s. For each satellite-FTIR data pair, the a priori substitution
was performed. In the ACOS version 10, the a priori profile of CO2 also comes from the
GEOS-PFIT model [34]. However, the a priori profiles for each satellite-FTIR data pair can
still be different due to their spatial–temporal difference. When comparing the FTIR and
satellite retrievals, we use the co-located OCO-2/3 satellite a priori profile for the FTIR
retrievals to reduce the impact from their different a priori profiles [35].

~ F · PCair (~xt − ~x a,F ) + e,
TCr,F = TCa,F + A

(5)

0
~ F · PCair (~xt − ~x a,S ) + e = TCr,F + ( A
~ F − ~I ) · PCair (~x a,F − ~x a,S ),
TCr,F
= TCa,S + A

(6)

where subscript F and S represent ground-based FTIR and satellite, respectively. The mean
0 − TC
and standard deviation (std) of TCr,F
r,F are 0.086 ± 0.109 ppm in Xianghe and
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0.092 ± 0.102 ppm in Beijing, respectively. After that, the mean of the corrected FTIR
0 ) is used to compare to each satellite retrieval (TC ). If more than one
retrievals (TCr,F
r,S
satellite footprint within 50 km exists around the FTIR site, we use the mean of the satellite
retrievals (TCr,S ) to compare to the mean of co-located FTIR measurements. The remaining
smoothing error after the priori substitution due to different averaging kernels of groundbased FTIR and OCO-2/3 satellite measurements are estimated to be less than 0.010%
(∼0.04 ppm) by using the TCCON retrievals as the true, which is also relative small.
Therefore, in this study, the effect from the different averaging kernels between groundbased FTIR and the OCO-2/3 satellite is not taken into account either.
There are mountains with an altitude of over 1 km a.s.l. sited 30 km west and north
of Beijing (Figure 1). To reduce the impact of the surface altitude difference between the
ground-based FTIR and the satellite measurements, we only select the satellite measurements with a surface pressure (PsS ) close to that of the co-located FTIR measurement (PsF )
| PsS − PsF | < 20hPa.
3. Results and Discussion
3.1. Scaling Factor of Bruker EM27/SUN Measurements
Two EM27/SUN instruments (SN095 and SN109) were operated together at IAP,
Beijing for 10 days between May and September 2019. The relative mean and std bias
between the co-located Bruker EM27/SUN SN095 and the SN109 ((SN095-SN109)/SN109
× 100%) were 0.022 ± 0.033% for GGG2020 and 0.039 ± 0.050% for PROFFAST v1.0,
respectively. As an example, the EM27/SUN SN095 and SN109 XCO2 retrievals on 6 May
2019 are shown in Figure 3a,b. We find that the two EM27/SUN instruments have a good
agreement. As GGG2020 and PROFFAST v1.0 retrieval codes use different quality control
criteria, they do not provide the same valid measurements. For example, there are no
GGG2020 retrievals after 16:10 on 6 May 2019, while PROFFAST v1.0 keeps the results
after 16:10 for EM27/SUN SN095. Note that the XCO2 retrievals derived from GGG2020
and PROFFAST v1.0 are slightly different. The reason is probably that a PROFFAST
v1.0 airmass correction is made based on the previous TCCON retrievals (GGG2014).
Currently, the upgrading of the PROFFAST algorithm from v1.0 to v2.0 is underway, led by
Karlsruhe Institute of Technology (Dr. Frank Hase, personal communication), including
improvements in the a priori profile, the spectroscopy, and the post corrections. We are
looking forward to obtaining a better agreement between EM27/SUN PROFFAST v2.0 and
GGG2020 retrievals.
Figure 4 shows the time series of the Bruker 125HR (TCCON) XCO2 measurements
and the Bruker EM27/SUN SN109 measurements retrieved by the GGG2020 and PROFFAST v1.0 codes between December 2019 and January 2020. In total, there are 27 days
having both datasets. The Bruker EM27/SUN SN109 XCO2 measurements retrieved by
GGG2020 and PROFFAST v1.0 are very similar, with a good correlation coefficient (R) of
0.99. In addition, both datasets have high correlations against the TCCON measurements
with R of 0.97 and 0.96 for GGG2020 and PROFFAST v1.0, respectively. The relative mean
and std bias between the co-located Bruker EM27/SUN SN109 and Bruker 125HR ((SN109125HR)/125HR × 100%) hourly means are −0.018 ± 0.10% for GGG2020 and 0.042 ± 0.11%
for PROFFAST v1.0, respectively. Several parameters, e.g., water vapor, temperature, SZA,
and SNR, have been further investigated, but we do not find they significantly affect the
difference between Bruker EM27/SUN SN109 and Bruker 125HR XCO2 measurements.
Therefore, apart from a constant scaling factor, no further correction is applied to reduce
the uncertainty of the Bruker EM27/SUN XCO2 retrievals.
By applying the EM27/SUN SN109 as the transfer calibration, the EM27/SUN SN095
XCO2 in Beijing are then scaled with 0.99996 and 0.99920 for GGG2020 and PRFFAST
v1.0 retrievals, respectively. As the EM27/SUN GGG2020 retrievals have a slightly better
correlation with the 125HR TCCON measurements compared to PROFFAST v1.0 retrievals,
we will only show the scaled EM27/SUN SN095 GGG2020 retrievals in the next sections.
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Figure 3. The EM27/SUN SN095 and SN109 XCO2 measurements retrieved by GGG2020 (a) and
PRFFAST v1.0 (b) on 6 May 2019, together with their correlation plots on all 10 measurement days
using GGG2020 (c) and PRFFAST v1.0 (d). The red dashed line is the linear fitting (y = ax). R is the
Pearson correlation coefficient. N is the number of co-located data.

Figure 4. The scatter plots between the Bruker 125HR (TCCON) and the Bruker EM27/SUN SN109
co-located XCO2 hourly means retrieved by the GGG2020 code (a) and by the PROFFAST code (b) in
Xianghe. The scatter plots between the Bruker EM27/SUN SN109 individual XCO2 retrieved by the
GGG2020 code and by the PROFFAST code (c). The red dashed line is the linear fitting (y = ax). R is
the Pearson correlation coefficient. N is the number of co-located data. The time series of the Bruker
125HR (TCCON) XCO2 measurements and the Bruker EM27/SUN SN109 measurements retrieved
by the GGG2020 and PROFFAST v1.0 codes between December 2019 and January 2020 (d).

3.2. The Difference between Bruker EM27/SUN Measurements in Beijing and Bruker 125HR
Measurements in Xianghe
The time series of the co-located Bruker EM27/SUN XCO2 hourly means in Beijing and
the Bruker 125HR XCO2 hourly means in Xianghe between March 2019 and December 2021,
together with their differences and correlations, are shown in Figure 5. The seasonal cycles
of XCO2 in Beijing and Xianghe are similar, with a maximum in winter and a minimum in
summer. The mean and std of the XCO2 difference (∆XCO2 ) between Beijing and Xianghe
(Beijing-Xianghe) are 0.206 ± 1.736 ppm. High correlation (R = 0.91) is found between
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Beijing and Xianghe. The minimum of ∆XCO2 is about −10 ppm on 21 September 2019,
and the maximum of ∆XCO2 is about 13 ppm on 23 January 2021.
The median values of ∆XCO2 are −0.25, −0.33, −0.19, and 1.09 ppm in spring, summer,
autumn, and winter, respectively (Figure 6). The mean and median values of ∆XCO2 are
close to 0 in spring, summer and autumn, but the XCO2 in Beijing is larger than that in
Xianghe in winter. In spring and summer, there is almost hour-to-hour variation in the
∆XCO2 hourly means. In autumn and winter, the ∆XCO2 hourly means are larger in the
afternoon than in the morning. The afternoon–morning differences in XCO2 (15:00–09:00)
are 0.6 ppm in autumn and 0.7 ppm in winter. The large ∆XCO2 in winter observed by two
FTIR measurements agrees well with the large ∆CO2 near the surface in winter observed
by the Picarro instruments [6]. According to the ERA5 reanalysis data, the boundary layer
height (BLH) is about 1 km (about 900 hPa) around local noon in winter. Assuming the
CO2 column difference between Beijing and Xianghe are caused by the CO2 mole fraction
difference in the boundary layer at two places. Consequently, 1.1 ppm difference in XCO2
leads to about 11 ppm difference in CO2 mole fraction in the boundary layer.

Figure 5. Left panels: the time series of the co-located EM27/SUN SN095 XCO2 hourly means
in Beijing (red) and 125 HR XCO2 hourly means in Xianghe (black), together with their absolute
difference (BJ–XH). Right panel: the scatter plots of the co-located EM27/SUN SN095 and 125 HR
XCO2 hourly means. The red dashed line is the linear fitting (y = ax). R is the Pearson correlation
coefficient. N is the number of co-located data. The dots are coloured with the measurement months.

Meteorological parameters, especially wind speed and wind direction, are crucial
to atmospheric transport [36]. Here, we use the ERA5 wind speed and wind direction
within 39.5–40.0◦ N (latitude) and 116.0–117.0◦ E (longitude) at 950 hPa (∼500 m a.s.l) to
represent the wind information in the boundary layer in this region. Figure 7a shows the
distribution of the wind speed and direction on all FTIR measurement hours. From March
to November (spring, summer, and autumn), the dominant wind direction is southwest
(b) and from December to February (winter), the dominant wind direction is northwest
(c). In all seasons, the wind coming from the east is limited, which accounts for less than
5%. The medians of the ∆XCO2 in eight wind directions are also shown in Figure 7 in
all seasons (d), in spring, summer, and autumn (from March to November) (e), and in
winter (from December to February) (f). We classify the wind into two categories: wind
speed less than 3 m/s (weak wind) and larger than 3 m/s (strong wind). In all seasons (d),
the medians of the ∆XCO2 are positive (0.5–1 ppm) with the east, southeast, and south wind
directions for both weak and strong wind conditions. For the remaining wind directions,
the median of the ∆XCO2 is close to 0 with the weak wind, but it is negative (∼ −0.5 ppm)
with the strong wind. In spring, summer, and autumn, the medians of the ∆XCO2 in eight
directions are slightly less than those in all seasons. In winter, the distribution of ∆XCO2 is
quite different. The medians of the ∆XCO2 are about 1–3 ppm with a weak wind speed.
The ∆XCO2 medians decrease when increasing the wind speed in west, north, and south
directions. The ∆XCO2 medians become close to 0 with the strong wind speed in north,
northwest, and west directions. As in other seasons, the ∆XCO2 median is relatively large
with the east wind in winter, and the ∆XCO2 median increases when increasing the east
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wind speed. Tianjin and Tangshan with large CO2 emissions are both located in the east of
Beijing. With a weak east wind, the ∆XCO2 between Beijing and Xianghe is more related to
their local emissions difference. With a strong east wind, CO2 emissions from Tangshan and
Tianjin can be transported to Beijing as well. The air mass with a high CO2 mole fraction
can be blocked by the mountain on the west side of Beijing, leading to a larger ∆XCO2
difference between Beijing and Xianghe.

Figure 6. Box plots of the ∆XCO2 (BJ-XH) observed by two FTIR measurements in each hour and in
four seasons ((a) MAM: spring; (b) JJA: summer; (c) SON: autumn; (d) DJF: winter). Each box plot
shows the values of relative difference for the maximum (upper solid line), 75th percentile (top of
box), median (line through middle of box), mean (green triangle), 25th percentile (bottom of box),
and minimum (bottom of solid line) of the distribution. The blue crosses are the outliers.

Figure 7. The wind rose plot of the regional mean wind speed and wind direction within 39.5–40.0◦
(latitude) and 116.0–117.0◦ (longitude) at 950 hPa derived from the ERA5 reanalysis data on all the
FTIR measurement hours (a); in spring, summer, and autumn (March–November (b)); and in winter
(DJF (c)). The medians of the ∆XCO2 at eight wind directions in all seasons (d); in spring, summer,
and autumn (March–November (e)); and in winter (DJF; (f)). Here, we define weak wind and strong
wind with a wind speed of <3 m/s and >3 m/s, respectively.
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3.3. Validation of OCO-2/3 Satellite Measurements
The time series of the co-located FTIR (EM27/SUN in Beijing and 125HR in Xianghe)
and OCO-2/3 XCO2 measurements, together with their differences and correlations are
shown in Figure 8 and Table 2. In general, the OCO-2/3 satellite measurements observe
the same seasonal variation of XCO2 as the one observed by the ground-based FTIR
measurements. We find good correlations between OCO-2/3 XCO2 measurements and the
co-located FTIR measurements, with R values ranging from 0.88 to 0.96.

Figure 8. The time series and correlation plots of the co-located FTIR and OCO-2/3 satellite measurements. From top to bottom: EM27/SUN against OCO-2 in Beijing; 125HR against OCO-2 in Xianghe,
EM27/SUN against OCO-3 in Beijing; and 125HR against OCO-3 in Xianghe. OCO-2 provides nadir
and glint measurements, and OCO-3 provides nadir and snapshot area mode (SAM) measurements
over Beijing and Xianghe.

According to the ground-based FTIR measurements, the std of the XCO2 differences
(SAT-GB) for OCO-2 and OCO-3 measurements are similar (about 1.5 ppm). The means
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of the XCO2 differences for OCO-2 are relatively small and within 0.35 ppm. Moreover,
we do not find a clear difference in the two OCO-2 observation modes (nadir and glint).
Regarding the OCO-3 measurements, the mean of the XCO2 differences for OCO-3 is
0.637 ppm in Beijing and 1.206 ppm in Xianghe, which is larger than the OCO-2. By looking
at the different observation modes, the mean of the XCO2 differences is 0.131 ppm in
Beijing and 0.531 ppm in Xianghe for OCO-3 nadir measurements and 0.921 ppm in Beijing
and 1.482 ppm in Xianghe for OCO-3 SAM measurements. Both FTIR measurements
in Beijing and Xianghe show that the OCO-3 nadir measurements are close to the OCO2 nadir measurements. However, the OCO-3 SAM measurements are estimated to be
0.9–1.5 ppm overestimated. The OCO-3 SAM mode collects data over 80 × 80 km2 in
2 min. To further reduce the sampling error, we apply a stricter co-location criterion (within
25 km around the FTIR site and ±1 h FTIR means around each satellite overpass; last
row in Table 2). The mean and std of the XCO2 differences for OCO-3 all data become
0.918 ± 1.512 ppm in Beijing and 0.871 ± 0.617 ppm in Xianghe. It is found that the OCO-3
SAM measurements are still 1.324 ppm and 0.976 ppm larger than the co-located FTIR
measurements in Beijing and Xianghe, respectively. The uncertainty of the OCO-3 first
public release of OCO-3 Level 2 data (vEarly) SAM XCO2 have been well estimated with
the small area approximation truth proxy training datasets [25], where they found that the
root mean square error (RMSE) between the vEarly SAM/target data and the truth proxy
(∼1 ppm) is comparable to the RMSE between OCO-2 v9 target mode observations and
their truth proxy. However, they pointed out that OCO-3 observations are likely impacted
by cloud and aerosol contamination in Southeast Asia, where the quality filtering may
not be aggressive enough. In addition, the swath-to-swath bias, which may be driven by
the viewing geometries coupled with the polarization angle dependencies in the pointing
mirror assembly, may also lead to the uncertainty of OCO-3 SAM observation
Table 2. The mean and std of the difference between co-located ground-based FTIR and OCO-2/3
satellite measurements (SAT-GB) for all satellite observation modes and for each individual mode.
Beijing EM27

Xianghe 125HR

OCO-2 (within 50 km; ±2 h)

All
Nadir
Glint

−0.216 ± 1.578 ppm
−0.302 ± 1.660 ppm
0.009 ± 1.293 ppm

0.343 ± 1.438 ppm
0.326 ± 1.609 ppm
0.384 ± 0.870 ppm

OCO-3 (within 50 km; ±2 h)

All
Nadir
SAM

0.637 ± 1.594 ppm
0.131 ± 1.328 ppm
0.921 ± 1.660 ppm

1.206 ± 1.420 ppm
0.531 ± 1.335 ppm
1.482 ± 1.360 ppm

OCO-3 (within 25 km; ±1 h)

All
Nadir
SAM

0.918 ± 1.512 ppm
−0.369 ± 1.723 ppm
1.324 ± 1.153 ppm

0.871 ± 0.617 ppm
0.453 ± 0.418 ppm
0.976 ± 0.644 ppm

Finally, we compare the ∆XCO2 (BJ-XH) observed by the two FTIR measurements
and the OCO-3 measurements to understand the spatial gradient observed by the OCO-3
SAM measurements. Figure 9 shows the XCO2 distribution on the days when the OCO-3
measurements have both measurements around Beijing and Xianghe sites using the strict
criteria (within 25 km; ±1 h). The ∆XCO2 observed by the FTIR and OCO-3 measurements
have a good agreement, with an R of 0.82 and a slope of 0.619. Although the number of
co-located FTIR and OCO-3 SAM measurements is limited (only 5 days), we find that the
spatial gradient observed by the OCO-3 SAM measurements is reasonable and promising.
The spatial gradient of the XCO2 observed OCO-2 and OCO-3 nadir and glint measurements
have already been applied to calculate the CO2 flux [14,37,38]. Our result suggests that the
spatial gradient of the XCO2 observed by the OCO-3 SAM mode can be further used for
emission estimation in this region despite the systematic bias.
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Figure 9. The spatial distribution of XCO2 observed by the OCO-3 SAM measurements, together
with the wind at 950 hPa, on 23 December 2020, 27 December 2020, 7 February 2021, 29 May
2021, and 19 June 2021 over Beijing and Xianghe FTIR sites, remarked as the red and black stars,
respectively. The right bottom panel is the scatter plot between the ∆XCO2 (BJ-XH) observed by
FTIR measurements and ∆XCO2 observed by the OCO-3 SAM measurements. The error bar is the
uncertainty of the FTIR and OCO-3 measurements.

4. Conclusions
Two FTIR instruments (Bruker EM27/SUN SN095 in Beijing and Bruker 125HR in
Xianghe) have been recording the solar absorption spectra simultaneously since 2019.
Both the 125HR and EM27/SUN spectra are analysed with the latest TCCON retrieval
code (GGG2020). The EM27/SUN FTIR XCO2 measurements in Beijing are scaled with
a factor of 0.99996 to get rid of the systematic uncertainty. Based on about 3-years of
FTIR measurements, we investigated the differences of XCO2 between Beijing (urban) and
Xianghe (suburb) and showed the FTIR measurements can be used for OCO-2/3 satellite
XCO2 validation.
The mean and std of the ∆XCO2 between Beijing and Xianghe (Beijing–Xianghe)
observed by two FTIR instruments were 0.206 ± 1.736 ppm. The ∆XCO2 has a clear
seasonal variation. The median values of ∆XCO2 in spring, summer, and autumn are
between −0.33 ppm and −0.19 ppm. They are slightly negative, but close to 0. In winter,
the median of the ∆XCO2 is 1.09 ppm, which is probably due to that more anthropogenic
CO2 emissions difference between Beijing and Xianghe in winter. Moreover, we found that
the ∆XCO2 varies with wind speed and wind direction, especially in winter.
The OCO-2/3 satellite measurements within 50 km around Beijing and Xianghe
FTIR sites were selected. Good correlations were found between OCO-2/3 XCO2 measurements and the co-located FTIR measurements, with R values between 0.88 and 0.96.
The mean and std of the XCO2 differences between OCO-2 and FTIR measurements are
−0.216 ± 1.578 ppm in Beijing and −0.343 ± 1.438 ppm in Xianghe. The two observation
modes of OCO-2 (nadir and glint) have a similar result. Regarding OCO-3, the mean and std
of the XCO2 differences between OCO-2 and FTIR measurements are 0.637 ± 1.594 ppm in
Beijing and 1.206 ± 1.420 ppm in Xianghe. The mean bias of the OCO-3 nadir measurements
is similar to the OCO-2 nadir measurements. However, the OCO-3 SAM measurements
are overestimated, with the mean bias of 0.9–1.4 ppm. Further investigations are needed
to compare the OCO-3 SAM measurements with more ground-based FTIR measurements.
Finally, the ∆XCO2 between Beijing and Xianghe observed by two ground-based FTIR measurements were compared to those observed by the OCO-3 SAM measurements, and we
found that the OCO-3 SAM measurements can capture the spatial gradient of XCO2 between urban and suburb well. The FTIR measurements in Beijing and Xianghe suggest that
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the spatial gradient observed by the OCO-3 SAM mode can be further used for emissions
estimation in this region.
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