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HIGHLIGHTS GRAPHICAL ABSTRACT

Recently added fossil fuel CO, presents a
nocturnal peak and a rush-hour peak, (a) Summer CO; (total)
associated with PBL and vehicle emis- :
sion.

Fossil fuel CO, in the basin is higher than
the outside, reaching 40 ppmv in urban
Xi'an and 15 ppmv in surrounding areas.
Ignoring the influence of summer het-
erotrophic respiration in terrestrial bio-
sphere would underestimate 6CO-ff by
0.38 ppmv.
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tral China, during summer 2012 is simulated using a modified WRF-CHEM model constrained by measured CO,
mixing ratio and A'*CO,. The model well captures the temporal variation of observed CO, mixing ratio and
A'C0,, and reasonably reproduces the distribution of observed A'#CO,. The simulation shows a significant var-

Editor: Jianmin Chen iation of 8CO,ff during summertime, ranging from <5 ppmv to ~100 ppmv and no remarkable trend of 8CO,ff is

found for June, July, and August. The 5CO-ff level is closely associated with atmospheric diffusion conditions. The
Keywords: diurnal cycle of 56CO,ff presents a double-peak pattern, a nocturnal one and a rush-hour one, related to the devel-
AMC opment of planetary boundary layer and CO, emission from vehicles. The spatial distributions of summertime
Fossil fuel CO, SCO,ff within the basin is clearly higher than the outside, reaching up to 40 ppmv in urban Xi'an and 15 ppmv
WRF-CHEM in its surrounding areas, indicative of large local fossil fuel emissions. Furthermore, we find that neglecting the
Guanzhong basin influence of summer heterotrophic respiration in terrestrial biosphere would slightly underestimate the calculat-

ed 5CO,ff by about 0.38 ppmv in the basin.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Since the industrial revolution, fossil fuel-derived carbon dioxide
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and climate change (Stocker et al., 2013). Le Quéré et al. (2016) have
assessed that global CO, emissions from fossil fuels is about
9.3 GtC yr~ ! during last decade (2006-2015), with an average growth
of 1.8% per year. This amount accounts for 91% of the total CO, emissions
and contributes largely to the global carbon budget during the decade
(Le Quéré et al,, 2016).

Traditionally, CO,ff emission is obtained using the “bottom-up” ap-
proach, in which CO,ff is estimated based on fossil fuel consumption
and a series of coefficients and scaling factors in each sector. This ap-
proach potentially involves large uncertainties (Marland et al., 2009).
For example, Marland et al. (2009) have reported that the estimated
CO,ff likely has an uncertainty of 3-40% at national and annual scale
and varies widely in country and method. Compared with the tradition-
al approach, radiocarbon content of CO, (A*CO,) provides a more sci-
entific and effective method to isolate the recently added CO,ff (Levin
et al,, 1989). Radiocarbon ('4C), naturally produced in the atmosphere
by cosmic-ray neutron interactions with nitrogen nuclei, has a radioac-
tive half-life of 5730 years (Godwin, 1962). Once produced, *C is rapid-
ly oxidized to 14CO, and distributed around the globe. A'C denotes the
per mil (%) deviation of '“C content from a standard material, corrected
for isotopic fractionation and radioactive decay since the time of collec-
tion (Stuiver and Polach, 1977). Given the observed (Aqps) and back-
ground (Apg) A™C and the observed CO, mixing ratio, the recently
added CO,ff (8CO-ff) is determined using the following equation
(Turnbull et al.,, 2009):

CO,0bs (Aobs — Abkg) . CO,0th (Aoth _Abkg)

8CO, ff =
2 Ag—Doig

1
A —Apig M

where Ay is the A™C value of CO,ff, which equals — 1000%. since fossil

fuel is buried much longer than the half-life of '“C. The second term of

; — CO20th(Aotn —Arig)
the equation, 3 = Ay —org

other small sources, primarily heterotrophic respiration of terrestrial
biosphere in inland regions (Miller et al., 2012; Turnbull et al., 2009;
2006).

With the rapid increase in economy during recent decades, China
has been consuming an increasing amount of fossil fuel, injecting a
large amount of CO, into the atmosphere (Gregg et al., 2008). Le

, is a small correction for "C from
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Quéré et al. (2016) have reported that China is the largest contribu-
tor to global CO, emission in 2015 and accounts for 29% (2.87 GgC) of
the total CO, emission. The estimation of CO, emission in China could
be quite uncertain. For example, Gregg et al. (2008) have reported
that the uncertainty in Chinese emission is about 4+ 10%. Liu et al.
(2015) have even found that the CO, emission in China during
2000-2013 are overestimated by 2.9 GgC which is larger than the
total forest sink during 1990-2007 (2.66 GgC) or the land carbon
sink during 2000-2009 (2.6 GgC) in China. This large uncertainty
poses a great challenge in the development of CO, control policies
for China.

During recent years, the advanced A'C method has been adopted,
although quite limited, in China's fossil fuel CO, observations. For exam-
ple, Zhou et al. (2014) used A'C to trace fossil fuel CO, in Xi'an City,
China. Niu et al. (2016b) measured atmospheric A'*CO, during 2014
in Beijing and Xiamen, China. The calculated 5CO-ff in Beijing and Xia-
men are 39.7 and 13.6 ppm, respectively, averaged over 2014 and signif-
icant seasonal variations of 8CO,ff are found in both cities. Niu et al.
(2016a) measured the A'CO, at a global background site (Waliguan)
and three regional background sites in China and highlighted that the
A'CO, at regional background sites is significantly lower than those
at the global background site. So far, the reported A'*CO, studies in
China are confined to scarce ground-based measurements.

The simulations of 6CO,ff using atmospheric models have been
performed. For example, Rivier et al. (2006) used a chemistry trans-
port model to evaluate the relationship between 5CO,ff and SFg,
C,Cly, and CO in the Northern Hemisphere, and recommended the
use of C,Cly as a proxy of 5CO-ff. Gamnitzer et al. (2006) simulated
5CO,ff in Europe using a regional transport model to investigate
the application of CO as a quantitative tracer for 5CO,ff. Liu et al.
(2017) simulated the spatiotemporal patterns of 6CO,ff in central
Europe using a high-resolution atmospheric transport model. How-
ever, very limited studies have been performed to simulate 6CO,ff
in association with A'4CO, observations (e.g., Turnbull et al., 2009,
2016). To the best of our knowledge, the modeling studies of
5CO,ff constrained by A'¥C0, measurements have not been reported
in China.

In this study, we simulate atmospheric CO, in association with
A'CO, measurements during summertime in the Guanzhong basin,
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Fig. 1. Map showing (a) the simulation domain, and (b) the topography of the Guanzhong basin. The red spot shows the location of Institute of Earth Environment, Chinese Academy of
Sciences (IEECAS). The black diamond presents the location of the Jinghe meteorological station.



T. Feng et al. / Science of the Total Environment 624 (2018) 1163-1170 1165

114

104 106 108 110

3 (a) Amhropogénic
.\ .0._'4.6< 5 3
. o~ - :_’;.\ B\

o %

ol e

3

A

> 3
3
8

[£4

.‘..-

—

0 02 05 1 2 5 10 20 30 40 60 100 >
x10* mol CO, / km? / hr
e 106 106 110 112 114
I —— = : :
| (b) Photosynthesis ™ S e e fviibinnne.. S ..

36

32
==

{’.\—"\

1& 11‘0
| S I I N N ——
0 01 02 056 1 2 4 6 8 10 12 15 >

x10* mol CO, / km* / hr

104 106 108
— -

110

b -
(c) Heterotrophic respiration -

N

38

..............

0 01 02 05 1 2
x10” mol C

4
0,/k

6 8 10

m?/ hr

an area in central China with rapid industrialization and urbanization,
using the Weather Research and Forecasting model coupled with atmo-
spheric chemistry (WRF-CHEM). The objectives of this study are to pre-
liminarily investigate the temporal variability and spatial distributions
of summertime 8CO,ff in the basin. We describe the model and its con-
figuration in Section 2. The results of model simulations and compari-
sons are given in Section 3 and the main conclusions are summarized
in Section 4.

2. Model and methods
2.1. WRF-CHEM model

Arevised version of the WRF-CHEM model, based on the official ver-
sion 3.8.1, is applied to simulate the summertime atmospheric CO; in
the Guanzhong basin, China. This specific version includes the CO, ex-
change of terrestrial vegetation with the atmosphere, which is treated
as follows:

COtot(t) = CO,bkg(t) + COLfF(t) + 6COoth(t) 2)
CO,bkg(t + 1) = CO,bkg(t) + [CO,RA(t + 1)—CO,NPP(t + 1)]
CO,bkg(t)
* O, tot(f) (3)

8COLfF( + 1) = 8COLFF(t) + [COR(E + 1)—CO,NPP(t + 1)]
5CO,ff(¢)
" €O, tot(f) “)

8COzoth(t + 1) = 6CO,0th(t) + [CORh(t + 1)—CO,NPP(t + 1)]
" 8CO,oth(t) 5)
CO,tot(t)

Atmospheric CO, is divided into 3 categories: background CO,
(CO,bkg), recently added fossil fuel CO, (8CO,ff), and other recently
added CO, (6CO,0th, mainly from terrestrial biosphere (Turnbull et al.,
2009); COytot is the total of these 3 categories. CO,Rh and CO,NPP de-
note CO, emission in heterotrophic respiration and absorption in photo-
synthesis of the terrestrial biosphere. The dry deposition of CO, is
parameterized following Wesely (1989) and the wet scavenging of
CO, is switched off in this study.

The derivation of A'CO, in the model is calculated following below:

CO,tot = CO,bkg + 6CO,ff + 6C0O,0th (6)

Aot - COztot = Abkg . COzbkg + Agf - 6C02ff + Aoth - 8C020th (7)

Given Apyg, Ag, and Ageh, Aror is calculated as

Apig - CO,bkg + Ags - 8COLff + Ay, - 5CO20th

Aror = CO,bkg + 6CO,f + 5CO50th

(8)

Turnbull et al. (2009) have reported that heterotrophic respiration
in terrestrial biosphere is expected to be the main contributor to At
for land regions. Therefore, we use Ay, instead of Ay, to estimate
modeled Ay

Abkg - CO;bkg + Agf - 5COLf + Ay, - 5CO,hr

Aot = CO,bkg + 6CO,ff + 6CO,hr

9)

where A = — 1000%. and Apyg uses the monthly mean of measured
A0, at the Jungfraujoch global background station. Turnbull et al.

Fig. 2. Geographic distributions of (a) anthropogenic CO, emissions and (b) absorbed CO,
in photosynthesis and (c) exhalant CO, in heterotrophic respiration of terrestrial
biosphere in the simulation domain. The black curves present provincial boundaries in
China and the location of Xi'an.
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Fig. 3. Temporal variations of simulated (red curve) and observed (blue curves) total CO, mixing ratio at IEECAS, Xi'an.

(2006) have estimated Ay, = 166 £ 100%. in terrestrial biosphere of the
Northern Hemisphere. This value varies quite widely and our assess-
ment of Ay, = 66%. in the Guanzhong basin results in the best fitted
Awor With the observation (see below).

2.2. Model configuration

We simulate summertime atmospheric CO, concentration from 1
June to 31 August 2012 in the Guanzhogn basin, China. The WRF-
CHEM model is configured with grid spacing of 6 km (150 x 150 grid
points) and centered at 109°E and 34.25°N (Fig. 1). Thirty-five stretched
vertical levels with spacing ranging from 50 m near the surface to 500 m
at2.5 kma.g.land >1 km above 14 km are adopted in the configuration.
The model employs the microphysics of Lin et al. (1983), the Mellor-
Yamada-Janjic (MY]) turbulent kinetic energy (TKE) planetary bound-
ary layer (PBL) scheme and the MY] surface layer scheme (Janjic,
2002), the Unified Noah land-surface model (Chen and Dudhia, 2001),
and the New Goddard shortwave (Chou and Suarez, 1999) and
longwave (Chou et al., 2001) schemes. Meteorological initial and
boundary conditions are obtained from NCEP 1° x 1° reanalysis data.
The chemical initial and boundary conditions of CO, are interpolated
from the s04_v3.8 run with a 6-h interval of Jena CarboScope (http://
www.bgc-jena.mpg.de/~christian.roedenbeck/download-C02/). The
spin-up time of the model is 1 day.

The employed anthropogenic CO, inventory from fossil fuel combus-
tion is developed by Zhang et al. (2009), which includes contributions
from agriculture, industry, power generation, and residential and trans-
portation sources (Fig. 2). The CO, flux of terrestrial biosphere repre-
sented as respired and photosynthetic CO, is interpolated from the
monthly data of Global Fire Emissions Database, Version 4 (GFEDv4,
https://doi.org/10.3334/ORNLDAAC/1293).

2.3. Observations

We use the Picarro G2131-i isotopic-CO, gas analyzer (Picarro
Inc., Santa Clara, CA, USA) to measure hourly CO, mixing ratio at
IEECAS, Xi'an (Fig. 1) online. The CO, detection line of this analyzer
is 0.1 ppmv. The sampling method of a displacement of phosphoric
acid solution is used to measure daily/multi-day CO, mixing ratio

and to derive atmospheric A'CO, at IEECAS, Xi'an (108.89°E,
34.23°N, Fig. 1b). This method has been employed in a previous
study and proved reliable (Zhou et al., 2014). Upper maize leaves
growing in summer are collected and sampled to present summer-
time A'CO, in the basin.

2.4. Statistics
In this study, the mean bias (MB), the root mean square error
(RMSE), and the index of agreement (IOA) are used to evaluate the

WRF-CHEM model simulations of ground CO, concentrations and
A'CO,.

1

MB =5 31 (Pi—0y) (10)
1 N 3
RMSE = {NZH(P,-—O,-) (11)
N
I0A — Zi:l(Pi*Oi) (12)

25 (IP—0| + 00

where P; and O; denote the simulated and observed variables, respec-
tively. N is the total number of predictions and O is the average of obser-
vations. Dimensionless IOA has a theoretical range from 0 to 1, with a
value of 1 suggesting perfect agreement between simulation and
observation.

3. Results and discussion
3.1. Model performance
The model performance is validated using the online hourly obser-

vation of CO, mixing ratio and daily (or multi-day) CO, and ACO, at
[EECAS, Xi'an, and A#CO, from maize leaves in the basin.
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Fig. 4. Diurnal cycle of simulated (red curve) and observed (blue error bars) total CO, mixing ratio at IEECAS, Xi'an averaged over June, July, and August. Blue bars show the standard

deviation of observed CO, mixing ratio during summertime.
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3.1.1. Temporal variability of CO, mixing ratio and A'*CO,

Fig. 3 presents the temporal variation of estimated CO, mixing ratio
from June to August 2012 at [EECAS, Xi'an against the hourly CO, obser-
vations. The observed CO, profile shows that the CO, mixing ratio is
generally >400 ppmv at IEECAS during summertime with peak values
higher than 500 ppmv. The model reasonably reproduces the variations,
despite some discrepancies. No obvious CO, trend is found from the ob-
servation or simulation during the 3 months. Statistics on the simulated
and observed CO, shows that MB and RMSE are —1.3 ppmv and
22.0 ppmvy, respectively, and I0A reaches 0.66.

The simulated diurnal cycle of CO, mixing ratio averaged over sum-
mertime is compared with the observation and specifically presented in
Fig. 4. The observation shows that the mean CO, mixing ratio in summer
is about 425 ppmv with a clear diurnal cycle. The observed nocturnal
CO, mixing ratio is higher than that during daytime, showing a pro-
found effect of the diurnal variation of planetary boundary layer height.

[ - I I I I [
30 -20 -10 0 10
A™CO, (per mil)

N — |
20 30 40 >

Fig. 6. Spatial distributions of simulated A'*CO, (colored contours) compared with
observed A'%CO, from maize leaves (colored spots) in the basin.

It is worth noting that the higher CO, mixing ratio at about 08:00 a.m.
(local time, LT), i.e. morning rush hours, strongly points to the influence
of transportation emission. As a comparison, the model well reproduces
the observed diurnal cycle of summertime CO, mixing ratio, although
with a larger variability. The simulation slightly underestimates the day-
time CO, mixing ratio and overestimates the nocturnal one, particularly
at mid-night; while the deviation is much less than the standard devia-
tion of observation.

The simulated temporal variations of atmospheric CO, mixing ratio
and A'#CO, are further validated against the observations obtained
from the displacement of phosphoric acid solution (Fig. 5). Horizontal
bars in the figure show the durations of measurements. Model results
are smoothed over 24 h. Fig. 5a shows that the model well captures
measured atmospheric CO, levels, ranging from ~400 to ~460 ppmv.
Statistics on the simulation and measurement shows that the MB and
RMSE are — 1.7 ppmv and 14.0 ppmv, respectively, and the 10A is
0.59. The measured daily/multi-day A'*CO, at IEECAS, Xi'an varies
from ~15 to ~ — 70; the range is reasonably reproduced by the model
with a MB of 0.1. The coincidence of the simulated high CO, mixing
ratio and low A'*CO, strongly suggests the important role of fossil fuel
CO, during high CO, episodes. We note that the I0As are relatively
low, indicating the difficulty in replicating the variabilities of CO, and
A'CO0, observations. These biases are probably owing to the uncer-
tainties in CO, emission and the simulated meteorological fields which
is interpolated from coarse (1° x 1°) reanalysis data.

3.1.2. Spatial distribution of A'*CO,

Maize leaves, as an alternative of atmospheric A*CO, signature, are
often used to represent atmospheric A'CO, during its growth period
(Bozhinova et al., 2016). In northern China, maize grows in the summer
season (Wang et al.,, 2014). The simulated spatial distribution of sum-
mertime A'“CO, is shown in Fig. 6 along with the measurements from
maize leaves in the basin. The spatial pattern of measured ACO, pre-
sents lower values inside the basin and higher on the edge and outside
of the basin, showing more fossil fuel CO, emission in the basin. This
spatial pattern is replicated by the model, in which A'*CO, show a
clear boundary between the inside and outside of the basin. Outside of
the basin, A'*CO, is higher than 20; while for inside of the basin,
A'CO0, is lower. A'*CO, in urban areas, offset by more fossil fuel com-
bustion, is lower than that in non-urban areas. This is obvious in Xi'an,
where A'%CO, is lower than — 50. Although the model reasonably re-
produces the observed A#CO, levels derived from maize leaves, the
overestimation of ACO, by the model is not ignorable. It should be
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(a) shows the 24-h average of hourly 6CO-ff mixing ratio. Green shades present typical high 6CO-ff episodes along with low wind speed.

noted that the maize samples are obtained along the roads, potentially
influenced by the traffic emissions, and hence the A'CO, tends to be
lower, which cannot be well presented in the model. In addition, more
information of the growing period of maize in the basin is needed in fu-
ture to more precisely compare the simulated and maize leaf-derived
AC0,.

The above comparison between model result and measurement re-
veals a reasonable model simulation of temporal variation and spatial
distribution of CO, mixing ratio and A'*CO, in the basin, suggesting
that the employed CO, emission inventories are rational and the WRF-
CHEM model is reliable to simulate the temporal variability and spatial
pattern of fossil fuel CO, in the basin.

3.2. Temporal variability of COff

Fig. 7a shows the simulated temporal variation of 5CO,ff mixing ratio
at [EECAS, Xi'an from June to August 2012. 5CO,ff varies largely from <5
to ~100 ppmv at peak time with an average of 24.1 ppmv. The 24-h av-
erage 5CO,ff mixing ratio shows that daily 8CO-ff at IEECAS ranges from
10 to 55 ppmv in summer. Although the calculation shows that 6CO,ff in
July (21.2 ppmv) is lower than that in June (25.4 ppmv) and August
(25.8 ppmv), no remarkable trend is presented by the 24-h average
dCO,ff during the 3 months in Fig. 7a. The temporal variation of surface
wind speeds at the Jinghe meteorological station in Fig. 7b implies a
close relationship between 6CO,ff mixing ratio and the intensity of at-
mospheric dispersion. High (low) 6CO,ff mixing ratio episodes often
correspond with low (high) wind speeds, which indicates that the
8CO,ffin the basin is easily built up when the air is stagnant and a strong
air dispersion with high wind speed can result in a relatively low 8CO,ff
mixing ratio.

The diurnal cycle of 6CO,ff mixing ratio at IEECAS is shown in Fig. 8.
The temporal profile of 6CO,ff within a day presents a double-peak pat-
tern, a peak at night and another at 08:00 a.m. (LT). Similar to the diur-
nal cycle of A'#CO,, these 2 peaks are explained by the low nocturnal
PBL height and the abundant traffic emissions during morning rush
hours, respectively. The 6CO-,ff mixing ratio exceeds 30 ppmv during
these 2 periods averaged over the entire summer and is diluted to
~12 ppmv by the elevated PBL in the afternoon.

3.3. Spatial distribution of 5COLff

The spatial distributions of CO, and 5CO,ff mixing ratio in the basin
from June to August 2012 are shown in Fig. 9. The CO, mixing ratio out-
side the basin, treated as the CO, background of the basin, is about
390-400 ppmv. The lowest regional CO, background is over the Qinling
Mountains, where the abundant terrestrial vegetation absorbs a large
amount of atmospheric CO,. Similarly, the 8CO,ff mixing ratio outside
of the basin is generally quite low, <4 ppmv, which agrees well with
the distribution of residents and anthropogenic CO, emissions. In con-
trast, the CO, and 6CO,ff mixing ratios in the basin, especially in the
urban areas, are apparently higher than the outside. Fig. 9 shows that
the raised CO, mixing ratio in the basin is almost attributed to the fossil
fuel source. The rise of CO, mixing ratio compared to the background
reaches up to 40 ppmv in urban Xi'an and about 15 ppmv in its sur-
rounding areas, in good agreement with 6CO,ff mixing ratio.

3.4. 6COff offset by terrestrial biosphere

Turnbull et al. (2009) have reported that neglecting the bias in
heterotrophic respiration of terrestrial biosphere can lead to an

50 T T T T T T
40 F
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Fig. 8. Diurnal cycle of simulated added fossil fuel CO, concentration at IEECAS, Xi'an.
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Fig. 9. Spatial distributions of simulated (a) CO, and (b) 8COff mixing ratios in the basin.

underestimation of fossil fuel CO,, typically 0.2-0.5 ppmv with a
maximum in summer. However, the bias in fossil fuel CO, over
Xi'an has never been assessed. Here, we estimate the impact of het-
erotrophic respiration on the derivation of recently added fossil
fuel CO, by assuming Aqgh = Apig in Eq. (1). When employing this
approximation, we obtain a fossil fuel CO, mixing ratio of
22.18 ppmv averaged over summertime 2012 within Xi'an,
0.38 ppmv less than the level with heterotrophic respiration of ter-
restrial biosphere considered. This result suggests that the recently
added fossil fuel CO, in inland cities of China is probably
underestimated slightly by the traditional approximated equation.

4. Conclusions

In this study, the summertime fossil fuel CO, recently added to the
atmosphere is simulated using a modified WRF-CHEM model. The mea-
surements of CO, mixing ratio in different time resolution and derived
A'CO, using AMS are used to constrain the model simulation. The
model reasonably simulates the observed temporal variation of CO,
mixing ratio and well captures the diurnal variation at IEECAS, Xi'an.
The measured A'#CO, variation is reasonably reproduced by the
model. The simulated spatial pattern of summertime A'#CO, within
the basin is evidently lower than that outside the basin, which is in ac-
cordance with the A™C0O, measurements from maize leaves growing
in summer. The reasonable performance of the WRF-CHEM model in
simulating summertime CO, mixing ratio in Xi'an and A*CO, in the
basin indicates that it is reliable to estimate recently added fossil fuel
CO; in the basin using the current model and configuration.

The temporal variation of simulated 6CO,ff in summer 2012 is ana-
lyzed. The variation of 6CO,ff mixing ratio is dramatic, ranging from
<5 to ~100 ppmv, and the daily 6CO-ff varies from 10 to 55 ppmv. No
remarkable trend of 6CO,ff is found during June - August 2012. The re-
lationship between 6CO,ff mixing ratio and wind speeds suggests an
anti-correlation between 8CO,ff and the intensity of atmospheric dis-
persion, that is, high (low) 8CO,ff episodes often correspond with low
(high) wind speeds. The diurnal variation of 6CO,ff presents a double-
peak pattern, a nocturnal and rush-hour peak, which is closely related
with the development of PBL and CO, emission from vehicles. The spa-
tial distributions of summertime CO, and 6CO,ff mixing ratio in the
basin is much higher than the outside, especially in the urban areas.
The CO, mixing ratio elevated by local fossil fuel sources reaches up to
40 ppmv in urban Xi'an and about 15 ppmv in its surrounding areas.

Neglecting the influence of heterotrophic respiration in terrestrial
biosphere in the basin can lead to an underestimation of 6CO,ff by
about 0.38 ppmv in summer. This small underestimation shows that
the approximation of the typical method (Eq. 1) has a minor effect on
8CO,ff calculation in inland cities of China.
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