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GRAPHICAL ABSTRACT

Atmospheric CO,, as well as A™C and
5'3C were observed regularly in Xi'an.
Urban CO, “dome” effect was particular-
ly evident during winter season.
Average contribution of CO,yin winter
were lower than that in summer.

Coal burning was the dominant source
of fossil fuel emissions in winter.
Biogenic activities play an important
role in urban carbon cycles.
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Sources and sinks

Given that cities contributed most of China's CO, emissions, understanding the emission characteristics of urban
atmospheric CO, is critical for regulating CO, emissions. Regular observations of atmospheric CO, concentration,
A™Cand 6'C values were performed at four different sites in Xi'an, China in 2016 to illustrate the temporal and
spatial variations of CO, emissions and recognize their sources and sinks in urban carbon cycles. We found sea-
sonal variations in CO, concentration and 6'3C values, the peak to peak amplitude of which was 80.8 ppm for CO,
concentration and 4.0%. for its 5'>C. With regard to the spatial variations, the urban CO, “dome” effect was the
most pronounced during the winter season. The use of A'*C combines with §'>C measurements aid in under-
standing the emission patterns. The results show that in the winter season, emissions from fossil fuel derived
CO, (COy) contributed 61.8 + 10.6% and 57.4 & 9.7% of the excess CO, (COx.y) in urban and suburban areas re-
spectively. Combining with the result of estimated §'*C value of fossil fuel (5'3Cy = — 24%o), which suggest coal
burning was the dominant source of fossil fuel emissions. In contrast, the proportions of COyin CO4ey varied
more in the summer season than that in the winter season, ranging from 42.3% to >100% with the average con-
tributions of 82.5 & 23.8% and 90.0 + 24.8%. Given the estimation of 5'C value of local sources (5'3C;) was
—21.9%. indicates that the intensively biogenic activities, such as soil respiration and corn growth have signifi-
cantly impacted urban carbon cycles, and occasionally played a role of carbon sink.
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1. Introduction

Carbon dioxide (CO-) is one of the most important anthropogenic
greenhouse gas, the global average CO, concentration has reached
400 ppm in 2015, with the mean annual absolute growth of 2 ppm dur-
ing the last decade (WMO, 2016). Emissions from fossil fuel combustion
are the primary driver of this increase (Ballantyne et al., 2015). There-
fore, quantifying the emissions of fossil fuel CO, (COp) is essential for
regulations to reduce CO, emissions thereby mitigate the effects of glob-
al climate change as well as implement low carbon development strat-
egies (Duren and Miller, 2012).

The most common method to estimate COg emissions is through
bottom-up inventory data, which uses the energy activity data and rel-
evant fossil fuel emission factors to estimate CO, emissions (IPCC,
2006). This method provides useful information toward the determina-
tion of CO,y emission levels at national or regional scales and helps to
define emission reduction goals. However, due to inconsistencies of sta-
tistical data and differences in the estimated emission factors, uncer-
tainties vary between 3% and 40% at the national scale on annual
estimate (Marland et al., 2009), and the uncertainties will increase
with the decrease in spatial scale (Gurney et al., 2009). Furthermore,
since the availability of energy consumption data for most cities in
China is limited (Liu et al., 2012) and it's difficult to define a city's
boundary for CO,5 emissions accounting (Liang and Zhang, 2011), so
there are some challenges to use bottom-up method for city's COy
emissions research.

As CO, emissions become regulated and the needs of verifying re-
ductions, it is necessary to seek other methodologies to achieve more
satisfactory results (Tans and Wallace, 1999). “Top-down” atmospheric
measurements have been proposed to independently evaluate CO5y
emissions and as a complement to the widely used bottom-up method
(Ciais et al., 2010; McKaina et al., 2012). A number of studies have
shown that radiocarbon (4C) content analysis on air samples is a highly
effective atmospheric top-down proxy for quantifying CO; compo-
nents and biogenic CO, sources at different spatial and temporal scales
(Levin et al., 2003; Turnbull et al., 2006). Because fossil fuels are made
of sedimentary organic matter that is much older than the half-life of
14C (5730 + 40 years) (Godwin, 1962), their '*C content has decayed
to undetectable level in fossil fuels, and causing a decrease in the ratio
of 'C/'2C when CO,y is persistently released into the atmosphere
(Suess, 1955). Thus, it is possible to quantify the fractions of CO,emis-
sion by measuring the ratio of '“C/'2C in atmosphere. The stable carbon
isotopic composition (§'3C) can be used to constrain CO, sources fur-
ther due to distinct isotopic signatures between fossil fuel and biogenic
sources. Such as the 6'3C value of natural gas typically being lower than
that of petroleum (Ballantyne et al., 2011; Djuricin et al., 2010; Newman
et al., 2016; Pataki et al., 2003a; Widory and Javoy, 2003).

Being hot spots for anthropogenic CO, emissions, cities contribute
about three-quarters of global CO,5 emissions within a small fraction
of the total land area on earth (IEA, 2008; Seto et al., 2014). In China
in particular, emissions from cities' energy usage were estimated to con-
tribute ~85% of China's CO, emissions (Dhakal, 2009, 2010). Therefore,
using a top-down approach to quantitatively understand the sources
and magnitude of cities CO, emissions in China is a key scientific issue
in carbon emission-reduction research. This requires including not
only the measurements of atmospheric CO, concentrations in cities,
but also the identification of their sources and sinks, as well as quantify-
ing their relative contributions, especially for CO,5emissions. These are
considered as important steps toward addressing the challenge of
greenhouse gas mitigation (Newman et al., 2016).

To this end, atmospheric CO, concentrations and 6'3C values were
observed regularly from the January to the November of 2016 at four
sites in Xi'an city, and A'C in the winter and summer seasons were
also measured. We attempt to (1) present the spatial and temporal
characteristics of the urban atmospheric CO, concentration and 813C;
(2) quantify the contributions of anthropogenic and biogenic emissions

in different regions and seasons of the city; and (3) make a qualitative
analysis of the dominant source of fossil fuel and biogenic emission in
urban carbon cycles.

2. Materials and methods
2.1. Sampling sites

Xi'an is located in the Guanzhong Plain (Fig. 1 left) and is the biggest
city in west China, with a population of nearly 8.7 million in 2016. The
city is sandwiched between the Loess Plateau in the north and the
QinLing Mountains in the south. Xi'an has an average elevation of
400 m a.s.l and an annual precipitation of 553 mm, this city is influenced
by the East Asian monsoon system with a character of semi-humid con-
dition, and the monthly average temperature ranges from around the
freezing mark in December to 29.0 °C in July (Xi'an Municipal Bureau
of Statistics, 2016). Atmospheric air samples were collected at 4 sites,
distributed over different regions of the city (Fig.1 right). Sampling
sites A and B are the two urban area sites, which were located in Taibai
Campus of Northwest University and Weishi Street, respectively. C and
D sites represent the two suburban locations within Han Chang ‘an ruins
zone and High-tech industrial zone, respectively. All of these sites are lo-
cated more than 200 m from any main roads and were assumed not in-
fluenced by local traffic and other environmental factors.

The Waliguan (WLG) Global Atmosphere Watch (GAW) station
(36.28° N, 100.9° E) is the only inland atmospheric background station
on the Eurasian continent and is located at the highest altitude
(3816 m a.s.l.) in the world. It is located on the northeast slope of the
Qinghai-Tibet plateau in western China (Fig. 1 left), and it is rarely influ-
enced by human activities. As such, it was selected as a background site
for this study.

2.2. Sample collection

Sampling campaigns were carried out at one week intervals, and all
sampling was conducted on the same day of the week and typically near
14:00 of local time, when the planetary boundary layer (PBL) tends to
be deepest and air is well mixed during the day (Newman et al.,
2016). So the isotopic signature is expected to reflect the average level
of local sources, though the diurnal CO, concentrations tend to be low
level during the day (Idso et al., 2001; Necki et al., 2003). All air samples
were collected with a pump to fill a 5-L aluminum foil air bag (Delin Gas
Packing Co., Ltd. Dalian, China) for 10-15 min. Before sampling, each
bag was evacuated to approximately 10~2 mbar in a pretreatment lab
and purged with ambient air at the sampling site for 3 min in order to
displace any remaining gas. After the completion of air sampling, air
bags were transported to the laboratory for further analysis. The sam-
pling was done once a week over a period of 11 months. In some
weeks, the sampling was not conducted due to inclement weather
and other issues. A total of 150 air samples from all four sites were col-
lected for the determination of CO, concentration and 8'3C, and 75 air
samples, which collected during winter and summer seasons were con-
ducted for '*C isotopic analyses.

2.3. Sample preparation and measurements

All air samples were first measured using a Picarro G2131-I CO, Iso-
topic Analyzer (Picarro Inc., USA). The instrument is based on cavity ring
down spectroscopy (CRDS), with the cap abilities of high precision, lin-
earity and stability for CO, measurement (Crosson, 2008). Each sample
was measured for approximately 6 min and the measurement frequen-
cy was 1 s. Only the average value of the last 4 min for each sample was
used in order to reduce the uncertainties, and CO, concentrations were
determined by summing the '>CO,q,y and 3CO,q,y data. The standard
reference gases were obtained from Chinese Academy of Meteorological
Science, their concentration and 8'3C values were traceable to the
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Fig. 1. The location of Xi'an city within China and the detailed location of the sampling sites in Xi'an. The colorful circles on the right panel represent the loop road and the expressway in

Xi'an city, respectively.

Central Calibration Laboratory(CCL)of WMO (World Meteorological Or-
ganization) 2007 scale and NBS-19 and NBS-20 standard reference ma-
terials of NOAA-ESAL, respectively. The values of 6'3C are expressed
relative to the Vienna Pee Dee Belemnite (VPDB) standard (Coplen,
1996).

88C = (Rsample/Rs tandard — 1 ) x 1000%. (1)

R is the ratio of heavy carbon (3C) isotope to light carbon ('2C)
isotope.

After the completion of CO, measurements, the residual samples
collected in winter and summer were allowed to flow through a vacu-
um system at a rate of 200 mL/min (Zhou et al., 2014).The air passed
through a liquid nitrogen cold trap (—196 °C) to freeze CO, and
water, then the water was removed by an ethanol-liquid nitrogen cold
trap (—90 °C), and the CO, was purified (Zhou et al., 2014). The purified
CO, was reduced to graphite using the zinc iron method, in which zinc
power is used as a reductant and iron as a catalyst (Jull, 2007; Slota
et al., 1987).

The graphite was then pressed into an aluminum holder and '“C was
measured using a 3 MV accelerator mass spectrometer (AMS) in Xi'an,
China, with a precision of 2%. measurement (Zhou et al., 2006). The re-
sults can be reported as A'“C, which is the per mil (%.) deviation from
the absolute radiocarbon standard and is corrected by the international
common method (Stuiver and Polach, 1977).

14, /12
AYC = W—l % 1000%o 2)

ABS

Here, (4C/"2C)sy is the atomic ratio of 14C/'2C in the sample which is
normalized to a 5'3C of — 25%., and (14C/2C) gs is the absolute radiocar-
bon reference standard.

24. Calculation

2.4.1. Calculation of CO4 based on A™C

In general, the major sources of atmospheric CO, (COy0ps) can be di-
vided into three components: fossil fuel CO2 (COy), biogenic emission
(CO2bio) and the atmospheric background (COypg). The A'C values of
these components are expressed as Aqps, Ag; Apio, aNd Apg, respectively.
According to two mass balance equations of CO, concentrations and
A™C (Levin et al., 2003; Miller et al., 2012; Pataki et al., 2003a;

Turnbull et al., 2006; Zimnoch et al., 2012), the following equations
can be written:

COx0bs = COyf + CO4pg + COxpio 3)
AopsCO20ps = AyCOofp + ApgCO2pg + ApigCO2bio (4)
Then, rearranging Eq. 3 and Eq. 4, CO, can be calculated as follows:

_ COZobs (Aobs _Abg) _ COZbio (Abio _Abg) ( 5)
A —Ang Ay —Ang

Oy

In Eq. (5), Ay = —1000%., and the second term of the right - hand
side in the Eq. (5) is the bias (3) term. In general, A, is assumed to be
equal to Ap because autotrophic respiration is considered to be the
main source of biosphere (Levin et al., 2003). If 3 is ignored, CO5y
would be underestimated by 0.4-0.8 ppm in summer and 0.2-
0.3 ppm in winter (Hsueh et al., 2007; Palstra et al., 2008; Riley et al.,
2008; Turnbull et al., 2009; Turnbull et al., 2006). Specifically, in most
temperate Northern Hemisphere regions, the effect of this term under-
estimates CO,by 0.2 ppm in winter and 0.5 ppm in summer (Turnbull
et al,, 2009), which were used to correct CO,in this study.

The choice of atmospheric background A!*C can influence the esti-
mate of the CO,5 concentrations. In general, an ideal background site
should be located in the free troposphere, but it's difficult for a long-
term observation, and therefore high altitude mountains are usually se-
lected as proxies of free troposphere background sites (Turnbull et al.,
2009). In this study, we selected WLG as the background site and the av-
erage A'“Cvalue of 17.1 & 6.8%. was reported in 2015 (Niu et al., 2016).
Because there is no background A'“C values were available for 2016, we
used the value of 12.1%. as the annual background A'“C value 0f 2016 in
this study which were inferred based on the annual decline of approxi-
mately 5%, at Pt. Barrow, AK in recent years (Graven et al., 2012). Ac-
cording to our measurement data, there is a bias of about 0.4 ppm for
COyrwhen the change of background A'C value is 1%o.

24.2. Determination of 6'>C signature of the local CO, sources

There are two methods to determine the 6'>C signature of the local
source (6'3Cy), such as from the Keeling plot (Keeling, 1958) and from
the Miller-Tans plot (Miller and Tans, 2003). Both methods have their
certain assumptions, for example, the basic assumption of Keeling plot
method is that only two gas components are considered and their isoto-
pic compositions do not change during the observation period (Pataki
et al., 2003b). The Miller-Tans approach requires a record of the
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background CO, concentrations and &'3C but the Keeling plot method
does not. Although (Zobitz et al., 2006) have found that there were
not inherent advantage or disadvantage between these two methods,
Keeling plot method is generally used for samples collected at night-
time or winter season when sinks and sources do not occur simulta-
neously (Vardag et al., 2016). Thus the Miller-Tans plot method was
chosen to determine the local CO, source signature as follows:

obs

513C Cobs = 613C$ (Cobs_cbg) + 513Cbgcbg (6)

In linear Eq. (6), when 6">C,Cyps is plotted in the y-axis and §'3Cp,Cpg
is plotted in x-axis, then, the isotopic composition of the local source
(8'3C,) is the slope of this line, which is determined by Model I (ordinary
least squared) regression technique (Zobitz et al., 2006). The value of
813C, represents the flux-weighted mean isotopic composition of the
local CO,g sources, including anthropogenic and biogenic sources dur-
ing the observation period (Miller and Tans, 2003). In theory, 6'3C,
should range from the end member of C4-type ecosystems to natural
gas.

In this study, the observed data of WLG in 2016 was used as the
background CO, concentrations in our observation period. Because of
the unavailability of §'3C data for the time interval of interest, the back-
ground 8'3C values were inferred by the observed date at WLG in 2014
and the average annual decrease rate of 0.02%. in recent years (Liu et al.,
2014).

2.5. Data analysis

Statistical analysis was performed using SPSS software. Variance
analysis of CO, and CO, concentrations were performed by using
one-way ANOVA method to evaluate statistically significant difference
when p < 0.05. Ordinary least square (OLS) technique was used for lin-
ear regression analysis.

3. Results and discussion

3.1. Temporal and spatial variations of atmospheric CO, concentrations and
613C values

Atmospheric CO, concentrations and 6'3C values showed obvious
seasonal variations during the whole observational period (Fig. 2). The
concentrations of atmospheric CO, varied from 400.7 4+ 3.2 ppm in
July 6 to 481.5 4 23.7 ppm in January, with an average value of 432.8
=+ 23.9 ppm, and the median CO, concentration was 430.1 ppm. In the
winter season (January to March), the CO, concentrations ranged
from 435.2 4+ 11.1 ppm to 481.5 + 23.7 ppm, with an average value
of 456.2 + 20.9 ppm. This is higher than that in the summer season
(June to August), which has a range of 400.7 & 3.2 ppm to 425.6 +
3.9 ppm and an average value of 414.2 4+ 7.4 ppm, and the peak to
peak amplitude of the seasonal fluctuation was 80.8 ppm. Comparing
with some regional background sites in China, the amplitude in Xi'an
was 19.4 ppm higher than that in Lin'an (Xia et al., 2015) and
22.9 ppm in Shangdianzi (Liu et al.,, 2014), indicating that urban atmo-
spheric CO, concentrations were strongly influenced by anthropogenic
activities.

The seasonal variations of the 5'>C values in Xi'an is a reflection of
the CO, curve (Fig. 2, below), varying from —11.8 4 0.7%. to —7.8 +
0.5%., with an average value of —9.5 4 1.2%, during the observational
period. During the winter season, 6'>C ranged from —11.8 & 0.7% to
—10.5 £ 0.7%., and the average value was — 11.0 £ 0.4%.; the varia-
tions of 6'C during the summer season ranged from —9.4 & 0.1%. to
— 7.8 4+ 0.5%., with an average value of — 8.5 + 0.6%., and the ampli-
tude of the seasonal variation is 4.0%.. The seasonal patterns of the
CO, concentrations and &'3C values in Xi'an were similar to those in
other areas. For example, the CO, concentrations in Beijing, China,

mmm CO, concentration

....... Average CO, concentration

430 4 v I
: “]||I.,|‘|l T

|"I'|I.l..l“ l__'I i...-!‘ll il‘l I el |
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Fig. 2. Temporal variations of the CO, concentrations and &'>C values from 3rd January to
15th November of 2016 (n = 42). Vertical bars represent the variation interval of the CO,
concentrations and 6'3C values; the dotted lines represent the average values of the CO,
concentrations and §'3C values. The error bars show the standard deviations of the
means across the four sites.

ranged from 372.2 ppm to 635.6 ppm, with an average value of 440.9
+ 37.6 ppm from November 15, 2012, to March 8, 2014 (Pang et al.,
2016), and in Bern, Switzerland, the concentration was highest in the
winter and lowest in the summer over the period from October 2003
to February 2005 (Sturm et al., 2006); similar results were also found
in Los Angeles, USA (Djuricin et al., 2010) and Nagoya, Japan (Wada
etal, 2011).

The remarkable differences in the CO, concentrations and §'3C
values among the different seasons are mainly due to the changes of
local sources and sinks, including the intensity of photosynthesis and
respiration, anthropogenic emissions and meteorological conditions
(Sturm et al., 2006; Wada et al., 2011). Actually, as a northern Chinese
city, there is a special heating period from mid-November to mid-
March of the following year in Xi'an, which is called the heating season.
In this special period, more fossil fuel consumption causes a massive re-
lease of CO,;. Moreover, because Xi'an is located in Guanzhong plain
and sandwiched by the Loess Plateau in the north and the Qinling
mountains in the south, air masses were blocked by Qinling mountains
when wind blew from northeast direction (Zhao et al., 2015), so the
prevailing northwest wind limited the dispersion of urban atmospheric
CO, in Xi'an during winter. As the heating season ends, atmospheric CO,
concentration began to decrease rapidly and the value of 'C begins to
increase. This result supports the assumption that the burning of fossil
fuel for heating has a significant contribution to the local excess CO, in
winter. Coinciding with the increasing of convection of air masses and
biogenic activities, the lowest CO, concentration and the most enriched
813C values occurred in summer.

The spatial variations of the atmospheric CO, concentrations and its
5'3C values at all four sites in Xi'an city are shown in Table 1. During the
observational period, the CO, concentrations in the urban districts were
significantly (p < 0.05) higher than those of the suburbs in the winter
season; the average CO, concentration in the urban districts was
~20 ppm higher than that in the suburbs. The considerable difference
between the urban and suburban districts became weak, and was not
significant (p > 0.05) in the spring (April to May). Although the CO, con-
centrations were similar at four sampling sites in the summer, the dif-
ferences were significant (p < 0.05) and the average CO,
concentration in the suburbs was lower than that in the urban districts
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Table 1

The average CO, concentrations and &'C values with their respective standard deviation in the urban and suburban areas.
Season A? B? cP D®

CO,(ppm) 813C(%) CO,(ppm) 8"°C(%) CO,(ppm) 8'°C(%) COz(ppm) 512C(%)

Winter 466.3 + 23.7 —115+£ 0.7 466.7 + 21.6 —11.1+£08 4472 +13.7 —10.5+0.8 4446 + 15 —11.1+06
Spring 421.9 £ 10.0 —92+£09 4235+ 11.7 —92+1 416.7 + 10.9 —-91+07 4238 + 129 —88+07
Summer 414.6 + 8.3 —8.6+ 06 418.14+93 —84+08 4129 4+ 13.1 —84407 408.7 + 9.6 —85406
Autumn 452.6 +12.8 —104 £+ 0.7 450 4+ 13.2 —10.6 £ 0.6 4394 + 4.7 —104+04 438.7 + 11.7 —98406
Whole period 436.5 £ 27.2 —96+13 440.5 + 25.2 —97+13 429.7 + 194 —94+ 1.1 426.2 + 21 —93+12
¢ Urban site.

P Suburban site.

by 5.6 ppm. In the autumn season (September to November), the differ-
ence is also significant (p < 0.05) and the value differs between the win-
ter and summer by 11.8 ppm. In terms of spatial variations, the
observational record showed that the highest CO, concentration consis-
tently occurred in urban areas and the lowest occurred in suburban
areas. The spatial variations showed the urban CO, “dome” effect (Idso
et al., 2001) was the most pronounced during the winter season and
the least distinct during the summer season in Xi'an. In order to under-
stand the reasons of these changes in different seasons and regions, it is
necessary to identify the sources and sinks of urban atmospheric CO,
and illustrate their spatial and temporal variations.

3.2. Sources of local CO, emissions and their spatial and temporal variations

3.2.1. The variations of COzy and COsp;, contributions

In this study, air samples collected during winter and summer sea-
sons were used for AC measurement to quantify the contributions
of CO4 and COyp, emissions to local atmospheric CO,. The results
showed that A'C values ranged from —126.0 & 2.8% to —7.4 +
3.6%. in the winter season and — 58.3 4= 2.8%. to 8.2 4 3.2%. in the sum-
mer season, with average values of —54.7 4+ 31.9% and —25.3 +
17.6%., respectively. The corresponding CO; concentrations were cal-
culated by Eq. (5) which ranged from 68.9 + 1.4 ppm to 8.2 +
1.6 ppm with an average concentration of 30.6 + 15.9 ppm during the
winter season, and varied from 29.0 4 1.3 ppm to 4.2 £+ 1.2 ppm in
the summer season, with an average concentration of 15.8 &+ 7.6 ppm.
We interpreted that relatively lower A'*C values and higher COy con-
centrations in the winter season mainly resulted from more fossil fuel
consumption.

To compare the differences between the urban and suburban areas,
we averaged the two urban samples and two suburban samples to pro-
duce weekly average A'“C values and COy concentrations, which are
presented in Fig. 3(A) and Fig. 3(B), respectively. In the winter season,
the A'™C value ranged from —118.0 + 11.3%. to —28.2 &+ 12.9%.,
with an average value of —68.6 + 34.8%. in the urban areas, which is
significantly (p < 0.05) lower than that in suburban areas, where the
AC values were in the range of —58.2 + 24.1%. ~ — 16.5 & 11.7%.,
with an average of —40.8 4 13.9%.. Conversely, the average CO, con-
centration in the urban areas (37.7 £ 17.8 ppm) was higher than that
in the suburban areas (23.5 + 6.5 ppm) by 14.2 + 13.2 ppm. Although
there were similar trends between urban and suburban areas in the
summer season, the average CO,5 concentration in the urban area
(18.5 £+ 7.3 ppm) was slightly higher than the suburban area (13.5 +
6.8 ppm) by just 5.0 + 3.4 ppm. Compared with the differences of the
atmospheric CO, concentrations in urban and suburban areas
(Table 1), the results indicated that the urban CO, “dome” effect was
mainly caused by CO,5emissions.

Quantifying the contribution of CO,; emissions is essential for un-
derstanding the spatial and temporal variations of CO,; We calculated
the excess of CO, concentration (COy) by subtracting the background
CO, concentration from the total CO, concentration, and then obtain
the contribution of COy4 to CO4.y. In the winter, the results (Fig. 4)
showed the contributions of CO,5ranged from 51.8% to 78.9% with an
average proportion of 61.8 4+ 10.6% across the urban areas. Due to

more intensive human activities concentrated in urban areas, the con-
tribution of CO,y emissions is somewhat higher than that in the subur-
ban areas. So there were relatively lower proportions in the suburban
areas which varied from 44.2% to 70.4% and with an average of value
of 57.4 £ 9.7%. Emissions from biogenic sources account for the remain-
ing fraction and cannot be neglected, because the burning of biomass for
cooking and heating is very common in some rural areas surrounding
the city. Furthermore, the soil respiration and the decomposition of
soil organic matter also release CO, back into atmosphere, resulting in
biogenic activities played a role of source in local atmospheric CO, cy-
cles during the winter season.

Whereas in the summer season, the contributions of COyy to CO5ex
varied widely (Fig. 4), ranging from 42.3% to >100%. Similar results
were also found in Los Angeles, USA (Newman et al., 2013), and
Kasprowy, Poland (Zimnoch et al.,, 2012). These results can be attributed
to the intensive photosynthesis during summer season, which removed
some amount of CO, from local atmosphere. Biosphere occasionally
played a role of carbon sink in the case of CO, absorbed by photosynthe-
sis is greater than that emitted by respiration. Meanwhile, although
CO,5emissions in winter were much higher than that in summer, bio-
genic emissions were also more intensive than that in summer (Levin
et al., 2003; Zimnoch et al., 2012), resulting in the contributions of
CO,in the summer (82.5 + 23.8% in urban areas and 90.0 & 24.8% in
suburban areas) were in fact higher than that in the winter. The higher
CO,rproportions in suburban areas indicate more intensive biogenic ac-
tivities exist within suburban areas. Additionally, the results also
showed the proportions over 100% frequently occurred in late summer
when the biomass accumulation reached its maximum.

3.2.2. The variations of 6">C values of local sources

Although A'#C measurements provided quantitative information to
assess the emissions from COyand COxpj, more constraints are needed
to recognize the sources of CO, further. Here, we used the 513C values
of local sources (8'3C;) for this purpose. In this section, 6'C; was
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determined by using the Miller-Tans method, combined with the re-
sults of A'C to recognize the source variations between winter and
summer. Generally, 8'3C, represents the flux-weighted average of
more than one sources and/or sinks (Miller and Tans, 2003).

813Cs = 883 CyFy + 8" Chio Fiio 7)

Here, F is the relative proportions of fossil fuel and biogenic emis-
sions in CO,ex, Which were calculated based on the measurements of
AMC

The values of 6'3C, were depleted (— 24.9%.) in winter and enriched
(—21.9%,) in summer (Fig. 5). As above, 6'3C, in the winter season is
the flux-weighted average of fossil fuel and biogenic emissions, if we
adopted isotopic signature of biogenic (6'3Cp;,) to be —26.2%. (Pataki
et al.,, 2007), combing with the results of average proportions of fossil
fuel emissions in winter, we calculated the 6'>C of fossil fuel emissions
(8"3Cy) of —24%.. The value of $'3C in winter season appears very
close to the end member of Chinese coal, which has an average value
of —23.5%. (Chen et al., 2012; Tang, 2001). The result suggest that
coal burning is the dominate source of fossil fuel emissions in winter.
Recently, CO, emission inventories for several Chinese cities have
been reported (Shan et al., 2017), in the case of Xi'an city, the results
showed that coal consumption account for 70% of the total emissions
of fossil fuel and industrial processes in 2010. Although some cleaner
energy fuels are advocated by the local government in recent years,
coal is still the main energy source for heating and electricity generation
in Xi'an. Therefore, reducing the share of coal consumption in the ener-
gy mix is a hopeful path to control city's CO, emissions, especially in the
cities of north China, where winter heating is common. Compared with
other cities that have similar energy usage patterns, the values of 5'3C;
were more or less consistent with our results. For comparison, in
Wroclaw, Poland, the value of !3C; is — 25.7%. and — 27.3%. in two
heating season (Goérka and Lewicka-Szczebak, 2013). However, some
studies in other cities showed more depleted values of 6'3Cs because
of the higher proportion of natural gas usage and less coal consumption.
For example, 6'3C, values ranged from — 30.0%. to — 37.2%. in Salt Lake
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Fig. 5. Miller-Tans plots for the winter and summer in 2016.

City, USA (Pataki et al., 2003a), and — 29.2%. to — 35.7%. in Chicago, II-
linois, USA (Moore and Jacobson, 2015).

In contrast, the enriched 6'3C, value of —21.9%. was found in the
summer, which lies between the 6'3C values of C4 ecosystem and any
other sources. Given that 6'3C end members of fossil fuels lie between
coal and natural gas, it is reasonable to predict that the value of §'3Cy
is more depleted than coal (—23.5%.), and thus the value of 5'3Cp;,
should be more enriched than —21.9%. and more closed to end mem-
bers of C4-type ecosystem. Actually, as a typical C4 plant, there are
large areas of corn planting around Xi'an city and the growth occurs in
summer, it seems that the photosynthesis of corn growth period has sig-
nificant impact on urban carbon cycles. In addition, 5'3C; value also re-
sembles the soil 5'3C value of —21.7% which was found in Yangling, a
neighboring city of Xi'an (Tang et al., 2012). We concluded that plant
photosynthesis and soil respiration have influenced the atmospheric
CO, emissions to a certain degree during summer. Similar results have
been found in the cities of Dallas (Clark-Thorne and Yapp, 2003) and
Wroclaw (Gérka and Lewicka-Szczebak, 2013). On the other hand, be-
cause seasonal variations of $'Cy;, depending upon the relative abun-
dance of C3/C4 plants and the changes of meteorological conditions
(Vardag et al., 2016), using the same 6'3Cy;, value with winter is unrea-
sonable and the value of 6'3C, in summer is also fail to support the as-
sumption. Although the measurement of A'C has quantified the
contribution of fossil fuel emissions during summer, at this stage, it is
difficult to estimate the value 5'3Cr and qualitatively recognize their
dominant source of fossil fuel emissions in summer.

4. Conclusions

Based on the measurements of atmospheric CO, concentrations and
their 6'3C and A'“C compositions at four sites in Xi'an city, we present
the spatial and temporal variations of urban atmospheric CO, and
focus on quantifying the contributions of anthropogenic and biogenic
emissions. As expected, seasonal variations of the atmospheric CO, con-
centrations and 6'3C values were clearly found. In most cases, atmo-
spheric CO, concentrations in the urban areas were significantly (p <
0.05) higher than those in the suburban area, especially during winter,
when the urban CO, “dome” effect was the most pronounced.

The results from the measurements of 6'>C and A'*C indicate that
the spatial and temporal variations of urban atmospheric CO, are influ-
enced by multiple factors, including the changing contribution from an-
thropogenic emissions in terms of their durations and intensities, and
the different intensive of anthropogenic and biogenic activities in differ-
ent seasons. In particular, CO emissions were the dominant source of
local atmospheric CO, in the winter season and accounted for approxi-
mately 60% of CO,.,, indicating a higher demand of fossil fuel combus-
tion for heating, especially from coal burning. In contrast, the
proportions of CO,5in summer varied largely and occasionally over
100%. The higher average proportions of CO,gin summer indicate that
strong photosynthesis removed part of the CO, from local atmosphere,
and even played a role of carbon sink in local atmospheric carbon cycles.

Our results suggest that reducing the share of coal consumption is an
effective way to mitigate urban atmospheric CO, emissions in China.
Meanwhile, given that biogenic emissions accounted for nearly 40% of
the urban atmospheric CO, emissions in the winter and played a signif-
icant role in urban carbon cycles in the summer, so the influence of bio-
genic activities on urban carbon cycles should be taken into account
when making mitigation policy and verifying emissions.
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