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HIGHLIGHTS

The highest CO, concentration occurred
at industrial site along an industrial-
urban-rural transect.

Higher weekend CO, concentration
than the weekday concentration was
found in urban area.

The vertical CO, gradient at high heights
was weak above the urban canopy layer.
The along-wind CO, concentration gra-
dient and an anthropogenic surface
flux were estimated.
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Diurnal pattern Differenes between weekdays and weekends
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ABSTRACT

Urban lands are CO, emission hotspots. In this paper, we report the CO, concentration observations along an
industrial-urban-rural transect and in a network of sites in the urban center, in Nanjing, China. The mean CO,
concentration was highest at the industrial site, not at the densely populated urban center (urban: 429.2 +
8.7 ppm, rural: 421.2 4= 10.0 ppm, industrial: 443.88 4 18.3 ppm), based on four sampling periods in four differ-
ent seasons in 2014 and 2015. At the urban sites, a reversed weekend effect was observed, whereby the weekend
CO, concentration was higher than the weekday concentration by a mean of 0.9 ppm over the four measurement
periods and by 8.1 ppm in the spring, suggesting higher traffic volume on weekends than on weekdays. The ver-
tical CO, gradient was weak above the urban canopy layer, with a mean difference of only 1.1 ppm between the
60-m and 110-m measurement heights, reflecting efficient mixing in both daytime and nighttime periods. The
average along-wind concentration gradient was 0.25 + 0.87 ppm km ™" at the height of 110 m according to
the observations made at five urban sites. Based on a simple box model, we estimated an anthropogenic surface
flux of about 0.4 mg CO, m~2 s~ ! for the urban center.
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1. Introduction

CO, emissions in urban areas are much stronger than in suburban
and rural areas (Ziska et al., 2004; Zhao et al., 2010). According to
Meyer and Turner (1994) and Velasco and Roth (2010), >80% of the
global CO, emission occurs in urban land, which comprises only 2.4%
of the global land area (Potere and Schneider, 2007). Urban carbon
emissions in metropolitan regions showed sustained growth from
1985 to 2006 (Dhakal, 2009) and will continue to increase in the future.
In China, highly urbanized and economically important regions
contained 18% of the population but consumed 40% of the national en-
ergy use and contributed the same percent of the national CO, emission
in 2006 (Dhakal, 2009). With rapid transformation of rural land into
urban and industrial land, increases in traffic volume, manufacturing
and residential energy use will greatly increase CO, emissions (Vogt
et al,, 2006; Ward et al., 2013). Measuring the CO, concentration in
urban areas should help us to constrain the anthropogenic carbon emis-
sions and the global carbon cycle.

Numerous studies have reported CO, concentration measurements
in urban land (e. g., Day et al., 2002; George et al., 2007; Henninger
and Kuttler, 2010; Li et al,, 2014; Pan et al., 2016). The day-to-day and
diurnal variabilities of CO, concentrations are found to correlate highly
with traffic volume (Nasrallah et al., 2003; Vogt et al., 2006; Ward et al.,
2013). Higher CO, concentrations in urban areas than suburban or rural
areas are caused by denser population and higher vehicular traffic vol-
ume (George et al., 2007). Seasonally, CO, concentration is highest in
the winter primarily due to increased local emissions and lowest in
the summer due to removal by photosynthesis (Sanchez et al., 2010;
Garcia et al.,, 2012). Most of the observational sites in these published
studies are located in the US and in Europe, and it is not clear if their
findings can be extended to China, where fossil use portfolio and traffic
habit are quite different. For example, the CO, concentration and the
CO, emission rate in the US and European cities are significantly higher
on weekdays than on weekends (Idso et al., 2002; Nasrallah et al., 2003;
Rice and Bostrom, 2011; Lietzke and Vogt, 2013), but this conclusion
may not apply to China with a different culture and a different compo-
sition of fossil C emission (Peters et al., 2007). In China, heavy industry
accounts for about 40% of the total anthropogenic emission, while the
emission from the transport sector comprises only 6% (Xu et al.,
2014). In contrast, the transport sector in the US accounts for 28% of
its national total anthropogenic emission (US EPA, 2013).

Urbanization is significantly related to energy consumption (Zhao
and Zhang, 2017). Recognizing the importance of urban C emissions,
the Chinese government places low-carbon city development as a top
priority of its social and economic agenda in order to meet its Paris C re-
duction commitment (Geng, 2011; Rose et al., 2017). Measurements of
urban CO, temporal and spatial variations are a useful first step to help
benchmark future progress in C emission reduction.

CO,, concentration in urban land is highly variable in space and in
time because it is affected by atmosphere conditions, measurement
height, traffic pattern, and urban vegetation. The majority of previous
studies primarily focus on the variability of CO, concentration at high
temporal resolutions but with limited spatial coverage (e. g., Idso
et al., 2002, Garcia et al., 2008, Pan et al., 2016). Only a few studies
have deployed measurements at multiple sites in the city or across
urban-rural transects (Vogt et al., 2006; George et al., 2007; Wang
et al., 2010; Bergeron and Strachan, 2011; Biins and Kuttler, 2012;
Song and Wang, 2012; Liu et al., 2016). Additionally, few researchers
have measured vertical or horizontal gradients of the CO, concentration
in the urban environment (Lietzke and Vogt, 2013; Lee et al., 2017).

In this study, we present CO, concentration measurements at multi-
ple sites in the Nanjing Municipality and its vicinity. Nanjing is located
in the Yangtze River Delta, a CO, regional emission hotspot accounting
for 15% of China's total carbon emission (Shen et al., 2014). Our mea-
surements were made in four seasons along a spatial transect consisting
of a site in an industrial district, five sites in the city center and a rural

site. The main objectives of this study are: (1) to characterize the CO,
concentration associated with land use type, (2) to determine if the
weekend effect exists in Nanjing, and (3) to quantify both horizontal
and vertical variations of the CO, concentration in the urban area. Our
study appears to be the first to deploy a network of sensors to measure
the horizontal concentration gradient in an urban environment.

2. Data and methods
2.1. Research sites

The measurement took place along a transect of seven locations
along an industrial-urban-rural gradient in Nanjing (Fig. 1). One site
was in an industrial zone to the northwest of the city center where sev-
eral major industrial facilities, including the Nanjing Iron and Steel
Group Co. Ltd and the Nanjing Chemical Industrial Group, are located.
The concentration measurement was made continuously at a height of
34 m above the ground (32°12.6'N, 118°43.7’E; Xu et al,, 2017).

The five urban measurement locations were distributed across the
city, labeled as Urban North (32°05.4’N, 118°27.6’E), Urban East
(32°02.4'N, 118°29.4'E), Urban South (31°57.3'N, 118°46.8'E), Urban
West (32°02.7’N, 118°43.8’E) and Urban Middle (32°02.0'N, 118°47.2’
E). The Urban Middle site was situated in the city center, surrounded
by shopping malls and commercial buildings. It was separated by a dis-
tance of 6.5 km form Urban North, 8.7 km from Urban South, 3.5 km
from Urban East, and 5.4 km from Urban West. At each location, the
measurement took place on the roof of a building about 110 m tall. Con-
tinuous and simultaneous measurement was made at the five locations
in the spring (20 to 26 April 2014), summer (17 to 24 July 2014), au-
tumn (8 to 15 November 2014) and winter (15 to 22 January 2015).

In addition, the vertical profile of CO, mixing ratio was made at the
Urban Middle location, during 3 to 9 August 2014 and 25 to 30 October
2014. In the October profile sampling period, three analyzers were
housed in the same building to measure the CO, mixing ratio at three
heights of 30, 65 and 110 m above the ground. In the August profile
sampling period, only two analyzers were available for the 65-m and
110-m heights. At the two lower heights, air was drawn via a window
from outside the building using a short-tube to the analyzer for analysis.
The top-level (110-m height) measurement was made on the top of the
building.

The rural site (31°25.2’N, 120°12.8’E) was located on the north
shore Lake Taihu, at a linear distance of 150 km to the southeast of
Urban Middle. The height of the concentration measurement was
3.5 m. Land cover around this site consists of cropland and water body
(Xiao et al., 2014).

Only data collected at the industrial and rural sites during the urban
experimental periods were used in the following analysis.

2.2. Measurement systems

The CO, mixing ratio at the industrial site was measured with a high-
precision isotope-ratio infrared spectroscopy (IRIS) analyzer (model
G1101-1, Picarro Inc., Sunnyvalue, CA, USA). The sampling frequency
was 0.3 Hz and data were averaged to hourly intervals. Calibration
was made at each three-hour against two standard gases traceable to
the international standards (Xu et al., 2017). The hourly measurement
precision was 0.07 ppm.

At the rural site, the CO, mixing ratio was measured with a high-
precision wavelength-scanned cavity ring-down spectroscopy (WS-
CRDS) analyzer (model G1301, Picarro Inc., CA, USA). The sampling fre-
quency was 0.5 Hz, and the data were averaged to hourly values for
analysis. This analyzer was calibrated every 3-6 months against a stan-
dard gas (National Primary Standard) prepared by the National Institute
of Metrology, China (Xiao et al., 2014). The calibration gas used in this
study was cross-checked against the two standard gases used at the
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Fig. 1. Map showing the measuring sites and CO, concentration levels.

industrial site to remove calibration biases. According to the manufac-
turer, the 5-min measurement precision is 0.05 ppm.

The CO, mixing ratio at the urban sites was measured with five inex-
pensive non-dispersive infrared CO,/H,0 gas analyzers (model LI-840A,
LI-COR, Inc., Lincoln, NE, USA). The measurement frequency was 1 Hz
and averaging period was one hour. To ensure stable performance, the
analyzers were put in temperature-controlled enclosures with constant
temperature of 43 4 0.3 °C. These analyzers were calibrated daily
against a 99.999% pure nitrogen gas fitted with a molecular sieve for
zero correction and the same standard gas used for the rural site for
span correction. Drifts between two consecutive calibrations, which
were no >1 ppm, were removed by linearly interpolating the zero off-
sets and the span factors between two consecutive days. The one-
second signal precision is <1.00 ppm according to the manufacturer.

Two to three analyzers were used to measure the vertical profile.
During the August campaign, the CO, mixing ratio at the 65-m and
110-m heights was measured with two high-precision off-axis
integrated-cavity output spectroscopy (OA-ICOS) analyzers (model
915-0011, Los Gatos Research, Mountain View, CA, USA). During the
October campaign, the measurement at the 30-m, 65-m and 110-m
heights was made with three OA-ICOS analyzers. The OA-ICOS analyzers
were calibrated once prior to each campaign against a 99.999% pure ni-
trogen gas fitted with a molecular sieve for zero correction and the same
standard gas used for the rural site for span correction. The 1-min preci-
sion of the OA-ICOS analyzer is better than 0.04 ppm according to the
manufacturer.

2.3. Supporting data
General meteorological data were obtained from a standard weather

station situated at a distance of 11 km to the southeast of the Urban
Middle site. The variables used are wind speed, wind direction,

atmospheric pressure, atmospheric temperature and incoming solar
radiation.

Data on the height of the planetary boundary layer were obtained
from the version 2 of NASA Modern-Era Retrospective analysis for Re-
search Applications (MERRA) at 0.5° latitude by 0.625° longitude and
hourly temporal resolutions (Bosilovich et al.,, 2015).

The global CO, atmospheric inversion product provided by
Laboratoire des sciences du climat et de I'environnement (ISCE) was
used for comparison with our observation. The version v16r1_ra,
which was used in this study, is generated from a global general circula-
tion model for CO, transport (PyVAR-CO,) by assimilating 119 sites of
surface air-sample measurements over the globe. The grid centered at
32.03° N and 118.46° E was chosen to represent Nanjing. The grid height
was 1000 hPa.

2.4. Data analysis and interpretation

According to the box model of pollution dispersion (Oke, 1987), the
along-wind CO, concentration gradient reveals the strength of the sur-
face emission source. To determine this gradient, let us suppose that the
concentrations measured at three points are C;, C; and Cs. These three
points form a triangle with base of | and height of h (Fig. 2). The concen-
tration gradient vector is

dC oC
ves {aw}

The along-wind concentration gradient is the inner product of the
gradient vector and the unit wind vector v, VC - v. Here the two vector
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Fig. 2. Schematic diagram showing (a) the geometry for measuring the gradient vector of the CO, concentration and (b) nine possible combinations for determine the CO, concentration

gradient.

components were estimated as

aC7C2—C] aCi _C2+C1
Ty (O

Out of the five urban sites, there are 8 possible triangular formations
and one rhombus formation. (The vector components in the rhombus
formation are determined from the pair sites at opposite vertices.) We
first calculated the gradient for each and average the 9 estimates for
every hour. Averaging among these spatial replicates should reduce
the bias errors associated with individual sensors.

3. Results and discussion
3.1. Horizontal patterns

Large spatial variations were observed along the industrial-urban-
rural transect. The mean CO, concentration from the four sampling pe-
riods is 429.2 + 8.7 ppm (mean + 1 standard deviation) in the urban
area (average of the five urban sites), 421.2 4+ 10.0 ppm at the rural
site and 443.8 4 18.3 ppm at the industrial site (Fig. 1). Some of the dif-
ference between the urban and the industrial sites can be attributed to
the difference in measurement heights. The gradient measurement at
Urban Middle in October indicates that the concentration at the 110-
m height was about 5 ppm lower than at the 30-m height
(Section 3.3), the approximate measurement height at the industrial
site. But even after this adjustment, the concentration at the industrial
site would still be approximately 10 ppm higher than at the urban sites.

The high CO, concentration at the industrial site was indicative of
the large contribution of manufacturing sources to the local atmo-
spheric CO,. Using a WRF-STILT model driven by the EDGAR emission
inventory, Hu et al. (2017) estimated that the CO, concentration en-
hancement caused by industrial sources (oil production, energy indus-
try and combustion in manufacturing industry) is about 28 ppm for
the industrial site in 2014, which is consistence with our site measure-
ment. On the other hand, the difference in the CO, concentration

between the urban and the rural reference site was smaller (8.1 ppm).
Pan et al. (2016) showed that the CO, concentration in an inner-city
site in Shanghai is 55.1 ppm higher than at a suburban site. George
et al. (2007) found that the CO, concentration is 66 ppm higher than a
rural site over a 5-year period in Baltimore, the US. The data in Idso
et al. (2002) also reveals that the CO, concentration at the center of
Phoenix, USA is 249.3 ppm higher than in the surrounding rural area.
One potential reason for the small city-rural difference in Nanjing is
that our rural measurement was conducted over a lake area, where re-
moval of CO, by photosynthesis was not as high as in the rural sites used
by Pan et al. (2016), George et al. (2007) and Idso et al. (2002).

In comparison to the urban-rural gradient, spatial variations among
the five urban sites are weaker. The mean CO, concentration is 432.0 +
15.3 (Urban Middle), 427.5 + 15.1 (Urban East), 430.4 4+ 14.8 (Urban
South), 428.0 + 15.5 (Urban North), and 427.7 + 14.9 ppm (Urban
West). The full range of spatial variation is 4.5 ppm. Unsurprisingly,
the highest mean value was recorded at Urban Middle. This spatial var-
iation is much weaker than that observed in Phoenix, Arizona, showing
that within the urban CO, dome in the metropolitan area, the spatial
variations are as high as 50 ppm (Idso et al., 2002).

The surface CO, concentration from the atmospheric inversion
model falls between the values observed at the Industrial and the
Rural site (Table 1). If we use the three-site mean value to represent
the grid mean, the model performs quite well, with an only slight neg-
ative bias of 2.0 ppm in the four-period mean value. But the modeled
seasonality is too strong in comparison with our observation: The

Table 1
Observed and simulated CO, concentrations (ppm).

Spring  Summer Autumn Winter Four-period mean
Urban 4282 4302 4225 435.2 429.0
Rural 4219 4174 415.0 430.6 421.2
Industrial 449.7 4543 429.0 443.0 444.0
Three-site mean  433.2 434.0 4222 436.2 4314
Model 4278 4265 4205 442.7 4294
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model underestimates the concentration by 5.4, 7.5 and 1.7 ppm for the
spring, summer and autumn period, respectively, and overestimates by
6.5 ppm for the winter period.

3.2. Temporal variations

The CO, concentrations of the four measurement periods are shown in
Fig. 3. The highest period mean concentration at the urban sites
(435.2 ppm) was recorded in the winter, and the lowest (422.5 ppm) in
the autumn. The concentration at the rural site shows the same seasonal-
ity, with the highest (430.6 ppm) in the winter and lowest (415.0 ppm) in
the autumn. A continuous observation on the top of a roof of 24-story
building in Nanjing in 2011 gave nearly the same results as ours, showing
the highest concentration in the winter (January, 425 ppm) and the low-
est concentration in the autumn (September, 382 ppm; Huang et al.,
2015). At an urban site in Beijing, China, the highest concentration oc-
curred in the winter (January, 442.6 ppm) and the lowest concentration
in the summer (August, 400.4 ppm; Song and Wang, 2012). The winter
maximum at the urban sites is also in agreement with previous results re-
ported for cities outside China (Rigby et al., 2008; Garcia et al., 2008;
Garcia et al., 2010), as a result of lack of biospheric CO, uptake, a low
boundary layer depth and increased fossil fuel use due to heating. In con-
trast, an opposite pattern was recorded at the industrial site, with the
maximum in the summer measuring period, with a value of 454.3 ppm
(Fig. 3). Heavy manufacturing activities in the summer may have been
the cause of this unusual pattern.

The concentration difference between weekdays and weekends
(weekday value minus weekend value) is slightly negative (—0.9 ppm)
at the urban sites, in disagreement with observations made in other
cities around the world where the CO, concentration is higher on week-
days than on weekends (e.g., Phoenix, USA, Idso et al., 2002; Kuwait,
USA, Nasrallah et al., 2003; Portland, USA, Rice and Bostrom, 2011; Bos-
ton, USA, Briber et al., 2013; London, United Kingdom, Hernandez-
Paniagua et al., 2015; Tamil Nadu, India, Kumar and Nagendra, 2015).
The mean concentration is 428.7 4+ 14.6 ppm on weekdays (Monday
to Friday) and 429.6 + 11.5 ppm on weekends (Saturday to Sunday),
based on the data collected in the four seasons. In the spring and sum-
mer sampling periods, the weekday concentrations (425.9 and
429.8 ppm) are lower, by 8.1 and 1.2 ppm, respectively, than the week-
end concentrations (433.9 and 431.0 ppm; Fig. 4).

The reversed weekend effect in Nanjing in comparison to other large
cities may be explained by unique traffic patterns in China. For cites in
western countries, the CO, concentration is generally higher on week-
days than on weekends. For example, in Phoenix, Arizona, since the
weekday traffic is nearly 50% greater than the weekend traffic, the aver-
age near-surface CO, concentration is 18.4 ppm higher on weekdays
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Fig. 3. Seasonal mean CO, concentration along the rural-urban-industrial transect. Error
bars are 41 standard deviation.
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Fig. 4. Mean concentration difference between weekdays and weekends (weekday value
minus weekend value).

than on weekends (Idso et al., 2002). In contrast, in typical large Chinese
cities, people rely heavily on public transit for commuting on weekdays
and switch to private cars on weekends for leisure use. In Beijing, the
CO, emissions measured with eddy covariance is almost the same on
weekdays and on weekends (Liu et al., 2012). The reversed weekend ef-
fect in Nanjing suggests that traffic volume in the city may be higher on
weekends than on weekdays. Although no direct traffic data is available
to verify this pattern, it is consistent with the PM; 5 concentration mea-
sured in Nanjing showing a slightly higher mean value (79.2 ug m—>) on
weekends than on weekdays (66.7 pg m—>; Chen et al., 2016).

The reversed weekend effect is restricted to the urban area where
the transport sector is the dominant source of CO, even though this sec-
tor is a minor contributor to the national emission total (Xu et al., 2014).
At the industrial site, the weekday concentration is much higher than
the weekend concentration in the spring, summer and autumn period,
due to reduced manufacturing on weekends. This pattern is reversed
in the winter measurement period. This period was during the Spring
Festival holiday season when manufacturing activities across the coun-
try were traditionally low. It is likely that the within-week variations at
the industrial site at this time were dominated by regional emission and
weather patterns.

Regarding the diurnal pattern of the CO, concentration during the
measurement periods, the three locations all show a cycle with the
maximum in the early morning and a broad minimum during the after-
noon (Fig. 5). Diurnal patterns are dominated by anthropogenic and
vegetative photosynthetic activities (Rice and Bostrom, 2011;
Newman et al,, 2013). Along the transect, the rural site gives the
smallest daily mean CO, value (421.1 ppm) as well as the smallest diur-
nal amplitude (15.2 ppm), and the industrial location gives the largest
diurnal amplitude (26.4 ppm, Fig. 5). The peak values occurred at
8:00 am at the urban sites and the industrial site, about 2 h later than
at the rural site.

The diurnal range observed at the urban sites is similar to those re-
ported for other cities. The mean diurnal amplitude is approximately
30 ppm in the summer and the winter in central London, United
Kingdom (Rigby et al., 2008), 26.3 ppm in the summer and 10.2 ppm
in the winter about 32 km WSW of central London, United Kingdom
(Hernandez-Paniagua et al., 2015), 20-30 ppm in the summer and the
autumn in Portland, USA (Rice and Bostrom, 2011), about 15 ppm in
the spring in Los Angeles, USA (Newman et al., 2013). Other researchers
have reported higher amplitudes of the diurnal CO, cycle, such as
61 ppm in Basel, Switzerland in June (Vogt et al., 2006).

3.3. Vertical variations
The CO, concentrations at the heights of 30, 65 and 110 m are plot-

ted in Fig. 6. The diurnal variability is evident at all the heights during
both measurement periods. The mean values are 424.2 and 424.1 ppm
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at the heights of 65 and 110 m in the summer measurement period (day
of year or DOY 215 to 221, August 3 to 9). The mean values in the au-
tumn sampling period (DOY 298 to 303, October 25 to 30) are 437.6,
435.5 and 432.3 ppm at the heights of 30, 65 and 110 m, respectively.
The values at the two higher levels (65 m and 110 m) are quite similar,
indicating efficient atmospheric mixing, even during the nighttime. The
mean difference of the two measurement periods is only 1.1 ppm be-
tween the heights of 65 and 110 m. These observational levels are
higher than 24 m, the average building height in Nanjing. The small gra-
dient between the 65 and 110 m air layer indicates that the CO, emitted
by traffic was mostly confined in the urban canopy layer and that the
urban CO, dome probably did not extend beyond the height of 110 m.

Two distinct patterns are evident in Fig. 6b. A strong vertical gradient
was present on DOY 298, 299 and 303, with a mean concentration of
452.2,446.0 and 446.0 at the height of 30, 65, and 110 m, respectively.
But on DOY 300 to 302 the gradient became very weak, the mean con-
centration values being 423.1, 424.9 and 422.9 at the height of 30, 65,
and 110 m, respectively. These patterns can be largely explained by
wind speed (Fig. 6¢). Large concentration difference between the 30-
m and the 65-m heights occurred if the wind speed was lower than
2ms~ L

Vertical variations are reported by Vogt et al. (2006) and Lietzke and
Vogt (2013) for Basel, Switzerland and by Lee et al. (2017) for Vancou-
ver, Canada. Consistent with our results, these studies show that CO,
buildup is generally confined to the urban canopy layer. According to
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Fig. 6. CO, concentration measured at 3 heights. (a) CO, concentration time series in the
summer. (b) CO, concentration time series in the autumn. (c) CO, concentration
difference between the 30-m and 60-m heights versus wind speed in the autumn. Time
marks on the horizontal axes of panels (a) and (b) indicate the start of the day.

the Basel observations, the CO, concentration is about 3 ppm higher at
the mean building height than at twice the building height.

3.4. Horizontal gradient in the city

The average along-wind concentration gradient is 0.25 =+
0.87 ppm km ™! (total number of observations = 1458) based on obser-
vations at the five urban sites from the four measurement periods. This
gradient is significantly different from zero at a p level of <0.01. The
mean concentration gradient in the winter (0.35 & 0.80 ppm km™!)
is slightly higher than the mean of the other three seasons (0.21 +
0.89 ppm km™!), reflecting the fact that the surface source was mostly
anthropogenic in the winter, but in the other three warm seasons pho-
tosynthetic uptake by urban vegetation acted to offset the anthropo-
genic emission. Within the winter measurement period, the daytime
(06:30-18:00 local time) gradient (0.28 4+ 0.86 ppm km™!) is smaller
than the nighttime (18:30-06:00) gradient (0.44 + 0.74 ppm km™")
due to a deeper boundary layer and a stronger entrainment mixing in
the daytime than at night.

We also calculated the cross-wind gradient using the network of
urban sites. Here the cross-wind direction follows a right-handed coor-
dinate system. For example, if the wind blows from west to east, the
cross-wind gradient is in the direction from south to north. If the wind
blows from south to north, the cross-wind gradient is in the direction
from east to west, and so on. The average cross-wind concentration gra-
dient is much smaller, at —0.05 + 0.79 ppm km ! (difference from zero
at p = 0.026). The result supports the premise of the simple box model
of trace gas diffusion: that the concentration gradient exists mainly in
the along-wind direction because the gas accumulates in the airmass
the as the airmass traverses the urban land.
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According to the simple box model of air pollution dispersion in the
urban environment, the surface flux is related to the along-wind con-
centration gradient dC/on as

oC
3 uh

F.=
where u is wind speed and h is the depth of the boundary layer. This
equation ignores the CO, exchange at the top of the boundary layer
and assumes that the surface flux is balanced by horizontal advection.
This assumption does not hold in the daytime convective situation but
is an acceptable approximation for the stable nighttime boundary
layer. Using the winter nighttime gradient value, a measured mean
wind speed of 2.2 m s™!, and a mean nocturnal boundary layer depth
of 228 m according to the MERRA 2 data (Fig. 7), the above equation
yields an anthropogenic surface flux of 0.43 mg CO, m~—2 s~ '. The
accuracy of the MERRA boundary layer height estimation for urban
land is not known. If we use 200 m as the mean height of the urban
nocturnal boundary layer (Oke and East, 1971), the surface flux is
0.38 mg CO, m~2 s~ . For comparison, Xu et al. (2017) give a value
of about 0.11 mg m~2 s~ ! for the nighttime anthropogenic CO, flux
from the 2013 to 2014 winter in the whole Nanjing municipality. Xu's
result was based on the IPCC inventory methodology. The larger flux
obtained for the urban center (as in this study) than for the whole
municipality (as in Xu et al., 2017) is expected because of a higher pop-
ulation density in the urban center.

Our surface flux of 0.38 mg CO, m~2 s~ ! lies in the middle range of
the published studies reviewed by Lietzke et al. (2015). It is similar to
the flux values reported for Basel, Switzerland (0.44 to
0.49 mg CO, m—2 s~ !, Lietzke and Vogt, 2013; Vogt et al., 2006) and
Mexico City, Mexico (0.41 mg CO, m~2 s~ !, Velasco et al., 2005), but
is lower than the value reported for Beijing (0.65 mg CO, m~2 s~ !,
Song and Wang, 2012). One potential reason is that Nanjing has a higher
proportion of greenery area (30%, Su et al., 2012) than Beijing (23%,
Lietzke et al., 2015). Another reason is that homes and office buildings
in Beijing are heated in the winter, but those in Nanjing are generally
not.

The above box model calculation assumes that the entrainment con-
tribution of CO, to the urban boundary layer is negligible. An assess-
ment based on continuous tethersonde sounding of the CO, profile in
Vancouver, Canada shows that the nighttime entrainment flux is
about 30% of the surface flux (Crawford et al., 2016). In other words, ac-
counting for the entrainment influence would reduce the estimated sur-
face flux by about 30%. On the other hand, daily mean anthropogenic
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flux is generally higher than the nighttime flux (Coutts et al., 2007; Liu
et al., 2012; Crawford et al., 2016).

3.5. Atmospheric controls on urban CO, concentration

To interpret the main features of our results, we focus on how mete-
orological variables (incoming solar radiation and boundary layer
height) affected temporal variations in the CO, concentration at the
urban sites. Averaged over the flour measurement periods, the daytime
(06:00-18:00) CO, concentration (429.4 4+ 16.3 ppm) was slightly
higher than the nighttime (18:30-5:30) value (428.94 4+ 10.9 ppm).
The daily CO, concentration and incoming solar radiation are signifi-
cantly and negatively correlated (R?> = 0.23, p < 0.01, n = 31).

The diurnal cycle of CO, concentration was strongly influenced by
the planetary boundary layer (PBL) height variation. During our obser-
vation periods, the boundary layer usually started to grow at 08:00,
reaching a maximum of about 1500 m at around 14:00 and then de-
creased to low values between 20:00 and 07:00 on the next day
(Fig. 7). A deeper boundary layer allows the CO, to be diluted over a
greater volume, and as expected, the lowest CO, concentration ap-
peared in the late afternoon when the PBL height was the greatest.

The control of wind speed on the urban CO, concentration and the
spatial gradient is shown in Fig. 8. The CO, concentration is high
(about 432 ppm) when wind speed is lower than 2 m s~ !. As wind
speed increases beyond the threshold of 2 m s, the concentration
shows a linear decreasing trend with increasing wind speed. The bin av-
eraged data (Fig. 8c) suggests a wind speed sensitivity of 1.5 ppm per
1 ms~ ! wind speed change. The along-wind CO, concentration gradient
shows a weak wind speed dependence (Fig. 8b and d).

4. Conclusions

Our measurements reveal two unique features in comparison to
urban observations in the USA and in Europe. First, the highest concen-
tration along the industrial-urban-rural transect occurred at the indus-
trial site, not at the densely populated urban center. This pattern is
consistent with a previous WRF-STILT modeling study and is indicative
of a large contribution of industrial sources to the anthropogenic emis-
sion in this region. Second, a reversed weekend effect was observed at
the urban sites where the weekend CO, concentration was higher, by
a mean of 0.9 ppm for the four seasons and by 8.1 ppm for the spring,
than the weekday concentration. The likely causes of this effect were in-
creased volume of private cars on weekends and heavy reliance on pub-
lic transit for commuting on weekdays.
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Fig. 7. Time series of CO, concentration (ppm), incoming solar radiation (K, W m~2) and PBL height (PBLH, m) at the urban sites during the four measurement periods.
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the mean.

The vertical gradient measurement confirms the results obtained by
Vogt et al. (2006) and Lietzke and Vogt (2013) for Basel, Switzerland
showing that the vertical CO, concentration gradient is very weak
above the urban canopy layer. The average building height in Nanjing
is 22 m. The CO, concentrations at the 65 m and 110 m heights differed
by only 1.1 ppm. The concentration at the 30-m height was similar to
those at the two higher levels except during a period of low wind
speed (<2 m s~') when a higher value (by 6.2 ppm) was observed.

Our study appears to be first attempt at measuring the horizontal
CO, gradient in an urban land. We showed that the inexpensive CO, an-
alyzers, kept in temperature-controlled enclosures and calibrated fre-
quently, were capable of measuring the horizontal CO, gradient in the
city. The average along-wind gradient from the four measurement sea-
sonsis 0.25 + 0.87 ppm km™! at the height of 110 m above the ground.
Combining the winter gradient data with a simple box model, we esti-
mated that the anthropogenic emission flux in the urban center is
about 0.4 mg CO, m~2 s~ !, which is three times higher than the emis-
sion flux for the whole municipality of Nanjing.
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