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Abstract: Atmospheric CO2 concentrations are predominantly regulated by multiple emission
sources, with industrial emissions representing a critical anthropogenic driver that
significantly influences temporal and spatial heterogeneity in regional CO. patterns. This
study investigated the spatiotemporal distribution of atmospheric CO. in Pucheng and
Nanping industrial parks, Nanping City, by conducting field experiments using two coherent
differential absorption lidars from 1 August to 31 October 2024. Results showed that the
spatial distributions of CO. emissions within a 3 km radius were mapped, and the local
diffusion processes were clarified. CO; patterns varied differently in two industrial parks over
the three-month period: Average CO> concentrations in non-emission areas were 422.4 ppm
in Pucheng and 408.7 ppm in Nanping, with the former experiencing higher and more
variable carbon emissions; Correlation analysis indicated that synthetic leather factories in
Pucheng contributed more to SO, and NOx levels compared to the chemical plant in Nanping;
In Pucheng, CO- concentrations were transported from the north at ground-level wind speeds
exceeding 4 m/s, while in Nanping, the concentrations dispersed gradually with increasing
wind speeds; Forward trajectory simulations revealed that the peak-emission from Pucheng
primarily affected southern Fujian, northeastern Jiangxi, and southern Anhui, while the peak-
emission from Nanping influenced central and western Fujian and northeastern Jiangxi.
Besides, emissions in both industrial parks were higher on weekdays and lower on weekends,
reflecting changes in industrial activities. The study underscores the potential of lidar
technology for providing detailed insights into CO; distribution and the interactions between

emissions, wind patterns, and carbon transport.
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Introduction
Atmospheric carbon dioxide (CO2) is one of the most significant greenhouse gases, and its
concentration is closely related to atmospheric temperature ((Lthi et al., 2008). Since the
industrial revolution, human activities have become heavily dependent on the combustion of
fossil fuels, leading to increased CO> and pollutant emissions (Gregg et al., 2008; Hofmann et
al., 2009; Li et al., 2012; Friedlingstein et al., 2023; Van Oosterhout et al., 2024). Thanks to
the role of CO. sinks such as oceans and terrestrial ecosystems, atmospheric CO>
concentrations are rising at approximately haif the rate of fossil fuel emissions (Prentice et al.,
2001; Turnbull et al., 2011). During the 2011-2020 period, about 48 % of human-caused
emissions accumulated in the atmosphere, 26 % were absorbed by the oceans, and 29 % were
stored on land, leaving an unaccourited imbalance of 3 % (Friedlingstein et al., 2022). The
portion of CO, from fossil fuel combustion and other emission sources that remain in the
atmosphere varies from year to year due to the significant natural variability of CO2 sinks,
without a confirmed global trend (Le Quéré et al., 2009; Andres et al., 2012). Understanding
the disturbance budget over time and the potential changes and trends in the natural carbon
cycle is necessary for identifying peak emission periods, assessing the dispersion of pollutants,
as well as understanding the response of natural sources or sinks to driving factors of climate
change (Friedlingstein et al., 2023). However, the interaction between natural carbon sinks
and anthropogenic emissions in high-vegetation regions remains poorly understood due to
limited observational data, hindering accurate predictions of future CO: levels and their
impact on climate change (Lobell et al., 2008).

The World Meteorological Organization’s Global Atmosphere Watch Program
(WMO/GAW) coordinates a global network of observations and analyses of greenhouse gases
(Fang et al., 2014). The global average surface CO> concentration reached 420 ppm by 2023

(Lan et al., 2024). In addition, China has set up several atmospheric background observation
2



Journal Pre-proof

stations across the Country (Xia et al., 2020). The observed data shows that in 2022, the
annual average CO- concentration recorded at Lin'an Station in Zhejiang Province was the
highest with a value of 437.7 ppm, while the lowest concentration recorded at the Waliguan
National Atmospheric Background Station was 419.3 ppm. The measurements of those
stations are mainly based on in-situ instruments and are used for studying greenhouse gas
concentrations in the atmospheric background (Xia et al., 2015; Cheng et al., 2018). However,
industrial emission sources exhibit more pronounced spatiotemporal variations (Henninger
and Kuttler, 2010; Zhang et al., 2024), influenced by daily operational cycles, energy demand,
and diurnal fluctuations. Traditional ground-based in-situ measurement methods, while highly
precise, are confined to point-specific concentration data (Lewicki et al., 2005), offering
limited spatial coverage and often failing to capture broader spatial and temporal variability.
In areas with complex terrain or multiple emission sources, these methods frequently
overlook critical variations between measurement points, leading to an inadequate
representation of overall emission patterns (Queifer et al.,, 2019). In contrast, Differential
Absorption Lidar (DIAL) offers high spatiotemporal resolution measurements of mesoscale
CO- concentrations over a range of up to several kilometers (Lahyani et al., 2021; Gibert et al.,
2015; Yu et al., 2021a). Additionally, coherent DIAL provides precise vertical and horizontal
profiling of gas concentrations and wind simultaneously (Yu et al., 2024), making it an ideal
choice for high-vegetation regions affected by varying industrial emission sources and
providing deeper insights into CO. distribution and transport dynamics. CO, DIAL
technology has been proven to be employed for volcanic or industrial carbon emissions
monitoring from the ground-based platform (Queifer et al., 2016; Yue et al., 2022). However,
there are few long-term observations on the impact of industrial emissions on local
atmospheric CO; levels in different areas and from different climatic regions, especially in
areas with high forest coverage.

Nanping City is located in the northern part of Fujian Province and is a key forest area in
southern China. It is rich in carbon sink resources with a forest coverage rate of 74.75 %
(Zhao et al., 2021). Forests act as vital carbon sinks, absorbing large quantities of CO2 from
the atmosphere through photosynthesis, which helps mitigate the rise in atmospheric CO-
levels (Pan et al., 2011). Meanwhile, three major industrial clusters have been established
within the city to support economic growth and industrialization, which inevitably emit CO;
into the atmosphere as carbon sources. Thus, in industrial parks with high forest coverage, the
distribution of CO> concentration in the surrounding atmosphere is significantly affected by

natural carbon sequestration processes and anthropogenic emissions. The region is of great
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value for studying the interaction between carbon sources and sinks on a regional scale to
better understand the links between the various components of the carbon cycle. Based on the
geographical conditions and the measurement advantages of DIAL, the objectives of this
study were to: (1) compare the impact of different industrial emission sources on the spatial
distribution of CO2 concentration in areas with high carbon sink resources; (2) clarify the
temporal variation characteristics of CO> concentration in emission and non-emission areas;
(3) elucidate the relationship between CO. concentrations and other pollutants, as well as
infer the types of emission sources; (4) investigate the influence of meteorological conditions
on CO2 concentration for different emission sources by combining wind field; (5) analyze the
possible transport pathways and impact area of carbon emissions based on forward trajectory
modeling. The study explored the spatiotemporal characteristics of CO2 concentrations in
regions affected by different industrial emissions, providing insights into the relationship
between industrial activity and CO2 dynamics. By examiining these time-space-dependent
patterns, we can better understand the role of industrial emissions in shaping the atmospheric

CO: profile and inform more effective strategies for emission control and climate mitigation.

1 Materials and methods
1.1 Study site and instruments
When conducting atmospheric gas measurements, research shows that the observation period
for ground-based surface network species should be no less than three months to avoid being
affected by the data variability (Wang et al.,, 2022). Thus, the experiments were
simultaneously conducted near two industrial parks located in the southern (Yanping District,
named Nanping industrial park) and northern (Pucheng County, named Pucheng industrial
park) of the three major clusters in Nanping City, China (27.99°N, 118.55°E and 26.53°N,
118.29°E) from 1 August 2024 to 31 October 2024. As shown in Fig. 1a, Pucheng industrial
park is located along a north-south axis within mountainous terrain while Nanping industrial
park is an enclosed basin. Besides, the land use data shows that the vast majority of Nanping’s
areas are covered by forests. The vegetation covers in two locations are dominated by warm
temperate evergreen broad-leaved forests, which maintain high photosynthetic rates across all
seasons. And two CO. DIALs have been placed in Pucheng industrial park and Nanping
industrial park for remote sensing of wind fields and CO> concentrations (Fig. 1b and c).

The measurement areas were extended by conducting plan position indicator (PPI)
scanning mode. Besides, Pucheng industrial park is located 3.5 km north of the County town,

and the scanning range of the region mainly includes some synthetic leather factories,
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biomass energy, aluminum and electrical plants (Fig. 2b). The synthetic leather factories
mainly emit CO, by consuming electricity from the power grid through coal-fired power
generation (Chowdhury et al., 2017). In addition, there are some scattered factories located
north of the DIAL, which are beyond the scanning range. Meanwhile, the DIAL at Nanping
industrial park covered a large chemical plant producing silicone and biomass carbon rods.
Besides, a small cement plant was located about 300 m west of the DIAL, which was not
within the scanning range of the DIAL. The two industrial parks are representative of typical
industrial emission sources in Nanping and are close to major urban and forest areas, allowing
for a comprehensive analysis of the interaction between industrial emissions and atmospheric
CO. concentrations.

The meteorological conditions in two industrial parks are essential for interpreting CO>
dynamics and validating measurement accuracy. Fig. 2 shows the meteorological conditions
including air temperature, relative humidity, visibility, downward solar radiation and
precipitation from 1 August 2024 to 31 October 2024 in two industrial parks. Temperature
and relative humidity regulate atmospheric diffusion processes, while downward solar
radiation affects both atmospheric stability and plant photosynthetic activity. During the
observation period, the monthly averaged temperature, relative humidity and downward solar
radiation in both industrial parks exhibited similar temporal trends, which typically ranged
between 20.9-29.6 °C, 72.7 %-78.9 % and 126.9-211.9 W/m?, respectively (Fig. 2a, b and d).
The visibility in Pucheng industrial park was lower than that in Nanping industrial park, with
an average of 15.0 and 23.4 km respectively (Fig. 2c). Both values substantially exceeded the
minimum threshold - required for reliable DIAL measurements, ensuring data quality.
Precipitation contributes to CO removal through wet deposition. More abundant precipitation
appeared in Nanping industrial park, with a maximum monthly accumulated value of 618.3
mm in August and a sub-maximum value of 470.6 mm in September. Otherwise, the monthly
accumulated precipitation varied from 145.8-244.4 mm (Fig. 2e).

The two DIALs in Pucheng and Nanping industrial parks possess the same system
parameters except for the aperture of the telescopes, which mainly affects the detection
distance. The maximum detection distance of the former is 6 km while that of the latter is 3
km. For ease of comparison, the data ranges of the two DIALSs in both industrial parks were
set to the same of 3 km. The measurement accuracy of CO> was specified with a mean error
of 2.05 ppm and a standard deviation of 7.18 ppm (Yu et al., 2024). Although the DIAL
systems exhibit lower measurement accuracy and time resolution compared to the in-situ

instruments, they provide large-range measurements of both CO> and wind fields from a safe
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distance through scanning and remote sensing. The azimuth angle of PPI scanning in Pucheng
industrial park ranged from 120° to 210° and in Nanping industrial park ranged from 15° to
85°, with an azimuth step of 2°. This scanning setup covered most of the factory areas and the
areas without emission sources while ensuring the operational efficiency of DIALs. Besides,
in order to avoid building obstruction as much as possible, two DIALs were set with elevation
angles of 1° and 9° respectively. The sampling sites were adequate to represent the pollution

level of our study regions.

1.2 Methods
The carrier-to-noise ratio (CNR), CO- concentration and wind field data were obtained from
two coherent CO2 DIALs measurements. Coherent DIAL emitted two laser beams of different
wavelengths into the atmosphere (one wavelength at the COz absorption peak called on-line
and the other wavelength at a position not absorbed by CO: calied off-line). The backscatter
signals presented a beat note between a local oscillator and atmospheric scatter whose
frequency was related to the Doppler shift and whose amplitude was related to the power of
the atmospheric scatter (Koch et al., 2004). Thus, CNR and radial wind were inverted by the
Doppler shift and amplitude of backscatter signals at different positions along the emitted
path, respectively. Among them, CNR represents the mean radio-frequency signal power to
the mean noise power, which reflects the backscattering signal intensity from an aerosol (Yu
et al., 2021b). When the DIALs perform measurements at a certain elevation angle, hard
targets such as buildings or mountain terrain, as well as the heavily polluted atmosphere or
even fog can cause CNR enhancement. CNR and CO> concentration were positively related
while emitted plumes by industries within the DIALSs scanning range contained CO». Besides,
the atmospheric temperature and pressure were measured by the thermometer and barometer
inserted in the DIALs, which were used to combine the lidar equation to invert the CO-
concentration through the difference between on-line and off-line CNRs (Gibert et al., 2015).
The negative values of radial wind speed indicate being away from the DIAL, while the
positive values indicate pointing towards the DIAL. Additionally, based on the radial wind
speed measured by lidar, the variational method was used to invert the two velocity
components of wind speed in the horizontal plane, thereby obtaining two-dimensional wind
field data of horizontal wind speed and horizontal wind direction (Yuan et al., 2022). The
time and range resolutions of each radial measurement by DIALs were 1 min and 120 m.

The land cover map was drawn using the GlobelLand 30 dataset developed by the National

Geomatics Center of China with a resolution of 30 m for the year 2020. The classification
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system of the GlobeLand 30 includes ten land cover types, and the overall accuracy is 83.5 %
(Chen et al., 2017). In this study, seven land cover types including farmland, forest, grassland,
wetland, wave body, built-up area and bare soil were comprised.

The air temperature, relative humidity, visibility, precipitation and PM2s were obtained
from the nearest local meteorological stations (located at 27.92°N, 118.53°E for Pucheng
industrial park and 26.65°N, 118.17°E for Nanping industrial park) in proximity to the two
DIALs. Those meteorological parameters were recorded at 3-hour intervals, and daily
averages were calculated from the measurements to represent the overall conditions for each
day.

The downward solar radiation data were obtained from the ERA5S reanalysis dataset,
which offered a spatial resolution of 0.25° x 0.25° and a temporal resolution of 1-hour
intervals. The ERA5S dataset was selected for its robust integration of multiple observational
sources, including satellite measurements, ground-based observations, and atmospheric
models, through advanced data assimilation techniques. This comprehensive approach
ensures high accuracy, consistency, and reliability, making it particularly suitable for
regional-scale studies.

The pollution gases including (CO, Oz, NOz, SO2) were acquired from the level 2 data
products of tropospheric monitoring instrument (TROPOMI) onboard the Sentinel-5
Precursor satellite. The spatial resolution is 7 km x 3.5 km, which enables detailed monitoring
of urban-scale pollution patterns, capturing localized emissions. The time resolution is 1 day,
providing sufficient frequency to track diurnal and day-to-day variations in pollution levels.

The boxplots and bivariate polar plots were performed using hourly averaged CO:
concentration and wind field data. The latter were obtained from the ‘openair’ package of the
R software (Carslaw and Ropkins, 2012; Carslaw and Beevers, 2013).

The 72 hours forward trajectories were simulated by the hybrid single-particle Lagrangian
integrated trajectory) (HYSPLIT) model to analyze the possible impact range of industrial
carbon emissions (Stein et al., 2015; Duc et al., 2016). The meteorology data imported to the
model during the study period were obtained from the National Oceanic and Atmospheric
Administration  (ftp://arlftp.arlhg.noaa.gov/pub/archives/gdasl). The start time was
determined based on the time corresponding to the highest daily average CO2 concentration in
the two industrial parks during the observation period.

The potential source contribution function (PSCF) and concentration weighted trajectory

(CWT) methods were used to further analyze the potential impact areas of emission sources
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(Begum et al., 2005; Hsu et al., 2003). The details of the two models are described in
Appendix A supplementary data.

2 Results and discussion

2.1 CO2 emission characteristics of different industrial parks

High emissions during peak production hours can cause localized spikes in CO> levels, while
periods of low industrial activity may lead to temporary reductions in concentrations.
Furthermore, the dispersion and accumulation of these emissions are modulated by
meteorological conditions, such as wind speed and atmospheric stability. Consequently, the
transport and mixing of CO> in the atmosphere vary, resulting in different spatial distribution
patterns of carbon emissions around industrial parks. Figs. 3 and 4 show the typical range-
corrected backscatter signal (PR2), CO, concentration, and radial wind speed obtained by
scanning two DIALs in Pucheng and Nanping industrial parks at different times to
characterize the trajectories of emissions. The horizontal wind speed and direction were
represented by feather symbols and overlaid on polar coordinates. The blank area of Pucheng
industrial park was caused by the DIAL signal being blocked by the mountain, while the
absence of radial data in Nanping industrial park was due to obstruction from the chimney,
which acted as a hard target in that direction.

In Fig. 3al-a6, PR? results clearly illustrated the distinct distribution characteristics of
pollutants in Pucheng industrial park on 23 August 2024. CO2 concentration patterns shown
in Fig. 3bl-b6 followed a similar distribution trend. During the daytime, relatively low
horizontal wind speeds and heterogeneous wind directions limited horizontal diffusion,
causing pollutants to accumulate locally within the scanning range. Meanwhile, the
predominantly positive radial wind speeds shown in Fig. 3c1-c4 further restricted horizontal
dispersion. Increased industrial activities during daylight hours led to the formation of larger
areas with higher CO. concentrations. Additionally, daytime photosynthesis induced a
characteristic temporal pattern in CO2 concentrations. In low-concentration areas near the
DIAL, CO: gradually decreased during the day and increased again at night. In contrast,
nighttime conditions exhibited different dynamic processes. The horizontal wind speeds
increased compared to the daytime, which enhanced the dispersion of pollutants and CO.. Fig.
3¢5 and c¢6 shows that radial wind speeds predominantly became negative, facilitating the
radial transport of CO. away from the DIAL. Additionally, reduced industrial production at
night led to smaller high-concentration areas. A detailed analysis of temporal variations

revealed that, at 21:17, both pollutants and CO, were transported southeastward under
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northwest winds. By 23:00, a shift in wind direction to the northeast redirected the transport
southwestward.

Fig. 4al-a6 and b1-b6 illustrate a strong consistency in the distribution of PR? and CO;
concentrations in Nanping industrial park on 25 September 2024, with horizontal wind speeds
generally remaining low during the day and increasing at night. Notably, the diffusion
direction of both pollutants and CO; aligned with the horizontal wind direction. Furthermore,
emissions in Nanping industrial park displayed significant temporal variability and were
primarily concentrated near the DIAL. In the morning, PR? results in Fig. 4al and a2 show
significant enhancement within a 2 km radius, likely resulting from a combination of factory
emissions and morning fog formation. During this period, CO> concentrations also remained
relatively high, reflecting the gradual accumulation of CO2 during nighttime hours. In the
afternoon (Fig. 4a3, a4 and b3, b4), a decrease in pollutants and CO> was observed,
attributed to the combined effects of continuous emissions from industrial parks and partial
absorption of CO> during daytime photosynthesis. As night falls (Fig. 4a5, a6 and b5, b6),
the weakening of photosynthetic activity allowed emissions to dominate, leading to the
gradual accumulation of both pollutants and CO2 concentrations over time.

The comparison of Pucheng and Nanping industrial parks revealed both similarities and
differences in pollutant and CO distribution patterns. Specifically, the distribution trends
between the PR? and CO, concentrations exhibited good consistency in both industrial parks
under the influence of wind fields. However, Pucheng industrial park is mainly composed of
synthetic leather factories and is located along a north-south axis within mountainous terrain,
displaying larger daytime high-CO. regions due to intense industrial activity and limited
horizontal diffusion. In contrast, Nanping industrial park is characterized by the chemical
plant in an enclosed basin, showing more localized emissions near the DIAL with greater
temporal variability and stronger influences from local conditions. These differences
highlighted how distinct geographical settings, industrial compositions, and meteorological

conditions shape each industrial park’s unique emission and dispersion dynamics.

2.2 Diurnal variation of CO2 concentration

Fig. 5 shows the mean diurnal cycles of atmospheric CO- variations at Pucheng and Nanping
industrial parks by monthly averaging data from 1 August 2024 to 31 October 2024. During
this period, CO> concentrations generally remained low across the year (Benhelal et al., 2013;
Dass et al., 2024). The non-emission areas in both Pucheng and Nanping industrial parks were

selected from mountainous regions adjacent to the factories, with similar land areas.
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Specifically, the non-emission area of the former was located within a distance of 1.8-3 km
and an azimuth range of 167°-181°, while that of the latter was within a distance of 1.08-2.28
km and an azimuth range of 15°-35°. Besides, the emission areas were respectively taken in
the areas of synthetic leather factories and the chemical plant shown in Fig. 1b and c.

Generally, the atmospheric CO. concentration exhibits distinct day-night variations,
mainly influenced by plant photosynthesis, respiration and meteorological factors (Duan et al.,
2021). Despite substantial differences in the physical settings of Pucheng and Nanping
industrial parks, both industrial parks exhibited similar mean diurnal CO. patterns in non-
emission areas, with average concentrations for the three months of 422.4 ppm and 408.7 ppm,
respectively. The highest daily CO concentration occurred at 8:00, while the lowest shifted
progressively earlier throughout the months, from around 18:00 in August and September to
around 16:00 in October. This pattern reflected the diurnal variability of CO2 sources and
sinks as well as boundary layer height (Briber et al., 2013). Overall, CO. concentrations were
relatively high in October, and the difference between daytime and nighttime concentrations
decreased compared to August and September. It is noteworthy that the daytime decrease in
CO2 concentration at Pucheng industrial park was less pronounced than at Nanping industrial
park, indicating that the concentration in the non-emission area of Nanping industrial park
was less influenced by industrial emissions during the day, and more affected by natural
photosynthesis.

The diurnal variation of CO2 concentrations from emission sources in Pucheng industrial
park differed from that in non-emission areas with three-month average of 442.1 ppm,
showing opposite trends during the day (Fig. 5a-c). This was attributed to the larger factory
area in Pucheng industrial park, which emitted more CO, than was absorbed by plant
photosynthesis. Between 12:00 and 17:00 in August, the CO2 concentration from emission
area at Pucheng industrial park exhibited significant fluctuations, indicating instability in the
emitted CO. concentrations (Fig. 5a). In September, the difference in CO2 concentration
between emission and non-emission areas became more obvious during the day (Fig. 5b). In
October, the difference decreased due to the increase in non-emission atmospheric CO>
concentration (Fig. 5¢). At Nanping industrial park, the variations of emission source over the
past three months remained relatively stable compared to those in Pucheng industrial park
with an average of 433.5 ppm. Besides, the CO. concentration from emission sources showed
a similar diurnal pattern to the non-emission areas, but with a smaller decrease during the day.

This was the result of the combined effects of daytime plant photosynthesis and CO>

10
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emissions from factories. Nonetheless, the concentration variation characteristics of the two
industrial parks need to be further analyzed in combination with local meteorological

conditions.

2.3 The relationships between CO2 and other atmospheric pollutants

The formation of air pollution is closely associated with the combined effects of human
activities and meteorological factors. Human activities directly affect air quality through the
emission of greenhouse gases and pollutants, while meteorological factors indirectly affect air
quality by affecting the diffusion, accumulation, and transformation of pollutants. Industrial
emissions interact with meteorological factors such as temperature, humidity, and wind speed,
forming distinct air pollution patterns. Meanwhile, the emissions of various gases and
particles from industrial parks into the atmosphere affect local and even larger-scale
atmospheric composition and chemical reactions. The emiission sources of different types of
factories are diverse, thus resulting in different impacts on the atmosphere.

Fig. 6 shows the correlation between CO> from emission sources and gaseous pollutants
(CO, O3, NO2, SO, PM25) as well as meteorological parameters (air temperature, relative
humidity, wind speed) in two industrial parks in Nanping City using Pearson correlation
coefficient analysis. The industrial activities in both industrial parks not only contributed to
atmospheric CO2 but also released other pollutants that affect air quality. In Pucheng
industrial park, CO2 exhibited a significant positive correlation with CO, NO2, SO, and PM2 s,
with correlation coefficients of 0.30, 0.32, 0.33, and 0.42, respectively. These correlations
were attributed to emissions from centrally located synthetic leather factories where the
burning of fossil fuels such as natural gas and coal releases substantial amounts of CO2, NOx
(NO and NO3), and SO> during heating and treatment processes (Juliadita et al., 2022). In
contrast, Nanping industrial park showed weaker correlations between CO2 and pollutants
such as NO2 and SO». However, CO, demonstrated a moderate positive correlation with CO
and PM2s with correlation coefficients of 0.27 and 0.20, respectively. In the chemical plant
located in Nanping industrial park, NO2 mainly originated from high-temperature combustion
processes, which differed from the generation mechanism of CO2 and CO. Additionally, the
positive correlation between NO> and SO in Nanping industrial park indirectly suggested that
both pollutants were produced simultaneously, which may also include external transmission
when originating from local emissions. The correlations between Oz and CO> in both Nanping

and Pucheng industrial parks were negative with correlation coefficients of -0.37 and -0.18.
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Besides, Oz was negatively correlated with both NO> and SO, indicating that both industrial
parks were VOC-sensitive regions. In the VOC-limited regime, an increase in VOCs leads to
increased Oz with a weak or even negative sensitivity to NOx concentration (Fu et al., 2019).
The stronger positive correlation between NOz and CO: in Pucheng industrial park likely
exacerbated the negative relationship between CO2 and Os compared to Nanping industrial
park.

Temperature was a key meteorological factor influencing the behavior of most pollutant
gases during the observation period. High temperatures were often accompanied by strong
convective activity and enhanced atmospheric diffusion, which facilitated the dispersion and
dilution of atmospheric gases and reduced gas local concentrations (Cichowicz et al., 2017;
Zhang et al., 2015; Kayes et al., 2019). Elevated temperatures stimulated photosynthesis in
plants, further decreasing local CO. concentration. Additionally, high temperatures
accelerated the rate of photochemical reactions, leading to the rapid conversion of NO: into
O3 and other compounds. Consequently, the temperatures in both industrial parks showed
negative correlations with CO., CO and NOz, while presenting a strong positive correlation
with Os. The correlations between CO> and relative humidity were weak in both industrial
parks, suggesting minimal direct interaction between humidity and CO.. Wind speed
generally showed positive correlations with CO2, with correlation coefficients of 0.15 and
0.22 in Pucheng and Nanping industrial parks, respectively. Besides, SO, also showed a
positive correlation with wind speed with a correlation coefficient of 0.38 in Pucheng
industrial park, whereas the correlation was negative in Nanping industrial park. This
suggested that high wind speeds in Pucheng industrial park transported air masses rich in
C0O2-SO> from the upwind source to the monitoring area, resulting in a local increase in
concentration, while the upwind air masses in Nanping industrial park mainly contained CO,.
Such phenomena were more likely in areas with strong nearby emission sources. Further
research was needed to fully understand the mechanisms driving the relationship between

wind speed and CO. concentrations.

2.4 Impact of local wind field on CO2

Wind speed and direction are critical factors affecting the dilution and dispersion of
atmospheric components (Ishii et al., 2010; Wang et al., 2017; Wanninkhof and Trifianes,
2017). Fig. 7a and b show the wind rose plot during the observation period at Pucheng and

Nanping industrial parks, respectively, which displayed the wind direction characteristics and

12
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wind speed distribution in the study areas. During the observation period, the Pucheng
industrial park experienced predominantly northward winds. Wind speed variation in this area
was more pronounced, with a higher proportion of wind speeds exceeding 5 m/s.
Comparatively, the wind directions at Nanping industrial park were more variable, with
westerly winds being the most frequent. The wind speeds were generally lower, with most
measurements below 2 m/s. Notably, the presence of several scattered factories (building
materials factories) to the north of Pucheng industrial park and a cement plant to the west of
Nanping industrial park likely influenced local CO. concentrations. Emissions from these
facilities, when carried by the prevailing north or west winds, could contribute to localized
increases in pollutant and gas concentrations in the surrounding areas.

Typically, CO2 in the atmosphere is rapidly diluted and diffused at higher wind speeds,
leading to a decrease in its local concentration. On the contrary, the diffusion ability of CO2 in
the air weakens when the wind speed is low, which is prone to accumulate in local areas and
leads to an increase in concentration. However, the influence of wind speed is also affected by
factors such as terrain, meteorological conditions, and emission source intensity. Fig. 7c and
d present the boxplots of CO2> concentrations as a function of wind speed increment in
Pucheng and Nanping industrial parks during the observation period. Under calm weather
conditions with wind speeds below 2 m/s, CO. emitted from local sources accumulated,
leading to higher concentrations. As wind speed increased from 2 m/s to 4 m/s, CO>
concentrations generally decreased due to dilution effects. However, as mentioned earlier,
strong winds enhance horizontal diffusion, they can also carry pollutants from upwind areas,
leading to high CO: loadings (Gupta et al., 2017; Duan et al., 2021). This effect was
particularly evident in Pucheng industrial park, where CO2 concentrations plateaued and
slightly increased when wind speeds exceeded 4 m/s (Fig. 7c). This is probably due to the
terrain of the iIndustrial park, which is distributed along the north-south axis in the
mountainous area, influencing local wind patterns and facilitating the regional transport of
gases and pollutants. Therefore, regional transportation also played an important role in CO>
concentration in this industrial park. Potential sources may include both industrial emissions
from the scattered factories in the northern and transboundary atmospheric transport of
pollutants from adjacent northern areas. In contrast, the CO. concentrations in Nanping
industrial park consistently decreased with the increased wind speed (Fig. 7d). The reason is
that the enclosed basin topography, characterized by surrounding mountainous terrain, likely

restricted the influence of regional transport by acting as a natural barrier to airflow from
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upwind areas. Consequently, the contribution of transported CO> from external sources in this
industrial park was less pronounced, and local emissions were the primary factor affecting
CO2 levels.

The bivariate polar plot provides an efficient graphical method for detecting sources and
understanding the characteristics by combining wind speed and direction together with the
COz concentrations. Figs. 8 and 9 display the bivariate polar plots for CO2 concentrations at
the Pucheng and Nanping industrial parks during the observation period. Researches show
that CO. varies between weekdays (Monday—Friday) and weekends (Saturday—Sunday) due
to differences in human activity patterns, traffic volumes, and industrial production schedules
(Nasrallah et al., 2003; Weissert et al., 2015; Wang et al., 2022). The phenomenon is known
as the weekday-weekend effect.

During the observation period, Pucheng industrial park exhibited obvious variations in
CO2 concentrations between weekdays and weekends in refation to wind speed and direction.
On weekdays, CO- concentrations were higher, exceeding 450 ppm under stronger winds (> 5
m/s) from the north, while lower concentrations (< 430 ppm) were observed under weaker
winds (< 5 m/s) from the southwest (Fig. 8a). On weekends, the overall CO, concentrations
were lower, with higher concentrations (> 440 ppm) associated with winds from the northeast
and lower concentrations (< 430 ppm) from the southwest and northwest (Fig. 8b). This can
be attributed to the fact that both the scattered factories located in the north of the observation
point and the synthetic leather factories reduced emissions on weekends. The patterns
highlighted the combined effects of both local and regional sources on elevated CO; levels in
Pucheng industrial park.

In Nanping industrial park, the weekday-weekend effect on CO. concentrations with
respect to wind speed and direction was also observed. Since the eastern side of the scanning
area is predominantly forested, the eastward winds were associated with lower CO>
concentrations, with concentrations decreasing as wind speed increased. On weekdays, high
CO2 concentrations (> 430 ppm) occurred in the southwest direction, with higher
concentrations compared to other directions. Both high and low wind speeds in these
directions corresponded to higher CO- levels (Fig. 9a). On weekends, CO- levels remained
relatively high, with concentrations exceeding 430 ppm under lower wind speeds (< 2 m/s)
(Fig. 9b). This indicated that carbon emissions in the region persisted, albeit at reduced levels
compared to weekdays. Besides, the patterns also suggested that the increase in CO:2

concentrations in Nanping industrial park was primarily driven by local emissions from the
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chemical plant and the cement plant to the west of the DIAL, along with westerly wind
transport on weekdays (Benhelal et al., 2013; Shen et al., 2015). During weekends, local
emissions from the chemical plant were the primary contributor to elevated CO: levels.

2.5 Possible impact areas of emission sources

Regional air mass transport played a critical role in shaping atmospheric CO2 concentrations.
The forward trajectory analysis based on HYSPLIT is a method used to predict the future path
of air mass from a known starting point, helping to estimate the dispersion trends of pollutants
(McGowan and Clark, 2008). The analysis above indicated that the highest daily average
emission concentrations, with values of 486.8 and 461.1 ppm, were observed in Pucheng and
Nanping industrial parks on 11 October 2024 and 6 August 2024, respectively.

Fig. 10a shows the forward trajectory of Pucheng industrial park at the height of 50 m,
500 m and 1000 m above the model ground level, starting at 16:00 UTC on 10 October 2024
and ending at 16:00 UTC on 13 October 2024. Starting the simulation at 16:00 UTC allowed
to trace the dispersion of pollutants during and after the peak emission event. At the height of
50 m, the air mass initially moved southwest from Pucheng County, passing through Shaowu
City before continuing westward. It arrived in the eastern part of Jiangxi Province around
21:00 UTC on 11 October (5:00 local time on 12 October) and then began moving northeast.
After passing through Fuzhou City in Jiangxi Province, the air mass arrived in southern Anhui
Province around 06:00 UTC on October 13 (14:00 local time on October 13) and then crossed
over Chizhou City and Tongling City, eventually reaching an altitude of 2 km above Wuhu
City. At the heights of 500 m and 1000 m, the trajectories showed similar patterns. The air
mass moved southwest, reaching the vicinity of the Mount Wuyi Mountains around 06:00
UTC (14:00 local time on October 11). From there, the air mass moved northwest, passing
Yingtan City and Shangrao City in Jiangxi Province, crossing 1.5 km above Poyang Lake and
continuing to move northeast. After that the air mass arrived in Anhui Province at about 23:00
UTC (7:00 local time on 14 October), and finally reached 1.5 km above Ma’anshan City and
Chuzhou City after passing Anging City in Anhui Province. Therefore, during the observation
period, the CO> emissions from Pucheng industrial park primarily affected the northern part
of Fujian Province, the northeastern part of Jiangxi Province, and some areas in the southern
part of Anhui Province.

Fig. 10b shows the forward trajectory of Nanping industrial park at the height of 50 m,
500 m and 1000 m above the model ground level, starting at 16:00 UTC on 5 August 2024
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and ending at 16:00 UTC on 8 August 2024. The air mass at a height of 50 m moved
northwest, passing Yanping District before turning southwest and reaching Sanming City in
Fujian Province. After staying there for two days, the air mass turned southeast at 24:00 UTC
on 8 August (8:00 local time on 9 August) and finally ascended to an altitude of 2.7 km over
Anxi County in Quanzhou City. The transmission trajectory of the air mass at a height of 500
m before 18:00 UTC on 6 August (2:00 local time on 7 August) was similar to that of the air
mass at a height of 1000 m, both moving westward from the starting point and reaching the
territory of Sanming City. Then, the air mass at a height of 500 m turned northwest and
reached the border of Jiangxi Province at 18:00 UTC on 7 August (2:00 local time on 8
August). It then turned northeast and finally returned to Guangze County in Fujian Province.
Meanwhile, the air mass at a height of 1000 m continued westward, reaching the eastern part
of Jiangxi Province by 14:00 UTC on 6 August, then went north through Fuzhou City in
Jiangxi Province and finally reached a height of 1.5 km in Jingdezhen City in northeastern
Jiangxi Province. Therefore, during the observation period, the CO2 emissions from Nanping
industrial park mainly affected the southern and western parts of Fujian Province, as well as
the northeastern part of Jiangxi Province.

To comprehensively investigate the potential regional impacts of emission sources, a
detailed statistical analysis utilizing 72-hour forward trajectories combined with PSCF and
CWT methods was conducted (Details in Appendix A supplementary data). The analysis
specifically focused on the three-month observation period, with trajectory initialization set at
50 m above the model ground level to capture near-surface transport patterns (Appendix A
Figs. S1-S6). During the observation period, the distribution of PSCF and CWT revealed
distinct regional impacts from the two industrial parks. Specifically, Pucheng industrial park
showed longer transmission paths and higher CO, concentrations, while Nanping industrial
park demonstrated more localized and southward-reaching trajectories. In general, the
emissions from the two industrial parks during the three months of observations primarily
impacted regions in southeastern China, particularly Fujian and its adjacent provinces,

including eastern Jiangxi, eastern Guangdong, and parts of southern Zhejiang.
3 Conclusions

In this study, two coherent DIALs were employed to remotely sense the atmospheric CO-

concentration and wind field in two industrial parks located at the north and south ends of
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Nanping City from August to October 2024. The study provided valuable data to assess the
impacts of different industrial emission sources on atmospheric CO; levels.

The spatial distribution characteristics of CO2 emissions were clarified within a radius of
3 km and azimuth angles of 120°-210° and 15°-85° for Pucheng and Nanping industrial parks,
respectively. By analyzing the carbon emission distribution at different times, the
approximate trajectory of its movement under the influence of the wind fields has been
determined. Besides, both DIALs successfully identified CO. concentration differences
between the factory areas and the surrounding areas under the interplay of wind field and
emission sources. Daily variation statistics from emission and non-emission areas showed that
the CO> concentrations in emission areas at Pucheng industrial park were higher and more
variable than those at Nanping industrial park, indicating that Pucheng industrial park was
more impacted by local emissions. The CO. concentrations in non-emission areas followed a
regular diurnal pattern, with concentrations gradually increasing over August to October. The
average values in non-emission areas for the past three months of 422.4 ppm and 408.7 ppm
of Pucheng and industrial parks, respectively. Beyond CO3, emissions from both industrial
parks contributed to other pollutants affecting air quality. Correlation analysis revealed that
the synthetic leather factories in Pucheng industrial park were also an important source of SO
and NOx compared to the chemical plant in Nanping industrial park. Based on the analysis of
meteorological conditions in both locations, Pucheng industrial park was influenced mainly
by the stronger north wind, which caused slight CO> increases under wind speeds above 4 m/s.
It indicated that regional transport accelerated the diffusion of CO2 under high wind speed
conditions. Nanping -industrial park was primarily affected by the west wind. It showed
decreased CO- concentrations with increasing wind speed, indicating localized emissions as
the dominant source. In addition, distinct weekday-weekend emission patterns were observed
in both industrial parks, with a decrease in weekend emissions compared to weekdays.
Forward trajectory simulations during high-emission periods revealed that emissions from
Pucheng industrial mainly affected the southern part of Fujian, the northeastern part of Jiangxi,
and the southern part of Anhui Provinces, while Nanping emissions were primarily confined
to central and western parts of Fujian and part of Jiangxi Provinces. During the three-month
observation period, the distribution of PSCF and CWT revealed that emissions from the two
industrial parks primarily influenced Fujian and its adjacent provinces including eastern

Jiangxi, eastern Guangdong, and parts of southern Zhejiang.
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In summary, carbon emission sources at different locations exhibit varying impacts on the
spatiotemporal distribution of atmospheric CO2 concentration. Although the limited DIAL
measurements may not represent the entire atmosphere, they provide critical information
about industrial emissions in mountainous areas and the dynamics of local CO2 sources-sink,
as well as important insights into the interaction between human emissions and natural carbon

transport.
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measurements of local meteorological stations, and DSR was from the ERAS datasets with a

horizontal resolution of 0.25° x 0.25°.

24



Journal Pre-proof

Pucheng industrial park on 23 August 2024
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Fig. 3 Typical spatial distribution characteristics of (al)-(a6) PR?, (b1)-(b6) CO:
concentration, and (c1)-(c6) radial wind speed in Pucheng industrial park on 23 August 2024.
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Fig. 4 Typical spatial distribution characteristics of (al)-(a6) PR? (b1)-(b6) CO:
concentration, and (c1)-(c6) radial wind speed in Nanping industrial park on 25 September
2024.
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Fig. 6 Correlations among the CO> from emission source and the air pollution components
including CO, Os, NO2, SOz and PM_5, as well as the meteorological variables including air
temperature (T), relative humidity (RH) and wind speed (WS). (a) Pucheng industrial park
and (b) Nanping industrial park.
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Fig. 8 Winds-dependent variations of hourly averaged CO> concentrations from 1 August
2024 and 31 October 2024 at Pucheng industrial park. (a) Weekday and (b) Weekend.
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Fig. 9 Winds-dependent variations of hourly averaged CO> concentrations from 1 August
2024 and 31 October 2024 at Nanping industrial park. (a) Weekday and (b) Weekend.
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