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Abstract. Major metropolitan areas are critical carbon emission hotspots, and understanding their carbon dy-
namics is essential for developing targeted climate mitigation strategies. Remote background stations often cap-
ture spatially smoothed anthropogenic signals, failing to resolve distinct urban source—sink processes. Here, we
leveraged the unique 632 m Shanghai Tower (121.51°E, 31.23°N) to conduct a nearly 2-year field campaign
(April 2021-March 2023), aiming to investigate CO; and CO dynamic from the top of urban canopy layer
(UCL) via stationary, continuous, single-level, high-precision, in situ measurements with a cavity ringdown
laser spectrometer. Campaign-averaged mole fractions substantially exceeded global and regional backgrounds,
confirming a pronounced urban carbon burden. Through a multi-stage filtering framework targeting nocturnal
measurements, we derived robust regional background values. Component analysis of CO; excess, using CO as
a reliable regional combustion tracer, revealed burning of fossil fuels as the dominant contributor (avg. 85 %),
alongside biogenic processes that enhanced this atmospheric excess, especially in winter under respiratory pre-
dominance, but less so in summer when partially offset by net photosynthetic uptake and cleaner airmass dilu-
tion. The 2022 Shanghai lockdown provided a natural experiment that underscored the pronounced sensitivity
of UCL-top observations to metropolitan-scale anthropogenic perturbations, as reflected in synchronized decline
and rapid rebound of CO, and CO, along with a marked reversal of their emission ratio compared to 2021. Over-
all, these findings affirm that UCL-top observations effectively capture integrated metropolitan carbon signals,
supporting refined emission tracking and top-down carbon neutrality strategies.
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1 Introduction

Carbon dioxide (COy) is the predominant greenhouse gas
(GHG) and a central focus of climate change (Rogelj et
al.,, 2013; Zhu et al., 2019), accounting for the largest
share of effective radiative forcing from all long-lived GHGs
(2.29Wm’2, or 66 % of the total; AGGI, 2024). The ever-
increasing worldwide reliance on fossil fuels has raised at-
mospheric CO, concentrations from a pre-industrial value
of 280 ppm to a historic high of 423.9 ppm in 2024 (Fu et
al., 2022; Friedlingstein et al., 2022; WMO, 2025), far ex-
ceeding the proposed safe threshold of 350 ppm (Rogelj et
al., 2013). Carbon monoxide (CO), beyond its direct adverse
effects as an atmospheric pollutant on human health and the
environment (Henry et al., 2006), acts as an indirect GHG
that plays a vital role in atmospheric chemistry by serv-
ing as a major sink of tropospheric hydroxyl radicals (OH)
(Lelieveld et al., 2016). The OH-initiated reactions that pro-
mote CO-to-CO; conversion and tropospheric O3 yield (un-
der sufficient NO, conditions) competitively deplete atmo-
spheric OH reservoir (Crutzen, 1973; Seinfeld and Pandis,
2016), and thereby prolong the lifetime of other reducing
agents, including important GHGs such as methane (CHy),
leading to an indirect positive radiative forcing of 0.2 W m~?2
(Forster et al., 2007; IPCC, 2023). In the recent decade, the
global average mole fraction of carbon monoxide (CO) was
around 90 ppb (WDCGG, 2025a) with recorded levels be-
tween 85 and 200 ppb at background stations in East-Asia
(Patel et al., 2024). The efficacy of CO and CO; as co-
tracers in pinpointing combustion sources and atmospheric
processes (Bond et al., 2004; Kamal et al., 2024) necessi-
tates an in-depth investigation into their concurrent footprint
patterns and underlying drivers, particularly in regions with
high fuel demand and a stringent clean-air imperative.

As the world’s largest GHG emitter, with cities accounting
for a large share of direct carbon emissions (Tong et al., 2018;
Meng et al., 2025), China is under mounting international
scrutiny in light of its commitment to achieve carbon neu-
trality by 2060 (CNCA, 2020). Supporting this goal, China
has been deploying an extensive urban and suburban car-
bon monitoring network (comprising over 100 stations across
more than 30 cities) to complement its WMO/GAW-affiliated
background stations, namely one global background station
(Waliguan, WLG) and seven regional background stations
(WDCGG, 2025b). Although these background stations are
primarily located in remote areas, a direct outcome from this
monitoring infrastructure is that the data tend to represent
blended, regionally-smoothed signals that are often contam-
inated by ground-based influences (Fang et al., 2015b; Liu
et al., 2019; Chen et al., 2024). To extract regionally repre-
sentative data with minimal local emission influence, a va-
riety of filtering methods have been developed. These range
from simple statistical thresholds (e.g., the 1st or Sth per-
centiles) (Wang et al., 2010; Ye et al., 2024) to more princi-
pled approaches including the Robust Extraction of Baseline
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Signal (REBS) (Ruckstuhl et al., 2012) and Standard Devi-
ation of Running Mean (SDM) (Tsutsumi et al., 2006), di-
urnal patterns (Yuan et al., 2018), meteorological filtering
(MET) (Fang et al., 2014), and the use of specialized trac-
ers such as CO (Tsutsumi et al., 2006; Wang et al., 2010),
black carbon (Pu et al., 2014), radon-related (Brunke et
al., 2004), and CH4 (Fang et al., 2015b) for filtering CO»,
which are described in detail on previous publications (Fang
etal., 2015b; Liu et al., 2019). Nevertheless, it can be inferred
from these limitations that even after filtering, background
data from the lower atmosphere remain compromised by
near-surface interference, while those from suburban moun-
taintops are likewise affected by plant canopy dynamics,
both of which can consequently obscure real anthropogenic
source—sink signals. Furthermore, it is imperative to move
beyond solely quantifying background levels and decipher
underlying source—sink dynamics. This expanded focus con-
tributes to a robust, top-down understanding that underpins
targeted carbon control strategies, particularly in advanced
metropolitan areas with strategically deployed observational
infrastructure.

The flow over urban areas within the planetary bound-
ary layer (i.e., the urban boundary layer, UBL) is intensified
by the urban heat island effect, generating a heat dome that
deepens the boundary layer, enhances turbulence mixing, and
complicates wind patterns compared to rural surroundings
(Oke, 1976; Cosgrove and Berkelhammer, 2018). Conceptu-
ally, the UBL consists of several dynamical sublayers (Wang
etal.,2014; Vegaet al., 2019): the urban canopy layer (UCL),
characterized by highly complex flows governed by the ge-
ometry of building and vegetation canopies; the roughness
sublayer (RSL), a transitional zone extending 2-5 times the
mean building height (Hy; Arnfield, 2003), in which tur-
bulence develops and progressively homogenizes the flow;
the surface layer (SL), with nearly constant fluxes and log-
arithmic wind profile; and the mixed layer, where fluxes
and scalars exhibit vertical uniformity. Conventional near-
surface observations, typically conducted within the lower
UCL, struggle to represent city-scale emissions due to strong
hyperlocal influences. In contrast, the world’s tallest towers
far exceed Hp and allow access to the UCL top and even
penetrate the overlying RSL. Thus, stationary measurements
are possible at an elevation less affected by transient, hy-
perlocal sources (e.g., a single vehicle), yet still sensitive
to the integrated urban anthropogenic footprint. Although
such elevated sites hold promise for capturing metropolitan-
scale GHG signals and bridging the gap between ground
sources and regional background, their deployment on super-
tall skyscrapers remains limited globally.

Shanghai, the largest metropolitan representative in
the Yangtze River Delta (YRD) region, China, covers
6340.5 km? with a permanent population of 24.9 million and
total GDP of CNY 4.32 trillion in 2021, making it a carbon
emission hotspot (Fig. 1a). This study utilizes the unique
Shanghai Tower site (SHT; Fig. 1b), a 632m skyscraper-
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based platform situated at the UCL top in Shanghai’s Luji-
azui financial district, to investigate CO, and CO dynamics
in a megacity environment through a nearly 2-year continu-
ous campaign (April 2021-March 2023). Through a combi-
nation of multi-scale analytical approaches, including robust
background filtering and the use of CO as a tracer for fossil-
derived CO,, we quantify the urban carbon burden and iden-
tify its key drivers. Moreover, this study capitalizes on the
unprecedented natural experiment created by the COVID-19
lockdown and subsequent recovery period in Shanghai to ex-
amine the environmental implications of drastic changes in
human activity on urban carbon loadings and combustion ef-
ficiency. In general, by elucidating the characteristics, com-
position, and dominant factors governing CO, and CO levels
from this strategic vantage point directly over the urban core,
this study aims to provide several scientific insights that in-
form targeted carbon mitigation in megacities across China
and other rapidly urbanizing regions worldwide.

2 Data and methodology

2.1 Locations and field observations

Continuous in situ CO, and CO measurements were con-
ducted from 17 April 2021 to 6 March 2023 (a period of
nearly two years) at the Shanghai Tower (SHT, 121.51°E,
31.23°N), an urban GHG monitoring site erected atop the
world’s second-tallest skyscraper. The sampling inlet was po-
sitioned at 632.0 m above ground level (a.g.l.); with the tower
base at 5 m above mean sea level (a.m.s.l.), this corresponds
to approximately 637 m a.m.s.l. This campaign yielded high-
precision, in situ data on CO; and CO levels at the UCL
top in metropolitan Shanghai, a key carbon emission hotspot
in China (Fig. 1a). As shown in Fig. 1b, the site is situated
within the densely urbanized Lujiazui Financial and Com-
mercial District, where it is encircled by roads and high-rise
buildings and lies adjacent to the Huangpu River, Shanghai’s
most vital and busiest shipping artery, thereby being signifi-
cantly affected by human activities.

2.1.1 CO» and CO Field Campaigns

The SHT-based field campaign for CO, and CO obser-
vation employed stationary, continuous, single-level, high-
precision, in situ measurements via an analytical system
equipped with Wave Scan Cavity Ring-down Spectroscopy
(WS-CRDS) analyzer (G2401; Picarro Inc., Santa Clara, CA,
USA), following a methodology analogous to that described
by Fang et al. (2013, 2015a) and implemented in Chen et
al. (2024). During this observation, air samples were drawn
using a vacuum pump (N022, KNF Neuberger, Germany),
with the sampling inlet extending from a 4 m? platform on
the tower’s uppermost accessible floor (132nd) up to the full
structural summit of the Shanghai Tower at 632 ma.g.1. (cor-
responding to 637 ma.m.s.l.). This elevation is significantly
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higher than the highest observation deck open to the pub-
lic (118th floor, ~550 ma.m.s.l.), and therefore immediate
anthropogenic interference there can be considered negligi-
ble. The sample stream first passed through a three-stage
self-assembled filter to remove particulate matter, and was
then delivered to a glass trap immersed in a methanol bath
at —50°C (Xiong et al., 2022), where it was dried to a dew
point of approximately —35 °C to reduce the influence of wa-
ter vapor, followed by temperature equilibration and pressure
adjustment prior to analysis. Therefore, the measurements on
atmospheric CO; and CO were their mole fractions in dry
air, and specific calibration procedures are detailed in a pre-
vious study (Fang et al., 2014). In brief, the instrument was
calibrated daily using two standard gases with high and low
concentrations (WH and WL) to establish a two-point lin-
ear calibration, while system performance was checked ev-
ery 6h using a target gas (T) with a known concentration.
All standards used in the campaign are linked to the WMO-
CO,_X2019 scale for CO, and WMO-CO_X2014A scale
for CO. Accounting for a ~ 1 min stabilization period after
flushing the internal volume (Fang et al., 2016), an average
over the subsequent stable 4 min interval was used for in-
strument calibration. The measurement precision (1o over
5 min) derived from repeated target gas measurements was
approximately 0.06 ppm for CO; and 1.0 ppb for CO dur-
ing the observation period (Fig. S1 in the Supplement), with
accuracy meeting WMO/GAW compatibility goals (GGMT,
2024). For clarity in presentation, data were subsequently
processed into 10 min or 1 h averages (see Figs. 2 and 3). In
addition, comparative observations were conducted simulta-
neously from April 2021 to December 2022 at a high-altitude
background site (Damingshan, DMS, 119.00°E, 30.01°N;
1489.9ma.m.s.l.) in the YRD region, where the measure-
ment and quality control protocols for CO and CO; mole
fractions were consistent with those at the SHT site.

2.1.2 Additional Environmental Data

Ground-based supplementary measurements, synchronized
with the SHT-based observation periods, were obtained from
two stations in Shanghai: (i) China’s air quality monitoring
station of Baoshan Miaohang (BSMH; 121.43°E, 31.33°N;
12-15ma.g.l.; 5.6km from SHT), which provided criteria
gaseous pollutants (NO>, SO,, CO, and Os; 1h intervals)
measured by a series of Thermo Scientific instruments (42i,
43i, 48i, and 49i, respectively); and (ii) the Baoshan Me-
teorological Station (BS; 31.23°N, 121.29°E; 1.5ma.g.1;
20.9 km from SHT), where meteorological parameters were
recorded at 3h intervals (temperature, pressure, wind di-
rection (wd), wind speed (ws)) and 6h intervals (cumula-
tive rainfall), as displayed in Fig. S1. Additionally, reanal-
ysis data of the planetary boundary layer height (PBLH)
at the SHT site were derived from the European Center
for Medium-Range Weather Forecasts (Copernicus Climate
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Figure 1. Location and terrain of the Shanghai Tower (SHT) site. (a) Spatial distribution of CO, fluxes in 2021 (CO, flux data: Emissions
Database for Global Atmospheric Research (EDGAR), https://edgar.jrc.ec.europa.eu/, last access: 18 October 2025; base map: National
Earth System Science Data Center, https://www.geodata.cn, last access: 10 September 2023). (b) Surrounding area of the SHT site (Imagery

© 2025 Airbus, Map data © 2025 Google).

Change Service, 2025). For detailed data sources and dataset,
refer to section Data Availability.

2.2 Model simulation and apportionment

Considering the high wind speeds (ca. 11.5ms™!) at the
SHT top (637 ma.m.s.l.) and the aerodynamic effects of its
120° spiral facade (Zhao et al., 2011), the measurement point
can be reasonably inferred to lie near the urban roughness
sublayer (RSL), where turbulence initiates the homogeniza-
tion of urban flow. For determining background CO, and
CO level ([CO2, k] and [COpk]), previous studies have em-
ployed tracer analysis related to the 5 % lower value of CO
(Wang et al., 2010), or data screening focused on intense
vertical mixing around noon, (e.g., 10:00-16:00 local time
(LT); Fang et al., 2017, 2022). However, during this cam-
paign, noontime tower-top measurements may be subject to
the upward transport of local anthropogenic emissions (see
details in Sect. 3.2), as suggested by the PBLH variations
(daytime: 728 = 389 m; nighttime: 290 4= 222 m vs. SHT Top
of 637 m; Fig. 2). Thus, to derive regional CO2, px and COpg
amplitudes, we preferentially selected stable nocturnal hours
(22:00-05:00LT) during which the sampling height (SHT
top) remained above the urban boundary layer. The proce-
dure for excluding data influenced by local emissions or ad-
vected pollution is detailed in Sect. 3.3. The excess CO,
concentration relative to its background level, expressed as
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[CO2, ex], can be further decomposed as follows:

[COz2] =[CO2,bk] +[CO2, ex]

= [COy, pk] + [CO2, 1] + [CO2, bio-dominated ]
+ Tu+Tv, (D

where [CO;] is the measured dry-air CO, mole fraction
(ppm); [COy, vk] represents the background CO; level deter-
mined by the filtering method (Sect. 3.3); [CO2, ] denotes
the CO; increment attributed to fossil fuel combustion; and
[CO2, bio-dominated] 1s the increment dominated by biological
processes (positive for net respiration, negative for net photo-
synthesis). Ty and Ty stand for the residual influences of hor-
izontal and vertical transport impacts on the observed CO;
level, respectively. In practice, the CO2, bio-dominated term may
partially encompass effects attributed to 7y and Ty.

To understand the probable transport pathways of air
masses arriving at the SHT site, we analyzed back trajecto-
ries using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) dispersion model from the National
Oceanic and Atmospheric Administration Air Resources
Laboratory (NOAA ARL). The calculations were based on
gridded meteorological data from the Global Data Assimi-
lation System (GDAS) provided by the National Centers for
Environmental Prediction (NCEP). Specifically, Meteolnfo
software (version 3.3.12) combined with NCEP/GDAS re-
analysis data (ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1,

https://doi.org/10.5194/acp-26-5477-2026


https://edgar.jrc.ec.europa.eu/
https://www.geodata.cn
ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1

S. Fu et al.: CO» and CO at the urban canopy layer top in Shanghai 5481

last access: 25 October 2025, 1° x 1°; Rousseau et al., 2004)
was used to calculate 72 h back trajectories with 1 h intervals.
Trajectories for each season were computed with an arrival
height of 600 ma.g.1., corresponding closely to the sampling
inlet height at the SHT site. The spatial source distributions
of CO, and CO were then analyzed using Potential Source
Contribution Function (PSCF) method. This method iden-
tifies potential source areas by calculating the conditional
probability that a measured concentration exceeds a prede-
fined threshold (e.g., the seasonal mean; see Table S1 in the
Supplement) when an air mass resides over a particular grid
cell (Polissar et al., 1999). In the PSCF model, the geograph-
ical area covered by the trajectory was divided into grid cells
with a spatial resolution of 0.5° x 0.5°. The PSCF value for
a given cell (i, j) is defined as:

PSCFij =mij/nij, @)

where n;; represented the number of trajectories endpoints
passing through the ij unit, and m;; represented the number
of trajectories endpoints causing atmospheric CO, and CO
values to exceed the threshold.

To reduce the influence of n;; outliers, a weight function
W;; was applied to obtain a weighted PSCF (WPSCF):

1.00 njj > 80,

] 070 20 <n; <30,
Wii=1 042 10 <nyj <20, )

0.05 njj < 10.

Additionally, to evaluate the influence of local surface wind
on species concentrations, we employed the polarPlot func-
tion from the OpenAir package in R (Carslaw and Ropkins,
2012; Carslaw, 2019), which uses smoothing techniques to
generate bivariate polar plots, depicting pollutant concentra-
tion as a continuous surface over ws and wd. The conditional
probability function (CPF) was also applied to identify spe-
cific wind sectors with a high probability of being associated
with elevated concentrations.

3 Results and Discussion

3.1 Overview of the Observations

Figure 2 displays the time series of CO, and CO mole frac-
tions measured at the SHT top, alongside ground-level mea-
surements of O3, NOz, SO;, and COg (from the nearby
BSMH station) and simultaneous records of rainfall (at BS
station) and PBLH (reanalysis data) over the 2-year cam-
paign from April 2021 to March 2023. Additional meteo-
rological parameters, including surface wind, atmospheric
pressure, temperature, and dew point, are presented in
Fig. S2. Throughout the campaign, CO, mole fractions ex-
hibited significant variability, with the 5 min records chang-
ing in the range of 362.1-783.7 ppm (388.3-536.5 ppm af-
ter 1h smoothing) and campaign-averaged values (£95 %
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CI) of 433.50£0.33 ppm. Meanwhile, tower-based 5 min
CO mole fractions varied considerably from 58.7 to more
than 4000 ppb (60.0 to approximately 2000 ppb after smooth-
ing), with an overall average of 313.59 +4.91 ppb. Focusing
on CO,, a crucial GHG contributor, Table S1 summarizes
CO; values measured at various observation sites from re-
cent reports and studies. Generally, the CO, measurement
conducted at the SHT site was significantly higher than that
of a comparable elevation (e.g., Akedala: 420.2 £ 1.4 ppm;
563.3ma.m.s.l.; KRE: 427.0540.64; 534ma.m.s.l.) and
those recorded at high-altitude stations (including LLN,
WLG, MLO, JFJ, ABLECAS, TPB, TOH and DMS: ca.
417-428 ppm; above 1000ma.m.s.l.), whether based on
mountains or tower platforms that are situated in global/re-
gional background settings, and also substantially exceeded
the global average value of 416.8 & 0.20 ppm (in 2021-2022;
Table S1). Notably, while elevated, the SHT-based CO; value
remained appreciably lower than those observed at nearby
near-ground sites (e.g., ca. 441.6-446.5 ppm at LAN and HZ
site, reported by Chen et al., 2024), where CO, levels are
strongly influenced by local anthropogenic emissions. Simi-
larly, the CO value at SHT site was also elevated above re-
gional background level (233.4 & 3.8 ppb at DMS by Lin et
al., 2025) in the YRD region. These results suggest a dis-
tinct surplus of both CO; and CO at the UCL top in this
highly-urbanized megacity, likely stemming from strong lo-
cal/regional influences and underscoring the need for further
investigation.

It is noteworthy that Shanghai experienced contrasting me-
teorological conditions and anthropogenic lockdowns dur-
ing the campaign. In 2021, it received exceptionally high
precipitation (1228.2mm during April-December), influ-
enced by typhoons (e.g., Typhoon In-Fa in July; Wang et
al., 2023; Fig. 2), flood seasons, and plum rains; whereas
in 2022, it was recorded significantly lower and unevenly
distributed rainfall (870.6 mm, a 38-year low, including Ty-
phoon Muifa in September; Lin et al., 2024), alongside
epidemic-related lockdowns (Sect. 3.5). Interannual vari-
ability in CO, was modest (430.94 +0.19 ppm in 2021 vs.
433.89 £0.15ppm in 2022), whereas CO was markedly
lower in 2021 (290.23 & 1.88ppb vs. 313.77 £2.26 ppb).
This contrast intensified during typhoons, which brought
strong winds, heavy rainfall, a sharp V-shaped pressure drop,
and cooling (Fig. S2). Specifically, under Typhoon In-Fa, CO
decreased by 121.76 ppb (a reduction of 53.4 %), compared
to a decrease of only 4.2 ppm (0.98 %) for CO;; and dur-
ing Typhoon Muifa, CO dropped by 246.14 ppb (45.5 %) vs.
2.9 ppm (0.67 %) for CO,. Concurrently, ground-level reac-
tive species (such as Oz, NO;, and SO;; Fig. 2) exhibited
scavenging behavior consistent with that of CO. These re-
sults underscore that short-term meteorological perturbations
exert a much weaker influence on CO; than on CO, reflecting
their divergent atmospheric lifetimes and chemical reactiv-
ity. Beyond meteorological factors, the interannual variabil-
ity also reflects differences in regional anthropogenic emis-
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Figure 2. Time series of the key atmospheric species and meteorological parameters during the 2-year campaign from April 2021 to March
2023. The presented dataset includes: CO, and CO mole fractions measured at the top of Shanghai Tower (SHT; 121.51°E, 31.23°N;
sampling at 632 ma.g.1.); hourly ground-level gaseous species of O3, NO3, SO3, and COg obtained from a nearby ground-based observation
station (BSMH; 5.6 km from SHT); rainfall data from a separate meteorological station (BSM; 20.9 km from SHT); and hourly reanalyzed
planetary boundary layer height (PBLH) at the SHT site. The time series of tower-top CO, and CO are presented as 10 min averages, with
smoothed curves generated at 1 h intervals using the curve-fitting method described by Thoning et al. (1989). Pale blue shaded areas indicate
typhoon events (25-26 July 2021 and 1415 September 2022). Intermittent data gaps occurred during the campaign, mainly due to logistical

disruptions (e.g., standard gas shortages) and restricted site access.

sions. In 2021, extensive lockdowns across regions upwind
of Shanghai — particularly the North China Plain and cen-
tral China — substantially suppressed anthropogenic mobile
source emissions, contributing to a lower background. Given
its elevated location, the SHT site was particularly sensitive
to this reduction, capturing the long-range transport signal
from distant upwind regions more effectively than surface
sites. In contrast, by late 2022, following Shanghai’s pro-
longed citywide lockdown (March—June 2022) and subse-
quent nationwide relaxation of COVID-19 restrictions, an-
thropogenic emissions had rebounded. These emission dif-
ferences, together with the distinct meteorological conditions
noted above, shaped the observed pronounced interannual
CO pattern at the elevated SHT site.

Atmos. Chem. Phys., 26, 5477-5496, 2026

Unlike the chemically inert CO,, CO has a relatively
short atmospheric lifetime (tco, ~ 1-3 month; Zheng et
al., 2019), governed primarily by OH-initiated oxidation; and
its sources are dominated by ground incomplete combustion
and, to a lesser extent, the oxidation of CH4 and biogenic
hydrocarbons (Ehhalt and Rohrer, 2009; Seiler, 2010). Dur-
ing this campaign, its diurnal cycles observed at the tower
top displayed clear non-uniform distributions, also indica-
tive of near-surface influence (further discussed below). To
explore local effects, it is necessary to isolate the regional
background signal from the tower-top measurements. Prior
to that, vertical CO variations between tower top and base
provide a practical perspective for assessing near-surface in-
fluences, as discussed in Sect. 3.2.
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3.2 Temporal Dynamics of Tower-top Measurements
Response to Upward Urban plume

Figure 3 illustrates diurnal profiles of tower-top CO and
CO; alongside ground-level primary pollutants (including
COg) throughout the entire campaign and across different
seasons. Monthly cycles for species/parameters are provided
in Fig. S3. Both CO, and CO exhibited a relatively con-
sistent bimodal pattern, while in terms of CO, its ground
mole fraction (avg. 543.11 ppb) was substantially higher and
more variable than that (avg. 313.59 ppb) observed at the
tower top. In addition, the initial peak at the tower-top oc-
curred around 10:00-11:00LT (ca. 443.33 ppb for CO and
438.04 ppm for COy), lagging the ground peak (e.g., ca.
584.71ppb for COg; 08:00-09:00LT) by about 2h. The
UBL uplifts rapidly in the morning, surpassing the SHT top
from ca. 09:00-10:00 LT, and remained above it until around
17:00 LT. Accordingly, the intense vertical turbulence during
these hours enhanced an upward mixing of gaseous species
such as CO, leading to a smaller concentration difference
between the tower base and top (CO vs. COyg), especially
on summer and autumn afternoons. In the evening, rush-
hour traffic emissions produced a second peak in ground-
level CO and tower-top CO; at around 19:00 LT, comparable
to the morning spikes despite slight declines of 2.3 % and
0.2% (Fig. 3a). In contrast, the secondary peak in tower-
top CO occurred earlier (~ 17:00LLT) and was significantly
weaker, showing a —19.2 % decrease compared to the first
one. This pronounced attenuation was likely due to limited
replenishment of air masses at the elevated measurement
site following the onset of atmospheric subsidence and the
PBLH falling below the tower height. At night, CO, and
CO measurements at the SHT site (UCL top; above urban
PBLH, ca. 329.5 +246.2 m; Fig. S3) were largely free from
ground influence, contrasting with the near-surface accumu-
lation of pollutants in the stable nocturnal layer, a pattern
consistent with previous hierarchical tower observations that
also recorded limited nighttime concentration variability at
upper levels (Denning et al., 2008; Winderlich et al., 2014).
This vertical decoupling also aligns with tethered-balloon-
based observations, which indicated that the impact of sur-
face emissions on atmospheric carbon was mostly restricted
to the lower atmosphere (0—1 km), even to below 300 m (Li
et al., 2014; Liu et al., 2025). Consequently, measurements
taken at or approaching the PBL top can provide a more rep-
resentative estimate of regional carbon emission character-
istics, and reduce the uncertainty in source rates (Kondo et
al., 2006; Wang et al., 2006; Han et al., 2009). However, it is
worth noting that, in contrast to the diurnal cycles observed at
background tall towers (e.g., KRE; Fig. S4), the SHT-based
measurements from an elevated urban core site were subject
to pronounced daytime urban emissions, whereas the night-
time data remained more representative of regional surface
flux influences. In this context, tower-top nocturnal measure-
ments at SHT site were considered suitable proxies for the
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regional background, as detailed in Sect. 3.3 alongside the
specific filtering criteria.

In addition, Fig. 3a and b present diurnal comparisons be-
tween tower-top 10-min observations and the unified hourly
values. Despite the absence of real-time CO; vertical gradi-
ent measurements in this campaign, its variation can be in-
ferred to be smaller than that of CO (even in daytime), owing
to its chemical stability and high background abundance. The
reactive species CO was also analyzed in relation to varia-
tions in co-located ground-level pollutants. The unimodal di-
urnal cycle of odd oxygen (O, = NO; + O3; Fig. 3¢), an in-
dex of photochemical oxidation capability (Lin et al., 2021),
featured elevated concentrations during daytime photochem-
ical hours that potentially intensified CO depletion, partic-
ularly during May—August (Fig. S3). Temporal variations
in the correlations between CO and SO, (a tracer of coal
combustion (Li et al., 2006)) and NO, (a byproduct of fuel
combustion, particularly traffic-related; Allen et al., 2013)
implied distinct emission regimes (Fig. 3d). In the warmer
summer and autumn months, CO showed a stronger correla-
tion with NO,, underscoring the influence of traffic-related
sources. In contrast, the tighter CO-SO, association in cold
seasons was a possible reflection of sulfur-containing in-
dustrial coal combustion. Despite the limited coal combus-
tion and biomass burning for cooking and heating in urban
Shanghai, the elevated wintertime concentrations observed
in the study region were likely attributable to the widespread
use of these fuels in the upwind North China regions (Liu et
al., 2016; Zhang et al., 2022).

The observed CO top-base difference (Fig. S5) indicated
upward transport (7y) of an urban plume driven by day-
time turbulence, and this effect was potentially reinforced
during autumn noontime as high CO levels at the tower
top coincided with deeper PBLH, particularly in October
(Fig. S3). Moreover, the SHT site appeared to be affected
by horizontal transport (7y) within the lower troposphere
(up to 700 hPa), especially from the northwest upwind di-
rection where autumn crop residue burning remains active
(Wang et al., 2019), despite the long-standing prohibition of
open straw burning in Shanghai (Tian et al., 2022). As an
elevated site within a coastal metropolis, SHT is subject to
pronounced sea—land breeze circulations, the periodic nature
of which significantly complicates pollutant transport and
dispersion (Huang et al., 2025). Accordingly, we analyzed
24 h back trajectories from three representative time periods
(morning and evening rush hours, and the stable nighttime
period; Fig. S6), as well as 72h trajectories and their asso-
ciated cluster concentrations (Fig. 4) at the SHT site across
seasons. Regarding diurnal cycles, CO, and CO levels were
primarily influenced by air masses from the eastern coastal
areas and by urban plumes passing through the regions of
Jiangsu, Anhui, and Zhejiang. In contrast, higher loads of CO
and CO; at the SHT receptor site in winter were consistently
linked to 3 d aged plumes from inland North China, indicat-
ing a greater influence from distant anthropogenic sources
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Figure 3. Diurnal profiles of tower-top CO and CO, and their relationships with ground-level species across seasons. Panels (a) and (b)
show 10 min average tower-top CO and CO, mole fractions with confidence intervals (95 % CI) in circles and inverted triangles with error
bars. In panels (a)—(c), the curves with shaded areas display 1 h means and corresponding 95 % CI; the unshaded interval in the middle of the
day cycle corresponds to daytime, whereas flanking grey shaded periods indicate nighttime (roughly 18:00-06:00, LT). Panel (d) presents
the correlations of ground-level primary pollutants (SO, and NO, vs. CO; d), based on 1 h data.

driven by land breeze. The sea breeze effect was most pro-
nounced in autumn, with the vast majority of air masses ar-
riving at the SHT site within 24 h being driven by sea breeze
(Fig. S6¢), broadly consistent with recent findings by Huang
et al. (2025). Notably, summertime patterns were character-
ized by a stronger influence from sources within the YRD re-
gion and by sea breeze extending toward the eastern sea area,
accompanied by smaller vertical height variations. Further-
more, these anthropogenic impacts were more pronounced
on weekdays, as supported by elevated diurnal concentra-
tions of CO and CO; (ca. 4+5.66 ppb and +1.48 ppm, respec-
tively; Fig. S7) compared to weekends.

3.3 Background Values Filtering Based on Nighttime
Measurements

The principle of background value filtering is to distinguish
the signal of a well-mixed atmospheric state from the noise
caused by transient emission or sink events. To reduce fil-
tering bias, we applied a meteorological filter to nocturnal
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tower-top measurements before further statistical processing,
as suggested by Ruckstuhl et al. (2012), to derive regional
background values of CO and CO; (i.e., COpk and CO2, p).
As noted earlier, the SHT site (637 ma.m.s.l.) is located at
UCL top and typically remains above the nighttime PBLH,
experiencing strong winds (~ 11.5ms™!) that favor a well-
mixed condition. Even so, the measurements could still be af-
fected by certain meteorological conditions and plume trans-
port events, as discussed below.

Rainfall influence. The elevation of nocturnal PBLH dur-
ing rainfall (ca. +110m; Fig. 5a) indicated enhanced ver-
tical mixing, likely driven by cloud radiative effects that
suppress near-surface cooling, along with mechanical turbu-
lence enhancement and potential evaporative cooling aloft
(Paul et al., 2018). Measurements further showed a more pro-
nounced decline in tower-top CO concentrations (—16.9 % or
—43.0 ppb) than in CO; (—0.6 % or —2.6 ppm), as compared
to stable rain-free nights (22:00-05:00 LT). This distinct noc-
turnal response can be explained by reduced anthropogenic
activity that disproportionately curtails CO emissions but has
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little effect on persistent CO; respiration, coupled with the
rainfall-induced downward mixing of cleaner air, to which
the locally concentrated CO was significantly more suscepti-
ble than the relatively well-mixed CO;. Therefore, the analy-
sis of concurrent COpg and COy, pk (and subsequent parame-
ters) was restricted to non-rainy days, with extreme typhoon
events also excluded as previously noted.

Transport impact of upwind, high-load airmass. Pollu-
tant transport also plays a significant role in tower-based
measurements, as emphasized earlier. Under the regime of
the East Asian monsoon, clean maritime airmasses from the
east alternate with polluted air from the west and northwest.
These continental inflows were particularly evident in the au-
tumn/winter (Clusters 1 and 2, Fig. 4), leading to a marked
increase in CO and CO; concentrations. The PSCF-resolved
potential source areas (Fig. S8) further identified significant
inland extensions during spring, in contrast to a contraction
toward the vicinity of the SHT site in other seasons, but it can
broadly characterize the overall picture of source influence
for the SHT site within a radius of approximately 200 km
(with PSCF values > 0.9). In the absence of real-time wind
speed and direction data at the tower top, tower-base wind
fields were adopted as a proxy, and corresponding distribu-
tions of CO and CO; across nocturnal (22:00-05:00 LT) and
diurnal periods are presented in Figs. 5b and S9, respectively.
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In particular, a relatively diffuse CO hotspot in the diurnal
profile indicated considerable regional transport influence on
the SHT receptor site. Under nocturnal conditions, both CO,
and CO (in terms of averages and top 10 % highs) exhibited
clustered hotspot patterns in the W, WNW, and NW sectors
at ground wind speeds of ca. 1-4ms™!, suggesting persis-
tent and mild upwind transport at night. These western sec-
tors represent the upwind areas where the nighttime offshore
land breeze may also partially contribute to the carbon foot-
print observed at the SHT receptor site (Huang et al., 2025;
Zhao et al., 2022).

The selection of regional background data involved
a sequential filtering procedure (Fig. 6a). Foremost, the
NGT_MET-based process selected concurrent nocturnal CO
and CO; measurements (22:00-next 05:00L LT used, con-
stituting 33.3 % of the total hourly dataset) from the SHT
site, followed by the exclusions of rainy days, typhoon-
affected periods, and winds from W, WNW, and NW sectors,
which collectively accounted for 14.5 % of the total. Subse-
quently, a comprehensive top-down statistical filter (defined
as NGT_MET_SDM and detailed in the following section)
was employed to screen out local events (resulting in an addi-
tional 5.3 % exclusion). Overall, this multi-step filtering pro-
cess effectively normalized the initially right-skewed distri-
bution of the measurements. The final background dataset
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Figure 5. Impacts of rainfall and wind patterns on tower-top CO, and CO, alongside associated variations in PBLH and ground-level CO.
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consisted of 1604 hourly records collected over 276 nights
during this nearly 2-year campaign, yielding background
concentrations of 425.6 ppm for COy vk and 191.1 ppb for
COpk.

Significant short-term variations (e.g., at minute scales)
in species concentrations are commonly indicative of lo-
cal emission or sink processes (Tsutsumi et al., 2006; Se-
infeld and Pandis, 2016; Liu et al., 2019). On this basis,
we implemented the SDM approach to analyze hourly stan-
dard deviation (SD, derived from 5 min resolution data; Fig.
S10a) and examined its distribution across the NGT_MET-
screened datasets. As shown in Fig. S10b, a high-variability
threshold (£4.4 ppm for CO; variation and %34 ppb for CO
variation over 1h intervals) was adopted for retracing local
events, with 5.1 % of records subsequently flagged as anoma-
lous. Suspected outliers were then re-check and removed
(additional ~ 0.2 %) from the NGT_MET-screened data us-
ing two statistical criteria: the conventional 1.5 x IQR rule
(Q1 — 1.5IQR, Q3 + 1.5IQR; Fig. 6a) applied to the overall
dataset, and the £30 range relative to the smoothed values
(Fig. 2) for hourly time series. Following this screening pro-
cedure, the final dataset comprised 248 sliding daily COpk
and COy, pk, each of which satisfied the requirement of at
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least 3 valid nocturnal data within the 8 h period (i.e., 22:00-
next 05:00LT) and served as a dynamic baseline for cal-
culating subsequent daytime excess concentrations. In cases
where no valid background was available for a given day, a
biweekly sliding average was applied as a substitute to ac-
count for temporal variability. Accordingly, Fig. 6b presents
CO and CO; levels in semi-monthly intervals during non-
rainy periods of the campaign, together with their corre-
sponding background values vs. global (MLO, WLG, and
JFJ) and YRD regional (DMS) background measurements.
Regarding COpy, the filtered mole fractions (£95 %
CI: 190.1 4.7 ppb) from tower-top measurements roughly
aligned with synchronous values recorded at the sites of
DMS, MLG, and JFJ (avg. 227.0, 125.2, and 116.6 ppb, re-
spectively; Fig. 6b); however, this contrasted sharply with
surface-based observations, such as the 373-413 ppb range
reported at the nearby LAN site by Liu et al. (2019) using
multiple filtering approaches. Given the high spatial hetero-
geneity of CO in the lower atmosphere over non-background
regions, the tower-based deployments at the UCL top in
this campaign appears to offer a superior vantage point for
capturing its reliable regional signals. Focusing on CO2, pk,
the derived value at SHT (425.6 £ 0.3 ppm) showed an en-
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hancement of approximately 6—7 ppm over the global/re-
gional backgrounds (417.8-422.3 ppm at MLO, WLG, JFJ,
and DMS; Fig. 6b and Table S1), suggesting significant net
source effects within the YRD region, China. The dynamics
of atmospheric CO, are governed by multiple factors, includ-
ing biospheric processes (photosynthesis and respiration),
PBLH, local anthropogenic activities, etc. (Yang et al., 2021;
Chen et al., 2022). Previous studies (Chen et al., 2024; Lin
et al., 2025) employed filtered DMS data as a background
representative for the YRD; however, these data seem to be
still confounded by sources on or advected to the mountain,
with a notably enhanced influence from net vegetative CO,
release during winter (Fig. S11). Specially, nighttime SHT
data, measured from within the mixed layer directly above
the city center, can be proposed as a better background proxy.
In parallel, anthropogenic emission variations were captured
at SHT (Fig. 6b), as shown by concurrent declines in CO
and CO» (including background levels) during the March—
June 2022 pandemic lockdown in Shanghai and a subse-
quent rebound during recovery. The strong coherence be-
tween CO;, and CO (a tracer of incomplete combustion of
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carbon-containing fuels; Seiler, 2010) underscores the sig-
nificant role of fuel combustion on atmospheric CO, levels.
Furthermore, during the recovery period, the total growth
rates of CO and CO; significantly exceeded their dynamic
regional backgrounds (COpx and COy, pk; Fig. 6b). These
growth imbalances can be explained by an increasing con-
centration excess (e.g., COy, ex = COz — COy, pk), highlight-
ing pronounced local net source effects. A detailed composi-
tional analysis of these excess signals follows in Sect. 3.4. In
addition, a comprehensive case study focusing on Shanghai
lockdown and recovery phases is presented in Sect. 3.5.

3.4 Analysis on the Main Cause of CO2 and CO
Excesses

Specifically, the dynamic excesses of CO and CO; (i.e.,
CO¢x and CO;, ¢x) were calculated by subtracting the slid-
ing daily background values (COpk and CO;, py) from their
corresponding real-time measurements. Figure 7 displays the
resulting hourly excess values and their inter-correlations
across seasons. Since CO is mainly co-emitted with CO;
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from fuel combustion sources, a significant positive corre-
lation between them is therefore expected when combustion
processes dominate the observed COj, ¢x. Accordingly, the
fossil fuel-derived CO, component (CO2, fr—derived in Eq. 1)
could be quantified using its co-emission ratio with CO (de-
fined as kco, /co), as formulated in Eq. (4). It should be
noted that kco, /co ratios in this study (Fig. 7a) were de-
termined via the reduced major axis rather than the ordinary
least square method to appropriately account for uncertain-
ties in both COgx and CO»_¢x, consistent with previous stud-
ies (Hirsch and Gilroy, 1984; Wang et al., 2010).

[COy, ] = ([CO] — [COwk]) x kco, /co 4

Figure 7a reveals a clear seasonal pattern in kco,;co ra-
tios, with higher values in spring (99.9 ppm ppm~!) and win-
ter (76.5) compared to summer (64.3) and autumn (47.8).
As mentioned earlier, a lower kco,,/co ratio in autumn
may be related to crop residue burning as a possible source
of autumn CO enhancement (Wang et al., 2019). More-
over, the generally higher kco, / co estimates throughout this
campaign reflect a lower relative CO ratio (i.e., kco/co,,
1.5+ 0.4 %) than reported across China (typically 1 %—6 %)
(Liu et al., 2018; Xia et al., 2020; Che et al., 2022; Li et
al., 2022; Wu et al., 2022), which may be due to relatively
well-mixed atmospheric CO levels at the UCL top and/or
a gradual improvement in regional combustion efficiency
over time. Notably, high-efficiency fossil fuel combustion is
typically associated with traffic and power plants (Yang et
al., 2020; Che et al., 2022; Zhao et al., 2024). Significant
reductions in kco,co, have also been observed in specific
industrial sectors in the YRD region, such as the steel indus-
try, as suggested by Zhao et al. (2024), and these improve-
ments are largely linked to China’s Clean Air Action Plan
(2013-2017), after which regional kco  co, has stabilized at
low levels. Compared with other urban-integrated observa-
tions, the derived kco / co, at SHT is comparable to values in
Sacramanto and California (~ 1 %) (Wu et al., 2022), but re-
mains higher than those in Europe areas such as Netherlands
(0.2 %—0.4 %; Super et al., 2017) and France (0.3 %-0.7 %;
Ammoura et al., 2016; Wu et al., 2022), indicating poten-
tial for further decline. This trend was also noticeable un-
der the pandemic-related lockdown, as detailed in Sect. 3.5.
Moreover, the relatively weak correlation between summer-
time COy, ¢x and CO¢x can be explained by disproportion-
ate enhancement of CO; signals from biospheric processes
(Fig. S3; Wang et al., 2010; Tohjima et al., 2014) and of
CO from in situ oxidation of biogenic hydrocarbons (Bi et
al., 2022; Fawole et al., 2022). Despite this, strong vertical
mixing during summer helped maintain a good correlation
of concurrent CO, and CO measurements (R =0.53-0.80,
Fig. S12). In densely populated urban areas, total respiration
may substantially contribute to CO x, forming part of the
urban plume. In addition to diel variations in photosynthe-
sis/respiration, atmospheric transport processes (7 and Tv;
Eq. 1) may also affect observed CO; ¢x—COex correlations.
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In this study, except for the application of a seasonally con-
stant kco, / co, we also estimated summertime CO»_ ¢ using
a time-dependent kco, ;co expressed as the function of lo-
cal time (Fig. S13). The results show that CO; ¢ estimates
would decrease by 4-5ppm in the evening hours (17:00-
20:00LT), while the diurnal average remained nearly un-
changed (6.3 vs. 6.4 ppm; Fig. 7b). Consequently, a seasonal
kco, jco (47.8-99.9; corresponding to kco/co, of 0.8 %—
2 %) was adopted in the subsequent analysis. Figure 7b fur-
ther illustrates the diurnal cycles of main CO;, ¢x components
(CO2, i and CO2, bio-dominated) across seasons. In addition,
Table S2 summarizes the magnitudes of these resolved ex-
cesses relative to filtered background levels.

Overall, the considerable variability in both CO and COy
at the SHT site (mean COg¢x = 98.9 ppb; Table S2), consis-
tent with previous observations (Wang et al., 2010; Liu et
al., 2019; Xia et al., 2020), indicates their heightened sus-
ceptibility to local/regional, short-term emissions and deple-
tion. It should be noted that our team conducted simultaneous
14C measurements in atmospheric CO, and CO at the site
of Hengxiwu (HXW, 119.48°E, 30.60°N; 200 ma.m.s.1.)
in Anji, Zhejiang, a representative area of intensive urban-
ization in the YRD region. Based on these observations,
CO;, #r concentrations were quantified via radiocarbon mass
balance (according to Levin et al., 2003 and Vdsquez et
al.,, 2022), and the results (Fig. S14) revealed a strong
positive correlation (R =0.98) between CO;y, ¢ and COg,
with an averaged kco/ co, of 1.45£0.13 % that was highly
consistent with estimates from the SHT site (1.5 +£0.4 %).
These findings further confirm that CO emissions in the
YRD region originate predominantly from fossil fuel com-
bustion and high combustion efficiency there, thereby val-
idating the application of Eq. (4) with an empirically con-
strained kco, /co for determining regional COz . Focus-
ing on CO, ox at SHT site, its averaged concentration was
7.5 ppm, exhibiting a distinct seasonal pattern that peaked
in winter (11.4 ppm) and dropped to a minimum in sum-
mer and spring (~4.4ppm). Source decomposition indi-
cated that fossil fuel combustion (CO», ¢) was its dominant
source, contributing 6.4 ppm (~ 85 %) to the total excess,
with the remainder (1.1 ppm, ~ 15 %) mainly due to bio-
logical activities (CO2, bio-dominated)- Notably, CO»_ g consis-
tently served as the major source and was the primary driver
of CO; diurnal cycles (Fig. 3), while CO2, bio-dominated tran-
sitioned to a net summertime sink as intense sunlight en-
hanced photosynthetic CO; uptake (Wang et al., 2010; To-
hjima et al., 2014). This biological sink offset the appar-
ent effect of ecosystem respiration, pointing to a potential
underestimation of its true role in summer. Moreover, the
notable CO2, bio-dominated Sink (i.e., strong negative values;
Fig. 7b) in summer evenings may stem from the oversim-
plified constant kco,,;co and/or dilution by advected sea
breeze (Fig. 4) from afternoon to evening, observed at the
tower top in the evening. Diurnal analysis during winter re-
vealed a slightly amplified CO2, bio-dominated Signal (3.1 ppm,
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Figure 7. Variations in panel (a): CO, and CO excess concentration (i.e., [CO3 ¢x] and [COex]) and (b): further apportionment of CO,
excess to fossil fuel combustion and biologically dominated partition ([CO; ] and [CO2 pio-dominated])» respectively. Solid lines: estimates
using seasonally constant kco, / co from panel (a); dashed red line: summer estimates using a time-dependent kco, / co-

representing 27 % of CO;, ¢x) during non-noon hours, at-
tributable to pronounced net respiration, alongside a substan-
tia CO, ¢ contribution (8.3 ppm) that increased notably at
night (Fig. 7b). The latter half of 2022 coincided with the
post-lockdown economic recovery, a period marked by ele-
vated CO; and CO levels (Fig. 6b) that were likely linked to
combustion-related emissions. The following section aims to
investigate the underlying variables responsible for this ob-
served growth.

3.5 Environmental Implications of Lockdown and
Recovery Phases

A retrospective look at Shanghai’s epidemic measures from
late 2019 to early 2023 indicates that this metropolis under-
went a phased evolution, commencing with routine contain-
ment, pivoting through emergency lockdowns and targeted
management, and culminating in a comprehensive reopen-
ing. To account for intraseasonal variability, the following
analysis focused on monthly comparisons for two specific in-
tervals: the lockdown period (May—June 2022 vs. 2021) and
post-pandemic recovery period (September 2022-January
2023 vs. the preceding year), as shown in Fig. 8. As re-
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ported earlier, lockdown measures primarily curbed residen-
tial mobility and public traffic, with limited disruption to in-
dustrial operations (SHMS, 2022). Thus, the most prominent
change during this campaign was a sharp 56.2 & 78.7 % drop
in traffic-related NO, during lockdown, followed by post-
lockdown declines of 21.4 4 12.2 % in NO, and 9.4 +4.1 %
in CO. These variations, against a backdrop of modest PBLH
increase (11.2+8.4 %), highlight overall air quality im-
provement and specific success of curbing vehicle-related
emissions (Wang et al., 2022). It should be noted that SO,
(largely tied to industrial activities) increased significantly
during the lockdown, likely due in part to a certain increase
in industrial emissions, but driven more by reduced OH re-
generation from NO, decline, which weakened its atmo-
spheric loss (Ye et al., 2023; Zhang et al., 2023). Ground-
level CO also exhibited variable patterns (e.g., between May
and June, 2021-2022), likely more influenced by localized
sources such as residential fuel burning and emissions from
emergency services during the pandemic peak than by re-
gional transport.

Generally, UCL top medium- to long-lived carbon ox-
ides (CO and CO;) showed a pronounced divergence from
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that of ground-level short-lived pollutants such as NO, and
SO;. The ongoing lockdown of about 3—4 months yielded a
38.8 % decline in tower-top CO and 1.7 % in CO,, matching
concurrent declines in their regional background and local
excess concentrations (—75.4+47.2 and —44.8+9.6 ppb
for CO; —2.8+3.5 and —4.4+ 1.1 ppm for CO,). In con-
trast, the subsequent recovery saw a sharp rebound in atmo-
spheric carbon loading, reflected by net increases in both CO
(150.2 +191.6 and 145.3 == 142.9 ppb) and CO; (15.2 £ 16.4
and 2.9+5.7ppm) background and excess components.
These coordinated variations indicate that anthropogenic ac-
tivities in this densely-populated metropolis (Shanghai) ex-
erted a dominant influence on the regional carbon footprint
and induced an additional localized excess/deficit. Moreover,
the reversal in carbon load differences between the two sce-
narios implies a fundamental shift in emission structure. This
transition is clearly reflected in the combustion efficiency
proxy, kco, ;co. which increased by ~ 25 during the control
period before a decrease of 36 + 22 in the relaxation phase
(Fig. 8). A widespread enhancement in kco, ; co in response
to anthropogenic emission controls has been also observed in
other conditions, such as its near doubling during the 2008
Beijing Olympics (46.4 +4.6) relative to the pre-Olympic
period (23-29 in September 2005-2007) (Wang et al., 2010).
This trend is further supported by long-term interannual in-
creases, exemplified by a rise from 10-18 to ca. 50 based on
A'¥C measurements in the Los Angeles basin between 1980
and 2008 (Djuricin et al., 2012), and a climb from 46.5 to
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about 80-90 over the YRD region from 2012 to 2021 (Wu et
al., 2022; Zhao et al., 2024).

UCL-top measurements are representative of the vertically
integrated and homogenized urban carbon footprint, whereas
ground-level observations are strongly influenced by local,
transient sources. The 2022 lockdown in Shanghai precip-
itated a near-total collapse of its urban and intercity trans-
port systems, showing a dramatic plummet of over 90 %
in aviation, rail, and maritime passenger volumes (MOT,
2022), an approximate 20 % decline in road traffic, and a
severe operational crisis at the Port of Shanghai with soar-
ing vessel queues and cargo backlogs. The recovery period
saw a gradual normalization of port operations, concurrent
with a lasting behavioral shift toward private car usage over
public transport. Variations in combustion efficiency across
fuel types (e.g., gasoline, diesel, and biomass) and traffic
states (e.g., moving, congested, or stationary) (Westerdahl
et al., 2009; Popa et al., 2014; Wu et al., 2022) are also re-
flected in the differences of kco, ;co. The observed eleva-
tion in kco, ;co (Fig. 8) during the lockdown may be ex-
plained by the sharp reduction in urban traffic, along with a
temporarily increased contribution from low-kco / co, diesel
shipping near the port (Zhang et al., 2016; Kim et al., 2020;
Wu et al., 2022). In the recovery phase, the kco, ; co dropped
by 36 & 22 from ca. 90 &= 22, and this shift can be attributed
to resumption of gasoline vehicle-related traffic and poten-
tially increasing influence from upwind inefficient combus-
tion sources such as biomass burning Tohjima et al. (2014)
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in autumn and winter, 2022. Generally, in our year-to-year
comparison for the same month (without accounting for
biospheric influences here), localized CO; excess or deficit
could be primarily attributed to variations in emissions re-
lated to fossil fuels (CO2, ).

4 Conclusions

This study, based on a nearly 2-year campaign conducted
at the Shanghai Tower (632ma.g.l.), systematically inves-
tigates for the first time the temporal dynamics and drivers
of atmospheric CO, and CO in metropolitan Shanghai.
Elevated concentrations (433.50£0.33 ppm for CO; and
313.59£4.91 ppb for CO) at this site revealed excess car-
bon in the urban atmosphere aloft, with the lagged peak
against ground-based CO serving as a clear indicator of
daytime upward transport of local anthropogenic emis-
sions. By applying a robust background filtering procedure
(NGT_MET_SDM) focused on nocturnal stable periods and
combining meteorological and statistical methods, we iden-
tified that the CO background level was comparable to, or
slightly below, that recorded at the DMS background site
in the YRD region. In contrast, the higher CO; regional
background level combined with significant CO, excess over
diurnal cycle characterizes this region as a perennial CO2
hotspot, a characteristic urban phenomenon further intensi-
fied by local net source effects in megacities.

The relationship between CO, and CO excess at SHT, cor-
roborated by independent CO,-AC and CO correlations
from the YRD region, definitively confirms that the region
exhibits high fossil fuel combustion efficiency and that CO
emissions are overwhelmingly fossil-derived. Accordingly,
through excess concentration analysis and CO, / CO emis-
sion ratio (kco, / CO) tracing, we further quantified source
contributions: fossil fuel combustion accounted for ~ 85 %
(7.5 ppm) of the diurnal CO3, ¢x, with the remainder domi-
nated by biogenic processes that shifted from a net sink in
summer (—2.0 ppm) to a source in winter (42.8 ppm). More-
over, this campaign successfully captured a clear signature
of emission changes during the pandemic lockdown and re-
covery. A distinct pattern was observed at the tower top, dif-
fering somewhat from ground-level measurements, charac-
terized by a simultaneous decline in both CO; and CO lev-
els (including their backgrounds) followed by a coordinated
rapid rebound. Critically, the year-on-year difference in the
kco, / co ratio increased during the lockdown and decreased
afterwards, indicating a structural shift in dominant emission
sources. These findings demonstrate a sensitive response of
atmospheric carbon footprint at the urban canopy top to vari-
ations in anthropogenic emissions.

Our findings suggest that utilizing existing infrastructure
at the UCL top (or above Hp) minimizes near-ground ef-
fects and provides an immediate and representative signal of
the metropolitan-scale anthropogenic influence on GHG con-
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centrations in non-background regions. This approach cap-
tures the dynamically mixed urban plume, offering insights
that may distinct from those obtained at background sites,
which are influenced by broader regional conditions. On this
basis, we also recommend combining these measurements
with complementary platforms (e.g., drones, tethered bal-
loons and remote sensing) to better resolve vertical profiles
of GHG within the UBL. Moreover, extending the current
excess CO; analysis with multi-tracer techniques such as in-
corporating isotopic or specific VOC markers would enable
more precise apportionment of contributions from fossil fuel,
biogenic, and industrial sources, thereby reducing attribu-
tion uncertainty. Together, these advances will strengthen the
scientific basis for evaluating carbon neutrality policies and
quantifying impacts of extreme events such as public health
interventions and severe weather on urban GHG dynamics.
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were sourced from the NOAA Air Resources Laboratory
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Air quality observations from China’s national monitor-
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