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ABSTRACT: Urban regions, which “inhale” O2 from the air and “exhale” CO2 and
atmospheric pollutants, including harmful gases and fine particles, are the largest sinks of
atmospheric O2, yet long-term O2 measurements in urban regions are currently lacking. In
this study, we report continuous measurements of atmospheric O2 in downtown Lanzhou, an
industrial metropolis in northwestern China. We found declines in atmospheric O2
associated with deteriorated air quality and robust anticorrelations between O2 and gaseous
oxides. By combining O2 and pollutants measurements with a Lagrangian atmospheric
transport model, we quantitatively break down “urban respiration” (ΔO2URB) into human
respiration (ΔO2RES) and fossil fuel combustion (ΔO2FF). We found increased ΔO2FF
contribution (from 66.92% to 72.50%) and decreased ΔO2RES contribution (from 33.08 to
27.50%) as O2 declines and pollutants accumulate. Further attribution of ΔO2FF reveals
intracity transport of atmospheric pollutants from industrial sectors and suggests
transportation sectors as the major O2 sink in downtown Lanzhou. The varying relationships
between O2 and pollutants under different conditions unfold the dynamics of urban respiration and provide insights into the O2 and
energy consumption, pollutant emission, and intracity atmospheric transport processes.
KEYWORDS: urban O2 measurements, air pollution, urban habitability, anthropogenic impact, vehicle pollutants

■ INTRODUCTION
Urban regions, with their large and dense populations, only
account for 2% of global lands, but are home to more than 56%
of the global population1 and responsible for 70% of global
fossil-fuel combustion.2 In recent decades, as growing
population streams into cities, urban regions have faced
serious challenges regarding climate change adaptation and
mitigation. Rapid urban expansion and the related land-use
change have left a series of urban environmental issues
including record-breaking urban heatwaves,3 extreme floods
and droughts that overwhelm the undermaintained public
infrastructures,4 rising levels of air pollution,5−7 and the
emerging disturbed O2 balance in urban regions.8

As a necessity for the survival of almost all living organisms
on Earth, atmospheric oxygen (O2) is one of the most critical
gases in the atmosphere.9−11 However, continuous O2
observations at ppm resolution are quite sparse since detecting
minor O2 variations against a large natural background is quite
challenging.12 Only a few organizations have conducted long-
term atmospheric O2 measurements, mostly in the natural
background. The longest record of direct atmospheric O2
measurements in the modern atmosphere shows a steady
decline of approximately 4 ppm/yr since the late 1980s,13

which is generally attributable to fossil fuel combustion11 and
anthropogenic modifications to the land surface including
deforestation.8,14 The aggressive urban expansion has not only

substantially boosted anthropogenic fossil fuel and O2
consumption but also deprived the ecosystem of biological
O2 production and CO2 fixation, breaking the atmospheric O2
balance.15,16 A recent ice-core-based study attributed a decline
in atmospheric O2 since the Mid−Pleistocene transition (1.2−
0.7 million years ago) to glacial weathering.17 Shi et al.18 and
Chen et al.19 measured O2 content over the Tibetan Plateau
and implied reduced hypoxia risk on the Tibetan Plateau in a
warming climate.

Urban regions “inhale” O2 from the air and ‘exhale” CO2 and
atmospheric pollutants including harmful gases and fine
particles. Thus, fossil fuel combustion and human respiration
are two major anthropogenic O2 sinks in the urban
atmosphere. Approximately 55% of the world’s population
occupies only 0.37% of the global land surface.20,21 In densely
populated urban centers, human respiration could cause non-
negligible perturbations in the observed O2 and CO2 flux and
become potential sources of bias in the observation-con-
strained estimates since these studies ignored the influence of
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human respiration and solely attributed the observed CO2 to
fossil fuel combustion. However, only a few studies have
touched upon this issue. Ciais et al.22 estimated that
respiration-related CO2 emission reaches 30% of the fossil
fuel emission for Beijing and 20% for Chongqing based on
agricultural statistics. Moriwaki and Kanda23 assumed an
emission rate of 8.87 CO2 mg s−1/person, and the estimated
human respiration corresponds to 17−38% of total CO2 flux in
an area with a population density of 11, 800 persons/km.2

Another European study estimated 6.5−17% contribution to
total CO2 fluxes based on similar assumptions.24 Cai et al.25

estimated that human and livestock respiration can contribute
to more than 5% of the carbon emission in almost half of the
countries and argues that human and livestock respiration are
equally crucial in the regional carbon budget. Flux measure-
ments by Ishidoya et al.26 quantitatively break down O2 and
CO2 variation in urban Tokyo into combustions of liquid and
gaseous fuel and estimated O2 and CO2 flux due to human
respiration based on assumed oxidative ratio (OR) of 1.2 and
population statistics. A more recent observation during the
COVID-19 lockdown attributed reductions in CO2 emission to
decreased traffic volume and found a slight decrease in human
respiration flux owing to decreased commuters.27

The above-mentioned estimates usually rely on some prior
knowledge, including assumed physical activity levels for
humans, ORs, food consumption and supply, and so forth,
while atmospheric observations in urban regions can also be

utilized to estimate the potential contribution from human
respiration and fossil fuel combustion. Atmospheric pollutants,
including CO, NOx, SO2, and so forth, could be introduced as
novel constraints to quantify the anthropogenic O2 fluxes. In
previous studies, they serve as tracers for anthropogenic fossil
fuel combustion due to their overlapping emission sour-
ces28−30 since they are irrelevant to biological processes.
Therefore, if atmospheric O2 and fossil-fuel-related pollutants
can be simultaneously observed, the changing relationships
between O2 and pollutants could serve as practical constraints
to distinguish fossil fuel combustion from respiration in an
urban atmosphere without excessive reliance on prior knowl-
edge. Understanding these processes helps to track and
measure fossil fuel combustions, validate and calibrate
emission inventories, assess the efficacy of climate mitigation
efforts, and provide scientific guidance for urban planning
organizations.

In this work, using multiple sources of in situ observations in
the urban area of Lanzhou (Figure 1), we investigated the
variation in atmospheric O2 during June 2020 to August 2021
and attempted to break down the “urban respiration”
(ΔO2URB) into fossil fuel combustion (ΔO2FF) and human
respiration (ΔO2RES) under different pollution levels. We also
introduced a Lagrangian atmospheric transport model
(STILT)31,32 and high-resolution urban land cover classifica-
tion data sets33 to discuss and contrast the impact of fossil fuel

Figure 1. Geographic map and location of the observation station. (a) Map of Lanzhou Valley. The blue dot indicates the O2 measurement site
(LZU Oxygen Observatory) and the red dot indicates the LACMS. Shading indicates a population density with 0.01 × 0.01 grid spacing. (b)
Satellite image around the measurement site (source: Google Earth). (c) Windrose plots at the LACMS in winter (December, January, and
February) and summer (June, July, and August).
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combustion from industrial and nonindustrial sectors on
ΔO2FF.

■ DATA AND METHODS
Site Locations. Field measurements were conducted in

Lanzhou, the capital city of Gansu Province in the semiarid
region of northwestern China. Lanzhou, with a total
population of >4 million, used to be one of the most polluted
cities in the world, with an annual mean PM10 of 150 μg/m3,
according to a WHO database.34 The city is situated in a
narrow river valley surrounded by mountains (Figure 1a). The
inhibited atmospheric dispersion due to the unique top-
ography, temperature inversion, low-boundary layer height,
calm wind, and scant precipitation could frequently contribute
to the steady accumulation of pollutants within the valley.35

Urban Lanzhou can be divided into two regions according to
their distinct urban functions, the downtown (nonindustrial)
region and the industrial region. The industrial region (Xigu
District) is located in the westernmost part of Lanzhou. As the
largest petrochemical industrial base in western China, it had a
large share of industrial production (50.29%) in its annual
gross domestic product (GDP) in 2020.36 Two coal-fired
power stations were also located in the Xigu District. The
downtown region (Chengguan District, Qilihe District, and
Anning District) has the highest population density of up to
50 000 persons/km2. The O2 and pollutant measurements are
performed in Chengguan District. The main land cover around
the observation station is characterized by residential and
business buildings (Figure 1b). The prevailing wind is
northwest in winter and east in summer, with a high frequency
of calm winds (>6.0%) throughout the year (Figure 1c).
Measurements for this study were taken from July 2020 to
August 2021. Since no COVID-19 lockdown was implemented
in and around Lanzhou during observation, the impact of
lockdown measures on observation can be ignored.
Measurements for Atmospheric Pollutants and O2.

Particulate matter (PM) concentrations (TSP, PM10, PM2.5,
and PM1), gaseous pollutants (O3, SO2, NO, NO2, and CO),
and meteorological parameters (temperature, relative humid-
ity, air pressure, and wind) were observed at the Lanzhou
Atmospheric Components Monitoring Superstation35,37

(LACMS; 36.05°N, 103.87°E, Figure 1b). See Section S1 for
further details about measurement instruments and methods in
the LACMS station.

Air samples for O2 measurements were collected on a
building roof at Lanzhou University (approximately 300 m
away from the LACMS, see Figure 1b). Online O2 measure-
ments were carried out using a gas chromatograph (7890B,
Agilent, USA) connected with a diaphragm at a constant flow
rate to prevent thermal fractionation. The air samples were
separated by a Molecular Sieve 5A Plot column and detected
with a thermal conductivity detector (TCD).

The interference of the dilution effect may cause significant
bias when O2 levels are reported in volume fraction units (e.g.,
ppm). An increase or decrease in the total air volume due to
the addition or removal of other gaseous species would disturb
the observed O2 mole fraction to an extent that cannot be
ignored. Thus, the concentration of atmospheric O2 is usually
reported as the relative deviation in the molar O2/N2 ratio
from a reference value

(O /N )
(O /N )

(O /N )
1 102 2

2 2 sample

2 2 reference

6= ×
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
where the subscripts “sample” and “reference” denote the
sample air and reference gas, respectively. Δ(O2/N2) is
expressed in per meg, where 1 per meg = 1 × 10−6. In this
regard, the measured Δ(O2/N2) is only sensitive to the
changes in O2 and N2 fluxes, while N2 fluxes are typically
several orders of magnitude smaller than O2 fluxes.13 To
compare O2 and pollutant concentrations, we report the O2
changes in ppm units. The ratio of 4.8 per meg/ppm is used to
convert the observed Δ(O2/N2) to the O2 anomaly relative to
an arbitrary reference concentration (ΔO2).

The fractionation effects can cause significant bias in O2
measurements. Fractionation effects can influence the O2/N2
ratio inside the measurement instrument or even at the sample
intake.38 Compared with N2, O2 has a higher molecular mass
and tends to accumulate in areas with lower temperatures,
higher pressure, and higher absolute humidity. Significant
observation bias can occur when temperature, humidity, and
pressure are not uniform within the instrument. In this work,
we employed support vector regression to correct the original
GC/TCD signals based on meteorological parameters
measured during the same period (including temperature,
mixing ratio, wind, pressure, etc.; see Section S2 for details).
To verify our bias-corrected GC/TCD O2 observation, a high-
precision O2 analyzer, Picarro G2207, based on the cavity ring-
down spectroscopy39 was also used for comparisons for 7 days.
The high consistency between the two instruments guarantees
the reliability and accuracy of the bias-corrected GC/TCD
data. Comparative measurements between the gas chromato-
graph (7890B, Agilent, USA) and Picarro G2207 indicate a
mean bias of −0.289 ± 2.908 ppm (Figure S2).
STILT Model. The stochastic time-inverted Lagrangian

transport (STILT) model39,40 is an open-source Lagrangian
particle dispersion model.31,32,40 It has been widely used to
simulate the transport of pollution and greenhouse gases
through the atmosphere. The STILT model releases an
ensemble of air parcels from target observations (receptor)
and tracks the movements of air parcels backward. The source
region for the receptor is indicated by the value of footprint
[ppm/(μmol m−2 s−1)]. Higher values of footprints suggest
higher contributions from the source region to the receptor.
The STILT model was run from Jul. 2020 to Aug. 2021 using
the hourly ERA5 reanalysis data. To avoid reliance on prior
emission estimation, we adopted the urban land cover data
from the high-resolution World Urban Database and Access
Portal Tools.33 These data provide Local Climate Zone (LCZ)
classifications at 120 m grid resolution, which shed light on
localized infrastructure within the city. We convolved the
simulated footprint with building type (urban buildings as well
as the industrial and nonindustrial buildings within urban
areas) fraction at 0.01 ° × 0.01 ° resolution, defined as the
footprint-normalized urban, industrial, and nonindustrial
fraction [Purb(x,y), Pind(x,y), and Pnon‑ind(x,y), respectively;
see Section S3.1 for details]. We then sum P(x,y) across the
simulated space to obtain P, which serves as a metric to
quantify the urban, industrial, and nonindustrial influences
(Purb, Pind, and Pnon‑ind, respectively; Purb = Pind + Pnon‑ind) on
the observation site.29 Clean (polluted) days are defined as
observations with Purb < 25th percentile (Purb > 75th
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percentile), indicating less (dominant) influence from urban
sources.
Methods to Quantify “Urban Respiration”. To focus on

the anthropogenic signals of O2 and pollutants, a “baseline
condition” that signifies the background influence should be
established. Here, we derived baseline concentrations of O2
using the 99th percentile within a 24 h window centered
around each hourly data point (for pollutants, the 1st percentile
was selected) and then applied a 24 h running average.30 The
baseline was then subtracted from the hourly concentration to
determine the enhanced anthropogenic signals in O2 and
critical pollutants (denoted by ΔO2URB, ΔCO, ΔSO2, etc.),
aiming to eliminate the contribution from background
biological fluxes and highlight the anthropogenic influence
(human respiration and fossil fuel combustion) in downtown
Lanzhou (see Section S4.1 for details). Urban lands inhale O2
and produce CO2 and pollutants, including CO, NOx, SO2,
PM1, and so forth. The following chemical reactions28 could
describe these oxidation processes

fossil fuel O H O CO CO NO SO

other pollutants
x2 2 2 2+ + + + +

+ (1)

carbohydrates O H O CO2 2 2+ + (2)

Equations 1 and 2 represent fossil fuel combustion and
human respiration, respectively. The urban O2 budget could be
described as the following equation

O O O2URB 2FF 2RES= + (3)

where ΔO2URB = ΔO2 − ΔO2baseline.
According to the law of chemical mass balance, the O2

consumption due to fossil fuel combustion (ΔO2FF) could be
parametrized as the linear combination of fossil-fuel-related
pollutants

kO Poll
i

n

i i2FF
0

= ×
= (4)

where n represents the number of pollutants introduced, ki
denotes the consumption coefficient of the ith pollutant, and
Polli refers to the concentration of the ith pollutant.

To combine eqs 3 and 4, we have

kO Poll O
i

n

i i2URB
0

2RES= × +
= (5)

To solve eq 5, we bootstrapped ΔO2URB and ΔPolli for 5000
times (each time with 30% samples). Then, non-negative least-
square regression is applied to obtain 5,000 sets of bootstrap
coefficients (−ki) and intercepts (−ΔO2RES), and ΔO2URB (<0)
for each set is set to the absolute value (−ΔO2URB > 0). The
averaged ki and ΔO2RES of the 5000 sets regression is obtained

Figure 2. Averaged diurnal cycle of ΔPolli and ΔO2URB for clean (blue) and polluted (grey) days, with shading representing a 95% confidence
interval. A baseline concentration is subtracted from the original observation to highlight the anthropogenic signal. The right panel for each subplot
is a violin plot that shows the probability distribution for observations under clean and polluted conditions. The Pearson correlation coefficients
with the O2 diurnal cycle on clean days (rc) and polluted days (rp) are shown in the left-top corner of each subplot. * and ** indicate statistical
significance at the 95 and 99% confidence intervals, respectively.
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for each of the 24 h in clean and polluted sets. When we
estimated ki, all the ΔPolli are converted to the same unit (μg/
m−3) and applied baseline removal. ki (coefficient) is reported
in ppm/(μg/m−3) and ΔO2RES (intercept) is reported in ppm.
We calculated ki·ΔPolli (ΔO2FF component for each pollutant)
using the observation and the derived coefficients from the
bootstrap experiments to derive the contribution from each
pollutant (ki·ΔPolli/ΔO2FF, see Figures S10, S11, and 4).

It is worth noting that pollutant selection is critical since the
linear combination of pollutant concentration is designed to
reflect the intensity of fossil fuel combustion. If insufficient
pollutants are selected for solving eq 5, ΔO2FF is prone to be
underfitted, leading to an overestimation of ΔO2RES. Thus,
optimal pollutant selections should be conducted. Here, we
adopted recursive feature elimination (RFE) to select the most
valuable combination of pollutants in the solution of eq 5. RFE
is a widely used feature selection algorithm in machine learning
models. The goal of RFE is to select valuable features by
recursively considering smaller and smaller sets of features

(pollutants). First, the regressor is trained on the initial set of
features (pollutants) and the importance of each feature
(pollutant) is obtained through regression coefficients. Then,
the least important features (pollutants) are pruned from the
current set of features (pollutants). That procedure is
recursively repeated on the pruned set until the desired
number of features (pollutants) to select is eventually reached.
To find the optimal number of features, we conducted 5000
bootstraps for RFE as the number of pollutants was specified
from 1 to 9. The nine pollutants initially introduced are CO,
NO, NO2, SO2, EC (elementary carbon in PM2.5), OC
(organic carbon in PM2.5), PM1, PM2.5, and PM10.

■ RESULTS
Urban Impact on O2 and Pollutant Levels. The ΔO2 in

the urban region displayed strong daily and seasonal cycles.
The highest ΔO2 was observed in summer, while the lowest
ΔO2 was observed in winter (see Fig S3). Both natural and
anthropogenic factors contribute to O2 fluxes into and out of

Figure 3. Contribution from respiration (blue) and fossil fuel combustion (red) to averaged hourly ΔO2URB in clean (a) and polluted days (b). The
right panels show the averaged changes in ΔO2URB (y-axis) and pollutants (x-concentration). The vectors illustrate the contribution of human
respiration (blue) and fossil fuel combustion (red) related to the changes in ΔO2URB (vertical axis) and Δpollutants.
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the atmosphere, including variations in O2 sources (photosyn-
thesis) and sinks (anthropogenic O2 consumption, etc.) and
atmospheric stability that determines the dispersion and
transport in the urban atmosphere. In summer, high O2
content is mainly attributed to vegetation oxygen production
and enhanced atmospheric mixing. In contrast, low ΔO2
during winter is caused by frequent stagnant weather and
surface inversion that inhibit pollutant dispersion, intensified
O2 consumption due to domestic heating, and a reduced
photosynthetic effect. Due to sparse vegetation in both urban
and natural landscapes in the semiarid region (Figure 1b),
especially during winter, the influence of biological fluxes on
ΔO2 in Lanzhou is limited. Anthropogenic O2 consumption
and atmospheric stability seem to dominate ΔO2 in downtown
Lanzhou during the cold seasons, whereas in the warm seasons
O2 production via vegetation photosynthesis becomes
apparent.

To highlight the urban impact on the anthropogenic O2 and
pollutant levels (ΔO2URB, and ΔPolli), we divided the
observations into two groups: clean days and polluted days
based on Purb, the metric to quantify the urban influence on the
observation site (see Methods). The averaged footprint and
Purb (x,y) for clean and polluted days are shown in Figs. S7 &
S8. The averaged diurnal cycle and concentrations of ΔO2URB
under clean and polluted days are shown in Figure 2. The
diurnal cycles of ΔO2URB displayed two troughs near the
morning and evening rush hours. Clean days feature higher
ΔO2URB, lower pollutant levels, and weaker diurnal cycle, while
lower ΔO2URB, higher pollutant levels, and amplified diurnal
cycle are observed during polluted days. Pronounced antiphase
patterns between O2 and atmospheric pollutants are found on
both clean and polluted days. High levels of O2 are typically
associated with low particulate and gaseous pollutants,
implying good air quality, while declining O2 content suggests
deteriorating air quality. Robust anticorrelations between O2

Figure 4. Contribution of potential pollutant sources to ΔO2. (a) Daily averaged contribution from fossil-fuel-related pollutants (NOx, TC, SO2,
CO, and PM1) to ΔO2FF on clean (blue) and polluted (grey) days. (b) Footprint percentile of industrial (orange) and nonindustrial (red) buildings
under clean and polluted days. (c) Averaged diurnal cycle of ΔO2FF on clean and polluted days.
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and gaseous oxides, including CO, NOx, and SO2, were
observed throughout the year. The generation of these
pollutants is associated with direct O2 consumption as fossil
fuel is combusted. Stronger ΔO2URB-ΔNOx and ΔO2URB-ΔCO
correlations than ΔO2URB-ΔSO2 indicate a larger contribution
from transportation sectors to O2 consumption in downtown
Lanzhou,41 while enhanced O2−SO2 correlation during clean
days may imply intracity transport of industrial pollutants.

For fine-particulate pollutants (PM2.5 and PM1), stronger rc
(Pearson correlation coefficient) could be attributable to the
increase in primary pollutants emitted as O2 is consumed,
while weaker rp suggests enhanced secondary aerosol
formation during the polluted episodes, which undermines
the direct linkage between O2 consumption and pollutant
emissions. However, TC (EC and OC) in PM2.5, which enters
the atmosphere as both primary and secondary pollutants,42 is
shown to correlate strongly with O2 in polluted conditions.
The contrast in ΔO2URB-ΔTC correlation between clean and
polluted days implies a significant increase in both direct fossil-
fuel-related O2 consumption at ppm levels, and secondary
formation of organic aerosol and inorganic aerosols at ppb
levels as urban influence extends.
Breakdown of ΔO2URB into Fossil Fuel Combustion

and Human Respiration. In separating human respiration
(ΔO2RES) and fossil fuel combustion (ΔO2FF) from the
observed ΔO2URB based on eq 5, the selection of pollutants
is critical. Based on the RFE algorithm, optimal combinations
of pollutants are picked as we gradually increase the number of
pollutants introduced from 1 to 9. Figure S16a,b shows a
significant improvement in fitting performance and declined
ΔO2RES as the number of pollutants increases. However, when
more than seven pollutants are selected, no significant
improvements in Pearson correlation were found and the
downward trend of ΔO2RES is halted. This demonstrates that
the subsequent introduction of pollutants may lead to model
redundancy and decrease explainability. Thus, the combination
of the seven pollutants (CO, NO, NO2, SO2, EC, OC, and
PM1) can faithfully reproduce the O2 decline due to fossil fuel
combustion, whereas PM10 and PM2.5 are excluded. The
principal reason for the removal of PM2.5 and PM10 is due to
the relatively high contribution from both natural background
emission and secondary formation in the absence of significant
O2 consumption35,37,43 (see Section S5 for details).

Figure 3 shows the diurnal cycle of ΔO2RES and ΔO2FF in
Lanzhou on clean and polluted days. ΔO2RES displays one
trough in the morning, while ΔO2FF displays two troughs
during morning and evening rush hours in both clean and
polluted days with comparable magnitude, contrasting a
weaker evening trough of ΔO2URB, particularly on clean days
(Figure 2). There is little difference in local emission patterns
in these two scenarios, as reflected in Figure 3. However,
enhanced atmospheric dispersion on clean days brings
nonfossil fuel influence from outer suburbs and thus offsets
and weakens local signals. The diurnal cycle of ΔO2RES is
similar to the flux estimation by previous observational O2−
CO2 studies,26,27 which is based on population statistics and
assumed ORRES of 1.2. Human respiration (ΔO2RES) causes an
8.52 ± 3.23 ppm decline in O2 during clean days and an 11.07
± 4.76 ppm decline on polluted days. However, compared with
clean days, -ΔO2FF increased significantly from 18.63 ± 6.80
ppm (clean) to 30.36 ± 12.90 ppm (polluted). Both ΔO2RES
and ΔO2FF display strong diurnal cycles, with a high
contribution to O2 decline during the daytime. Though both

−ΔO2RES and −ΔO2FF increase under polluted conditions, the
drops in ΔO2URB are mainly attributable to fossil fuel
combustion. To further determine the fossil fuel impacts of
each subsector on ΔO2URB and air quality warrants further
breakdown of ΔO2FF and explorations on the varying
relationships between ΔO2URB and each pollutant under
different conditions.
Intracity Atmospheric Transport Revealed by Tracing

ΔO2FF. Figure 4a shows the averaged contribution from
ΔO2RES and ΔO2FF to ΔO2URB. During clean days, 33.08% of
the ΔO2URB are due to ΔO2RES and 66.92% due to ΔO2FF,
while during polluted days, ΔO2RES only account for 27.50% of
the ΔO2, and 72.50% of the ΔO2URB are attributable to ΔO2FF.
We further attributed ΔO2FF to each fossil-fuel-related
pollutant (see Methods). NOx takes the largest share of
ΔO2FF in both clean and polluted days, followed by TC, SO2,
CO, and PM1. Though higher ΔO2URB levels and better air
quality are observed during clean days, the potential
contribution from various urban sources under clean and
polluted conditions differs from each other. The O2 variation
under polluted days seems to be more affected by O2
consumption processes linked to NOx and PM1 emissions.
For clean days, however, the influence of SO2 and CO has
grown (Figure 4b).

Weather dynamics and large-scale atmospheric motions play
essential roles in determining the source and extent of
atmospheric pollution.44 There are wide discrepancies in the
vertical profiles of clean and polluted days (Figure S6). For
clean days, the vertical profile featured updrafts near Lanzhou
and cold anomalies in the lower troposphere. The updraft
around Lanzhou indicated good atmospheric ventilation,
which is conducive to the dispersion and transport of
pollutants and air mass. On polluted days, the vertical profile
was almost the opposite of the clean days, with warm
anomalies and downdrafts on the near surface. Atmospheric
sounding showed surface inversion below 750 hPa (only about
600 m above the ground), which prevents vertical dispersion of
pollutants and exchange of fresh clean air, traps anthropogenic
pollutants in the near surface, and results in declines in
atmospheric O2 levels.

Large-scale circulation provides essential context for the
transport of air pollutants at the subcity scale. Under cleaner
conditions, exchanges of air between the urban region and
natural background are enhanced, while it also facilitates air
exchanges at smaller spatiotemporal scales between the
downtown and industrial zone. The STILT simulation further
indicates a higher degree of industrial influence (denoted by
percentile of Pind) under cleaner conditions (see Section S3.1
and Figure S8) when enhanced atmospheric dilution supports
long-range transport of air mass and pollutants and diminishes
pollutants from local sources. In this study, the O2 and
pollutants were measured in the downtown (nonindustrial)
region, which is about 22 km away from the heavy industrial
regions. Therefore, during clean days, ΔO2URB variations are
attributable to be influenced by both industrial and non-
industrial sectors. On polluted days, local nonindustrial sectors
(transportation) dominate ΔO2URB concentration due to
suppressed atmospheric mixing. The attribution of the diurnal
cycle shows two significant peaks in NOx-related ΔO2FF during
rush hours, particularly for polluted days (Figure 4c),
suggesting a high contribution from traffic-related fossil fuel
combustion in the downtown region. According to the MEIC
inventory45 and a recently established anthropogenic emission
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inventory for Lanzhou,46 transportation is also the largest
emission source of NOx. For clean days, weaker oscillation of
the diurnal cycle and fairly even shares from different pollutant
sources manifest mixed O2 consumption from both local and
remote pollutant sources. The comparisons above highlight the
role of intracity atmospheric transport under a well-mixed
urban atmosphere and reveal the primary O2 consumption
sector (transportation) during polluted conditions.

■ DISCUSSION
By integrating the findings, we propose a conceptual scheme
illustrating the critical air pollution and urban O2 consumption
processes during clean and polluted days in Figure 5. The

urban region “breathes in” atmospheric O2 and “breath out”
pollutants. Human respiration (33.08 and 27.50% for clean and
polluted days, respectively) and fossil fuel combustion (66.92
and 72.50% for clean and polluted days, respectively) are major
urban O2 sinks in Lanzhou. On clean days, despite higher O2
levels and improved air quality, good atmospheric mixing
favors both diffusion and intracity transport of pollutants (SO2,
CO, and TC) from industrial sources. On polluted days, with
declining atmospheric O2 and rising pollutant levels, inhibited
atmospheric dispersion traps the local pollutants within the
boundary layer, and nonindustrial emissions from local sources
(transportation sectors) serve as the largest O2 sink.

The neglect of human respiration can cause under-
estimations of emission ratios (ER, e.g., ΔCO/ΔCO2 and
ΔNOx/ΔCO2) derived from direct measurements since the
observed CO2 is misattributed to fossil fuel emissions. A lot of
open-air observational studies impute the higher inventory-
derived ER to overestimation by emission inventories,29,30,47

while excellent agreements between local inventory CO/CO2
ratio for the traffic sector and the observed ΔCO/ΔCO2 ratio

are obtained in a tunnel study, in which CO2 and pollutants
(CO, NOx, and VOCs) measurements were performed in a
road tunnel in Paris,48 which is close to the origin of the air
mass. It is worth stressing that the neglect of human respiration
may not necessarily indicate that ERs from previous
observations are incorrect, and bias may also occur in ERs
derived from inventory. The observed ERs in the Paris study,48

which is conducted in a tunnel close to the major emission
sources, may be less influenced by human respiration. To
mitigate the impact of human respiration on the observed ERs,
we suggest that necessary adjustments are needed in the
selection of observatory location (e.g., away from densely
populated regions) and/or postprocessing of the observed
CO2 (e.g., subtraction of respiration-related component from
the observed CO2 variability). In addition, accurate estimation
of the CO2 and O2 fluxes due to human respiration, especially
for densely populated regions, could be important for
constraining urban carbon budgets and the establishment of
regional emission inventories.

The varying relationships between O2 and pollutants under
different conditions unfold the dynamics of urban respiration
and provide insights into the anthropogenic O2 and energy
consumption, pollutant emission, and intracity atmospheric
transport processes. This study is one of the first to break
down urban O2 variability based on simultaneous O2 and
pollutant measurements. It is worth noting that the conclusion
should be interpreted with caution due to the following
limitations of the study. Although an optimal combination of
pollutants determined by the RFE algorithm is introduced to
the linear model and variance inflation factor analysis has
revealed a weak impact from multicollinearity (see Figure
S20), the framework proposed in this study may not be able to
fully capture the complex chemical transformations in the
urban atmosphere (i.e., secondary generation of organic and
inorganic aerosols including nitrate, sulfate, and ammonium).
In addition, despite the removal of the baseline determined by
the 99th (and 1st) percentile, the impact of biological flux on
ΔO2URB is not yet quantified. By inspecting the simulation bias,
we found a larger negative bias (∼1 ppm) in the afternoon and
summertime when an enhanced effect of photosynthesis is
observed (see Section S4.3). Nevertheless, it should be noted
that the model bias could also be caused by other unknown
sources. The lack of consideration for vegetation could be a
potential bias that deserves further consideration for future
studies.

Simultaneous measurements of O2, CO2, and fossil-fuel-
related atmospheric pollutants are necessary. They can
constrain the ORs for human respiration and fossil fuel
combustion, providing additional constraints for regional and
global carbon budgets as well as multiscale emission
inventories. A similar research framework could be applied to
a wider spatial domain to trace anthropogenic emission,
energy, and O2 consumption as well as calibrate emission
inventories using multiple sources of observations including
satellite retrievals,49 urban mobile observations,50,51 and so
forth. In addition, the nonlinear relationships among O2, CO2,
and species with short lifetimes could be explored using
nonlinear models, for example, the AI models including
random forests regressor, deep neural networks, and so forth.

Figure 5. Conceptual scheme illustrating the critical air pollution
processes during clean and polluted days. The blue arrows denote the
“urban respiration” (human respiration and fossil fuel combustion).
The grey arrows represent the pollutants emitted as fossil fuel is
combusted, and the purple arrows indicate the intracity transport of
pollutants from industrial sources (clean days) and emission
enhancements from local sources (polluted days).
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