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42  Table S1. Comparison of COzff and COz2bio CONcentrations among cities

City Time Background COg (ppm) COaio (ppm)  References

Paris 2010.02 MHD @ 16.2t032.8 4.5t010.2 (Lopez et al., 2013)
Los Angeles  spring of 2010 LJO® - 0.1 (min) (Newman et al., 2016)
Los Angeles  winter 2012-2013  LJO - 7.0 (max) (Newman et al., 2016)
Los Angeles  2006-2013 winter LJO 189+1.2 41+05 (Newman et al., 2016)
Los Angeles  2006-2013 summer LJO 26.8+0.4 22%03 (Newman et al., 2016)
Los Angeles 2014.11-2016.03 MWO*¢ 13.2+9.4 15+£19 (Miller et al., 2020)
Los Angeles 2015.11-02 MWO 140+127 35%09 (Miller et al., 2020)
Los Angeles  2015. 05-09 MWO 13.2+6.9 -0.3+1.0 (Miller et al., 2020)
London 2020.05-07 MHD 12to0 20 =17 to -3 (Zazzeri et al., 2023)
Xi’an 2013.07 QXL - -11.3+£10.0 (Zhou et al., 2020)
Xi’an 2015.10 QXL - 51.6 £ 35.6 (Zhou et al., 2020)
Shenzhen 2022.04 - 2023.04 NL*® 7.7+3.7 -18+41 This study

43 2 Mace Head, ® La Jolla, ¢ Mount Wilson Observatory, ¢ Qixianling, ¢ Nanling

44



45  Table S2. CO2 emissions from human respiration and excretion in Shenzhen

Age range Body weight @ Respiratory emission Excretory emission Population ¢ Respiratory emission  Excretory emission Total emission
(years old) (kg) rate @ (g C d~tperson=t) rate ® (g C d~*person?) (million) (tcd? (tcd? (tcd?
Male  Female Male Female Male Female Male Female Male Female Male Female Male Female
0-4 13.80 12.80 109.73 96.80 25.23 23.41 0.53 0.47 58.43 45.19 13.44 10.93 71.87 56.11
5-9 27.20 25.50 155.65 135.85 49.74 46.63 0.52 0.44 81.47 60.02 26.03 20.60 107.50  80.62
10-14 44.20 42.60 199.78 170.88 80.82 77.90 0.39 0.32 77.54 54.02 31.37 24.63 108.91  78.64

15-19 63.90 55.00 248.13 193.34 116.85 100.57 0.39 0.27 95.84 51.46 45.13 26.77 140.97  78.24
20-24 73.80 54.96 341.20 237.40 134.95 100.50 0.96 0.75 327.22 178.09 129.42 7539  456.65 25347
25-29 73.80 54.96 371.32 256.52 134.95 100.50 1.39 1.10 516.26 282.66 187.62 110.74  703.89  393.40
30-34 73.98 58.14 358.19 267.28 135.28 106.31 1.52 1.16 543.24 310.53 205.17 12351 74841 434.04
35-39 73.98 58.14 361.12 274.10 135.28 106.31 1.12 0.88 405.58 241.95 151.93 93.84 55751 335.79

40-44 72.38 61.18 359.59 284.52 132.35 111.87 0.80 0.63 286.02 179.81 105.27 70.70 391.29  250.51
45-49 72.38 61.18 359.51 282.54 132.35 111.87 0.73 0.61 262.87 171.37 96.77 67.85 359.64  239.22
50-54 72.24 63.62 356.28 277.11 132.10 116.33 0.57 0.48 204.22 133.38 75.72 55.99 279.94  189.37
55-59 72.24 63.62 348.22 266.98 132.10 116.33 0.36 0.33 124.35 88.66 47.17 38.63 17152  127.30
60-64 71.46 63.32 278.26 238.06 130.67 115.79 0.18 0.20 50.39 46.80 23.66 22.76 74.05 69.57
65-69 71.46 63.32 268.97 235.70 130.67 115.79 0.13 0.15 35.42 35.35 17.21 17.37 52.63 52.72
70-74 68.36 59.50 252.54 217.47 125.00 108.80 0.07 0.07 16.60 15.26 8.21 7.64 24.81 22.90
75-79 68.36 59.50 241.25 209.73 125.00 108.80 0.03 0.04 7.65 8.10 3.96 4.20 11.61 12.30
>80 68.36 59.50 228.73 195.93 125.00 108.80 0.03 0.05 7.91 9.01 4.32 5.01 12.23 14.02

Total 9.72 7.94 3101.00 1911.65 117242  776.56 4273.42 2688.21
Total 17.66 5012.65 1948.98 6961.63

Total (Mt CO2yr?) 2022 17.66 6.71 2.61 9.32

Total (Mt CO2 yr?) 2023 17.79 6.76 2.63 9.38

46  @from Wang et al. (2024), ° calculated referred to an average human mass of 70 kg with excretory emission rate of 128 g C d* person* (Miller et al., 2020; Prairie
47  and Duarte, 2007), ¢ permanent resident population data for Shenzhen (2022 and 2023) from Shenzhen Statistical Yearbook 2023 and 2024 (Smbs, 2024, 2025). Age-
48  sex group distributions using 2020 proportions obtained from Shenzhen Census Yearbook 2020 (Smbs, 2023).



49  Table S3. CO2 emissions from livestock respiration in Shenzhen

Livestock species Respiratory emission rate ®  Production ® Respiratory emission
(gCd*thead™?) (108 head) (kt COo yr'?)

2022 2023 2022 2023
Horses 835.73 - - - -
Pigs 53.04 118.3 60.2 4.20 2.14
Cattel and buffalo 594.52 1.387 141 1.10 1.12
Goats 87.95 - - - -
Sheep 131.15 - - - -
Chickens and ducks ~ 3.42 1751.6 1172.7 0.92 0.62
Total 6.22 3.88

50  ?derived from Elgar and Harvey (1987) and Freeman (1963), ® data in 2022 and 2023 obtained from Shenzhen
51  Statistical Yearbook 2023 and 2024, respectively (Smbs, 2024, 2025). We assumed that the life span of poultry,

52 pigs, and other species is 42 days, half a year, and more than a year, respectively.

53



54  Table S4. Biogenic: fossil CO2 emissions and ratios for human and livestock metabolism (HLM) and biomass burning (BB)

SSy @ GRACED"® RHLm EDGAR2024 ¢ GRACED Res Rbio
Year Month HLM (Ggyr?)  Fossil (Ggyr?) HLM: fossil BB (Gg yr?) Fossil (Gg yr?) BB: fossil Bio: fossil
2022 9326.2 55004.9 0.170 5046.1 55004.9 0.092 0.262
2023 9383.9 52849.3 0.178 4925.4 52849.3 0.093 0.271
April 2022 — April 2023 10111.7 58794.5 0.178 £ 0.031 5398.5 58794.5 0.092 + 0.015 0.270 £ 0.035
April 766.5 3518.7 0.218 3717 3518.7 0.106 0.323
May 792.1 4262.7 0.186 328.1 4262.7 0.077 0.263
June 766.5 3292.3 0.233 304.9 3292.3 0.093 0.325
July 792.1 3869.5 0.205 318.3 3869.5 0.082 0.287
2022 August 792.1 4857.1 0.163 335.5 4857.1 0.069 0.232
September 766.5 4345.1 0.176 333.1 4345.1 0.077 0.253
October 792.1 4899.9 0.162 408.8 4899.9 0.083 0.245
November 766.5 4370.6 0.175 489.0 4370.6 0.112 0.287
December 792.1 5844.2 0.136 621.4 5844.2 0.106 0.242
January 797.0 797.0 0.119 563.0 6692.7 0.084 0.203
February 719.9 719.9 0.159 519.0 4526.3 0.115 0.274
2023 March 797.0 797.0 0.189 444.2 4218.5 0.105 0.294
April 771.3 771.3 0.188 361.4 4096.9 0.088 0.276

55  2SSY is the Shenzhen Statistical Yearbook with data from results in Tables S2 and S3. ® GRACED is the near-real-time Global Gridded Daily CO, Emissions Dataset.
56 ¢EDGAR is the Emissions Database for Global Atmospheric Research; we assume that COgg emissions account for 100 % of COzyio in EDGAR2024.



57  Table S5. Comparison of contributions to urban COz2bio from different cities

Human respiration Biofuel use or Net plant and soil respiration or
City Time Inventory References
and excretion (%)  biomass burning (%) terrestrial biosphere (%)

Belowground  Aboveground

respiration respiration

Los Angeles  2007.10 - - - 38 62 (Djuricinetal., 2010)
Los Angeles  2007.12 - - - 46 54 (Djuricinetal., 2010)
Los Angeles  2008.02 - - - 22 78 (Djuricinetal., 2010)
Los Angeles  2008.04 - - - 15 85 (Djuricinetal., 2010)
Paris 2010.01-02 AirParif (2008.01) 502/15.0&¢ 12°b/1.2bd 38¢/83.8¢d (Lopez et al., 2013)
Los Angeles  2014.11-2016.03  Hestia-L.A. (2012) 5.7¢ 10.34 84.0¢ (Miller et al., 2020)
Beijing 2020 winter GRACED (2020) 75ad - - (Wang et al., 2024)
Shenzhen 2022.04-2023.04 GRACED (2022-2023) 17.8+3.1¢%¢ 9.2+15¢ 73.0+£35¢ This study

Shenzhen 2022 GRACED (2022) 17.0¢%¢ 9.2¢ 73.8¢ This study

Shenzhen 2022 ODIAC2022 (2021) 105¢%¢ 5.7¢ 83.8¢ This study

Shenzhen 2022 MIXv2 (2017) 13.9¢%¢ 751 78.6 ¢ This study

Shenzhen 2022 EDGARV7.0 (2021) 16.4 % 8.9¢ 74.7¢ This study

Shenzhen 2022 MEICv1.4 (2020) 20.9 ¢-¢ 11.34 67.8 ¢ This study

58  2only human respiration, "use of biofuel in gasoline and diesel, ¢soil respiration, ¢ ratio to fossil fluxes, ¢ human and livestock metabolism
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Table S6. Comparison of climatic characteristic and COzbio' in representative cities across two

typical climate zones

Climate zone

Mediterranean climate

Monsoon influenced humid

subtropical climate

(latitude and longitude)

(34.13°N, —118.13°E)

Representative city Los Angeles Shenzhen
Population (million) ~18 ~18

Area (km?) 15,000 ~2,000
Location Lower mid-latitudes Low latitudes

(22.54°N, 114.06°E)

Climate characteristics

Hot and dry summers

Mild and wet winters

Hot and wet summers

Cool and dry winters

MODIS VCF @ (%)

14%

73%

Land cover (fraction)

Built area and water (61%) °
Tree (21%)
Irrigated lawn (12%)

Dry grass/bare soil (6%)

Built area and water (42.7%) ©
Tree (55.6%)
Grass (0.6%)

Bare soil (1.1%)

Monthly mean COapio' minima

—3.5 ppm in July

—12.8 ppm in September

COqpio' seasonal amplitude

4.3 ppm

11.5 ppm

Driver factor of cozmio' Seasonal variation

Irrigation water usage

Atmospheric temperature

Reference

Miller et al. (2020)

This study

2 VCF represents Vegetation Continuous Fields, ® derived from Mcpherson et al. (2011), ¢ obtained from Qian

et al. (2020).




63

64
65
66
67
68
69
70

¢ pair 1 ® |

T pair2 @
@

e o

Pair

Figure S1. Pair differences of A*C for replicate measurements
Replicates were obtained from parallel air samples. The difference of each individual measurement from its
pair mean is shown. Closed and open symbols are the first and second group taken from each pair, respectively.

Error bars are the 1-sigma uncertainty on each measurement.
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Figure S2. Monthly (a) population flow, (b) vegetation indices, and (c) climate factors in 2022

and 2023

Population flow includes population inflow, outflow, and net influx (inflow — outflow). Vegetation
indices include NDVI from NDVI_China and GIMMS-3G+, and LAI from GRDC. Climate factors

include temperature, precipitation, and sunshine hours.
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Figure S3. Percent vegetation cover in Shenzhen and its surrounding areas from MODIS
Vegetation Continuous Fields

The red circles represent the “signal” sites in the study. The live vegetation fractions during March 6, 2022 —
March 6, 2023 were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) Vegetation
Continuous Fields (VCF, product MOD44Bv061) (Dimiceli, 2024), which provide a yearly continuous and
quantitative representation of land surface cover at a spatial resolution of 250 m. The mean and standard
deviation of the vegetation fraction is 73.3 + 18.6% for the Shenzhen area. In order to calculate the mean
vegetation fraction in the footprint of our measurements, we convolved the FLEXPART monthly footprints
with the combined vegetation fraction map (both at 0.05° x 0.05°) for each air sample as Virqc =
Y. (VCF_map X Footprint)/}, Footprint. The means and standard deviations of the footprint-weighted
vegetation fraction for the five sites are 72.0 + 56.7%, 65.5 £ 52.5%, 74.6 + 50.3%, 78.5 =+ 55.7%, and 70.3 £

48.4%, respectively.
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Figure S4. FAO/UNEP Aridity Index (Al) for Shenzhen area between 2010 and 2023

The Food and Agriculture Organization/ United Nations Environment Programme (FAO/UNEP) Aridity Index
(Al), defined as the ratio of Mean Annual Precipitation (MAP in mm) to Potential Evapotranspiration (PET in
mm), indicates water balance between land surface and atmosphere (Schlaepfer et al., 2017). MAP and PET
data are derived from the Climatic Research Unit Time Series dataset (CRU TS4.08, http://badc.nerc.ac.uk/,
last accessed on 24 September 2024) (Harris et al., 2020). The solid line shows monthly values and the filled
circles show annual means. The period from April 2022 to April 2023 corresponding to the AXC time series in
this study is shown in red. According to the methodology from the FAO (Singh, 1993), four climate zones are
classified: arid zone (Al < 0.5), semi-arid/ humid zone (0.5 < AI <1), humid zone (1 <AI <1.5), and extreme
humid zone (1.5 < Al the dashed line) (Liao et al., 2023). We found that Shenzhen is in the extreme humid

zone from 2013 to 2023.
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