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Section S1. Details of instrument measurement and 27 

correction 28 

At the 102 m platform, two ozone analyzers were installed at the 102 m platform 29 

to measure in-situ O3 flux. A chemiluminescence ozone instrument (FOS-SENSOR, 30 

Sextant Technology Ltd.) was used to measure ozone at 10 Hz (FOS-O3), with an 31 

operational flow rate of 3.0 LPM. As the ozone output signals from FOS-O3 quickly 32 

decreased in the time scale of several days due to depletion of the coumarin reagent, an 33 

ultraviolet photometry ozone analyzer (model 205, 2B Tech, USA) measuring ozone at 34 

1 Hz with flow at 1.5 LPM was used to correct the response of FOS-O3. The correction 35 

factor is determined as the ratio of 1 Hz O3 concentrations by the 2B 205 to 10 Hz FOS-36 

O3 voltage signals every 30 minutes, enabling the derivation of 10 Hz O3 concentrations 37 

(Fig. S1). 38 

Other instruments used in this study were housed in a laboratory on ground at the 39 

base of the meteorological tower. We deployed two types of NO2 analyzers to measure 40 

NOx and Ox fluxes, respectively: cavity attenuated phase shift NO2 analyzer (CAPS, 41 

Aerodyne Research, Inc.) and broadband cavity enhanced spectrometer NO2 analyzer 42 

(BBCES). Both instruments are capable of monitoring NO2 concentrations at 1 Hz. The 43 

CAPS instrument applied rapid titration reaction of NO with ozone to measure NOx 44 

(NO+NO2), by delivering high concentrations of ozone generated by 184.5 nm mercury 45 

light with a flow of scrubbed and dried air at 10 sccm, whereas the BBCES instrument 46 

was used to measure Ox by employing NO as the titration gas (20 sccm, 200 ppm of 47 

NO cylinder) (Fig. S2). A 100 cm length of 0.90 cm I.D. PFA tubing was served as the 48 

ozone + NO reactor for both systems, achieving conversion rate exceeding 96% with 49 

1.5 s of reaction time. The CAPS and BBCES operate at flow rates of 1.2 LPM and 1.5 50 

LPM, respectively. Background measurements were scheduled for 1 min every half an 51 

hour for the CAPS instrument, while BBCES background was scheduled every 3 hours 52 

for 1 min. 53 

 In addition to the CAPS instrument, NO and NOx were also measured using a 54 

custom-built dual-channel chemiluminescence instrument with a time resolution of 1 55 
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Hz. In one channel, NO was directly quantified via chemiluminescence with an inlet 56 

flow of 0.12 LPM (reactor pressure 210 torr). Another channel (0.44 LPM, 298 torr) 57 

reported total NOx by photolytically converting NO2 to NO using blue light (395 nm). 58 

Concurrently, high-frequency (10 Hz) ozone were also measured using a tunable 59 

infrared laser differential absorption spectrometer (TILDAS, Aerodyne Research Inc., 60 

USA) operating with sample flow with inlet flow of 1.5 LPM and cell pressure at 40 61 

torr. Volatile organic compounds (VOCs) fluxes were also measured by a proton 62 

transfer reaction-mass spectrometer (Vocus PTR-MS, Tofwerk AG, Switzerland). 63 

Sample air from the 102 m platform was transported to ground level via 150 m of 64 

0.90 cm I.D PFA tubing using a high-volume vacuum pump (GAST, Model 1023) with 65 

a flow rate of 37 LPM (Huangfu et al., 2024). Extensive experimental tests 66 

demonstrating negligible NOx and O3 losses within long tubing (Li et al., 2023). Long 67 

tubing and high flow rates induce significant pressure drops in the inlet system, which 68 

reduce the cell pressure of optical instruments and adversely affect their detection 69 

performance (Birks et al., 2018). To address this challenge, we developed a controllable 70 

low-pressure calibration system (Fig. S3) that enables instrument calibration under 71 

simulated low-pressure conditions in the inlet system. During this campaign, CAPS, 72 

BBCES and NOx chemiluminescence instruments were regularly calibrated using this 73 

system to ensure data reliability, as shown in Fig. S4. 74 

Section S2. Data processing and quality assessment for flux 75 

measurements 76 

Before calculation of flux, concentrations of various air pollutants were de-spiked, 77 

where spikes were defined as data greater than 3 times the standard deviation of the 10 78 

min running mean. For wind, wind measurements were rotated to ensure that the 79 

vertical winds were normal to the shear plane. Since a closed-path system was used in 80 

this study, reducing the influence of water vapor, WPL correction was not applied81 

(Aubinet et al., 2012). 82 

Accurate flux measurement requires precise lag-time determination between 83 

sampling platform and instrument inlets. Therefore, we used the cumulative covariance 84 
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method to determine lag times. By accumulating each covariance curve over an 85 

extended period, we were able to accurately determine the lag-time. This approach 86 

yielded lag-time measurements for NOx, O3, and Ox, as detailed in Fig. S5. 87 

In order to obtain more reliable flux data, the averaging period must meet the 88 

stationary requirements and fully turbulent. To test the stationarity criterion for eddy 89 

covariance calculations, we compared the half-hour flux measurement with the mean 90 

of six consecutive 5-min flux (Vickers and Mahrt, 1997). In general, half-hour flux 91 

should be rejected when the difference between the covariance of each subinterval and 92 

the covariance of the total interval is greater than 30%. In turbulent development tests, 93 

the method of flux-variance similarity is utilized to assess the level of turbulence 94 

development in the conditions being studied. The flux-variance similarity method has 95 

been described in detail in previous work (Striednig et al., 2020). The steady-state test 96 

and turbulent development test were consolidated into a comprehensive indicator to 97 

filter out the valid flux data. According to this method, 54%, 48%, 50%, 49%, 55%, 51% 98 

and 49% of the flux data were valid for CAPS-NOx, Chemiluminescence-NO, 99 

Chemiluminescence-NO2, Chemiluminescence-NOx, TILDAS-O3, FOS-O3 and 100 

BBCES-Ox, respectively. 101 

The concentration data at 1 Hz is utilized in this study, which implies that high-102 

frequencies eddies may not be adequately captured, leading to an unavoidable loss of 103 

high-frequency information. Nonetheless, previous research has indicated that at 104 

elevated observation sites, the contribution of high-frequency eddies on flux is minimal 105 

(Moravek et al., 2013; Raj et al., 2024; Wintjen et al., 2020). As shown in Fig. S6a, 106 

NOx, O3 and Ox have co-spectral densities similar to sensible heat (w’T’), decreases in 107 

the inertial sub-range with a linear slope (-7/3). The normalized co-spectrum of NOx, 108 

O3 and Ox (Fig. S6b) are also similar to that of w’T’ with a maximum in the range 109 

0.002-0.3 Hz. These results indicate that the full range of eddies that contribute to the 110 

flux were captured. Comparison of spectral analysis results with fast response 111 

instruments with 10 Hz prove that 1 Hz data are sufficient for flux measurements at a 112 

height of 102 m. We utilized the spectrum loss module provided by InnFlux for the 113 
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evaluation revealed that the high-frequency loss was below 3% (Striednig et al., 2020). 114 

Considering the minimal flux losses attributed to both low and high-frequency eddies, 115 

we did not correct the flux in this work. 116 

As species can accumulate below the measurement height, this accumulation leads 117 

to flux measured by the EC method that are not net flux (Finnigan, 2006). Thus, the 118 

storage term must be calculated and subsequently used to correct the measured flux, 119 

namely net flux (𝐹𝑛𝑒𝑡). 120 

𝐹𝑙𝑢𝑥𝑛𝑒𝑡 = 𝐹𝑙𝑢𝑥𝐸𝐶 + 𝐹𝑙𝑢𝑥𝑆𝑡𝑜𝑟𝑎𝑔𝑒                (S1) 121 

The storage term (𝐹𝑆𝑡𝑜𝑟𝑎𝑔𝑒) was calculated as follows: 122 

𝐹𝑙𝑢𝑥𝑆𝑡𝑜𝑟𝑎𝑔𝑒 =
𝐶𝑡+1−𝐶𝑡−1

𝑇
× 𝑍𝑚                 (S2) 123 

Where 𝐶𝑡+1  and 𝐶𝑡−1  are the concentration of species in the before and after flux 124 

averaging periods, respectively. 𝑇  is the total time of in the before and after flux 125 

averaging periods. 𝑍𝑚  represent the measurement height. This storage flux is then 126 

added to the calculated turbulent flux to obtain the net flux. A cross-instrument 127 

comparison of NOx and O3 concentrations and fluxes demonstrated good consistency 128 

for different measurements (Fig. S7). These results demonstrate the validity of the flux 129 

observation dataset. We selected NOx flux from CAPS, O3 flux from TILDAS, and Ox 130 

flux from BBCES as case studies to elucidate the impact of storage term on net flux. 131 

Fig. S8 illustrates that a higher slope and correlation coefficient (R2) indicate a more 132 

significant impacts of storage term on the net flux. Quantitative analysis of the 133 

Fluxstorage/FluxEC ratio also reveals storage term flux contributes substantially during 134 

nocturnal-early morning periods. On average, storage fluxes constitute 21%, 41%, and 135 

61% of the net NOx, O3, and Ox fluxes, respectively, indicating the storage term of O3 136 

and Ox contributed significantly to the net flux. Similarly, the fluxes of NOx, O3, CH4, 137 

and VOCs measured by other instruments have also been corrected for storage terms. 138 

We further quantified uncertainties in NOx flux measurements, which primarily 139 

originate from three sources (Karl et al., 2018): (a) concentration measurement 140 

uncertainty of the NOx analyzer, (b) systematic errors of measured fluxes, but this error 141 

is considered minor (Rantala et al., 2016), and (c) random errors in flux measurements, 142 
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calculated according to the method of Langford et al. (2015) and Striednig et al. (2020). 143 

For the CAPS system, concentration measurement uncertainty was 5% with random 144 

uncertainty of flux measurements at 10%, yielding a flux measurements uncertainty of 145 

15%. The random uncertainty of NOx fluxes via chemiluminescence NOx analyzer was 146 

estimated to be 12%, and the uncertainty of NOx concentrations was 8%, resulting in a 147 

flux measurements uncertainty of 20%. These values reflect the compounded effects of 148 

instrument precision and atmospheric variability on flux quantification. 149 

Section S3. Footprint calculation 150 

The footprint rendering is based on two-dimensional parametrization model (Kljun 151 

et al., 2015). The input parameters include the measurement height, standard deviation 152 

of the horizontal and vertical wind speed, horizontal wind direction, boundary layer 153 

height, surface roughness length and friction velocity. Surface roughness values were 154 

taken as 15 m. For each half-hour flux calculation, we calculate the footprint map at the 155 

spatial resolution of 10 m and then extract the 10-90% contour. Fig. S9 shows the 156 

average footprint for this campaign with the 90% cumulative contributions to the 157 

measured flux. For this campaign the 90% contribution to the measured flux extended 158 

as far as 6 km from the tower. 159 

Section S4. Dahmköhler numbers 160 

The Dahmköhler (Da) number is a dimensionless parameter that describes the 161 

relative time scale of a transport (𝜏𝑡𝑟𝑎𝑛) and chemical reaction (𝜏𝑐ℎ𝑒𝑚). Dahmköhler 162 

number of NO-NO2-O3 triad were calculated as following (Rinne et al., 2012; Vuolo et 163 

al., 2017): 164 

𝐷𝑎 =
𝜏𝑡𝑟𝑎𝑛

𝜏𝑐ℎ𝑒𝑚
                      (S3) 165 

𝜏𝑡𝑟𝑎𝑛 =
𝑍

𝑢∗
                      (S4) 166 

𝜏𝑐ℎ𝑒𝑚 =
2

√[𝑗𝑁𝑂2
2+𝑘𝑟

2([𝑂3]−[𝑁𝑂])2+2∗𝑗𝑁𝑂2∗𝑘𝑟([𝑂3]+[𝑁𝑂]+2∗[𝑁𝑂2])]

   (S5) 167 

Where Z is measurement height, u* is friction velocity, jNO2 represents the photolysis 168 

rate and k3 is the reaction rate constant of NO + O3. 169 
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The O3 flux Damkoehler (Daflux(O3)) number is refer to (Karl et al., 2023). 170 

𝐷𝑎𝑓𝑙𝑢𝑥(𝑂3) = |𝐷𝑎𝑂3 + 𝐷𝑎𝑁𝑂
𝐹𝑁𝑂

𝐹𝑂3
− 𝐷𝑎𝑁𝑂2

𝐹𝑁𝑂2

𝐹𝑂3
|     (S6) 171 

DaO3, DaNO, and DaNO2 represent the Dahmköhler number of O3, NO, and NO2, 172 

respectively. FO3, FNO, and FNO2 represent the O3, NO, and NO2 fluxes, respectively. 173 

Fig. S14 shows the Da values of NO-NO2-O3 triad and O3 flux. Our campaign 174 

measurements revealed an average Da number of 3.3 ± 2.6 for the NO-NO2-O3 reaction 175 

system, and average flux Da number for O3 is 2.5 ± 10.4. 176 

  177 
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 178 

Fig. S1. Measurement data of FOS-O3 for a selected period to demonstrate the 179 

correction process. Every half-hour, the signal to concentration ratio (green line), i.e., 180 

the low-frequency ozone concentration (blue line) measured by the 2B 205 analyzer to 181 

the high-frequency electrical signal (red line) recorded by the FOS, is calculated. This 182 

ratio serves as a correction factor to adjust the high-frequency signal of FOS-O3, 183 

ultimately deriving 10 Hz ozone concentration (yellow line). The two purple dotted 184 

lines represent the time for replacing coumarin reagent. 185 

   186 
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 187 

Fig. S2. Schematic of NOx (a) and Ox (b) measurement systems. The “Filter” unit for 188 

the BBCES Ox system is filled with FeSO4, which is used to filter out NO2. A 100 cm 189 

length of 0.90 cm I.D. PFA tubing was served as the NO + O3 reactor for both systems. 190 

  191 
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 192 

Fig. S3. Schematic of the controllable low-pressure calibration system. The "Standard 193 

gas dilution system" supplies calibration gas to instruments, while the "Controllable 194 

low-pressure module" generates adjustable low-pressure conditions for gas dilution 195 

module. 196 

  197 
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 198 

Fig. S4. Calibration results for CAPS, BBCES, and Chemiluminescence-NOx under 199 

atmospheric-pressure (760 torr) and low-pressure conditions (340 torr), which is the 200 

pressure for instrument sampling point of the flux inlet system. 201 
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 203 

Fig. S5. The determination of lag-times of NOx (CAPS and Chemiluminescence NOx 204 

analyzer), O3 (TILDAS and FOS-O3) and Ox (BBCES) using the cumulative covariance 205 

method. 206 
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 208 

Fig. S6. Co-spectral density (a) and normalized co-spectrum (b) of the NOx, O3, Ox, 209 

CO2 and temperature. The blue dashed line in (a) is the reference line with slope of −7/3. 210 
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 212 

Fig. S7. Comparison of NOx concentration (a) and flux data (b) between CAPS and the 213 

chemiluminescence NOx analyzer. Comparison of O3 concentration (c) and flux (d) data 214 

between FOS-O3 and TILDAS. 215 
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 217 

Fig. S8. Scatter plot of NOx (CAPS), O3 (TILDAS) and Ox (BBCES) storage flux 218 

(Fluxstorage) versus net flux (FluxEC + Fluxstorage) (left panel). Diurnal profiles of EC 219 

measured flux, storage flux, net flux and Fluxstorage/FluxEC ratio (right panel). 220 
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 222 

Fig. S9. Time series (left) and diurnal profiles (right) of measured NOx, O3 and Ox 223 

concentrations. 224 
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 226 

Fig. S10. A comparison of long-term NO2 daily data from the China National 227 

Environmental Monitoring Centre in Beijing (CNEMC, 2023) and NO2 concentration 228 

measured during the 2017 (Squires et al., 2020) and 2023 campaign (this study). 229 

  230 



18 

 

 231 

Fig. S11. (a) Diurnal profiles (left) of measured NO and NO2 fluxes using the 232 

chemiluminescence NOx analyzer at the 102 m platform, as well as the diurnal profile 233 

of O3 concentrations. The black line represents the ratio of NO2 to NOx fluxes. (b) 234 

NO2/NOx flux ratios plotted versus O3 concentrations, color-code by O3 flux. 235 
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 237 

Fig. S12. NOx emissions quantified via the eddy covariance (EC) method were 238 

compared against total emission estimates from three major inventories: MEIC, PKU, 239 

and EDGAR. The virtual color bars indicate that inventory may incorrectly allocate 240 

emission sources to footprint areas. 241 
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 243 

Fig. S13. Spatial distribution of NOx emissions estimated in inventories (a-f), and 244 

retrieved from TROPOMI satellite inversion (g). Note that only emissions from 245 

transportation and residential sectors in emission inventories are included. Black solid 246 

and dashed lines indicate the calculated footprint encompassing 50% and 90% of the 247 

measured flux, respectively. Triangles denote flux tower locations with color-coded by 248 

eddy covariance flux measurement in 2023.  249 
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 250 

Fig. S14. The Damköhler numbers (Da) for O3 flux (red line) and the Dahmköhler 251 

numbers for NO-NO2-O3 (blue line) in this campaign. 252 
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