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Abstract 10 

China hosts a large number of industrial parks in densely populated areas, where pollutant emissions 11 

turn surrounding lands into high-deposition-load hotspots. Long-term exposure may alter 12 

physicochemical properties of soils and vegetation, leading to complex sink-source transitions of 13 

land surface. The lack of local flux data impedes integrated air-soil-water pollution control. We 14 

developed a Relaxed Eddy Accumulation system capable of simultaneous flux measurements of 15 

eight inorganic species (HNO3, HONO, SO2, HCl, nitrate, nitrite, sulfate, chloride). System 16 

characterization showed detection limits of 6.1×10-4–2.4×10-1 μg m-2 s-1 and flux precisions of 17 

3.0%–29.5% with main uncertainty contributions from mass analysis and lag time inaccuracy. Flux 18 

measurement conducted at a vegetable cropland adjacent to chemical industry facilities revealed 19 

that HONO and nitrate fluxes at this site were 1–2 orders of magnitude higher than those reports in 20 

the literature. Bidirectional fluxes of the species indicate the cropland acts as both source and sink; 21 

but winter average showed net emission fluxes only for HONO and nitrite (mean daily 53.0 and 22 

11.5 μmol m-2 d-1). Gross upward emission fluxes of HNO3 and HONO were 1.1 ± 0.9 μg m-2 s-1 23 

and 0.4 ± 0.4 μg m-2 s-1, respectively, during the winter observation period. HNO3 gross emissions 24 

were enhanced by elevated turbulence, while HONO emissions were promoted at lower ambient 25 
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temperatures. This study provides observational constraints for acidic species flux parameterization 26 

over industrial-impacted croplands and informs air pollution control and agro-ecological protection 27 

strategies. 28 

 29 

Keywords Atmospheric Inorganic Acidic Species; air-surface flux; Relaxed Eddy Accumulation; 30 

measurement uncertainty and detection limit; cropland; Long-Term Influence of Chemical Industrial 31 

Emissions 32 

 33 

1. Introduction 34 

Atmospheric inorganic acidic species mainly include gaseous sulfur dioxide (SO2), nitric acid 35 

(HNO3), nitrous acid (HONO), and hydrogen chloride (HCl), as well as their particulate-phase 36 

counterparts: sulfate (SO4
2-), nitrate (NO3

-), nitrite (NO2
-), and chloride (Cl-). Dry deposition is a key 37 

removal pathway for these acidic pollutants, reducing their ambient concentrations and attenuating 38 

regional transport. Atmospheric dry deposition of sulfur and nitrogen species provides a pivotal nutrient 39 

supply for crop growth and ecosystems (Galloway 1995, Poor et al. 2001, Shen et al. 2018, Vitousek and 40 

Howarth 1991). However, high deposition flux induces physiological stress in crops (Aber et al. 1998), 41 

disrupts their normal metabolism, photosynthesis and respiration. Furthermore, the deposition of acidic 42 

species may exacerbate soil acidification and trigger eutrophication of surface water and groundwater 43 

(van Breemen and van Dijk 1988). 44 

Most existing measurements on dry deposition fluxes of atmospheric inorganic acidic species were 45 

conducted in forest (Farmer et al. 2013, Farmer et al. 2011, Gordon et al. 2011, Hansen et al. 2015, 46 

Meyers et al. 1989, Nguyen et al. 2015, Pryor et al. 2002, Pryor et al. 2001, Ren et al. 2011, Sievering et 47 
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al. 2001, Xu et al. 2021, Zhang et al. 2012, Zhou et al. 2011), grassland (Huebert et al. 1988, Huebert 48 

and Robert 1985, Myles et al. 2007, Nemitz et al. 2009, Nemitz et al. 2004, Rattray and Sievering 2001, 49 

Rumsey and Walker 2016, von der Heyden et al. 2022), and agricultural ecosystems (Laufs et al. 2017, 50 

Meng et al. 2022, Meyers et al. 1998, Meyers et al. 2006, Shaw et al. 1998). Wuhan, a megacity in central 51 

China, hosts a large number of iron, steel and petrochemical industry facilities in its urban and suburban 52 

areas, which are closely interspersed with extensive farmland. Industrial processes discharge large 53 

amounts of pollutants, rendering adjacent farmlands high-deposition-load zones of acidic species. In 54 

addition to potential adverse human health risks from dietary and respiratory exposures, long-term 55 

exposure to industrial emissions may alter the physicochemical properties of vegetation and soil, making 56 

deposition pathways and resistances of atmospheric acidic species differ from those over natural 57 

farmlands. With long-term exposure to industrial emissions, farmlands may shift from sinks to potential 58 

emission sources of acidic species, e.g., fugitive dust from farmlands and widely known HONO release 59 

from soil (Su et al. 2011). The co-occurrence of deposition, surface emissions and possible near-ground 60 

chemical reactions complicates the sink and source dynamics of acidic species in farmlands and brings 61 

large uncertainties to the development of deposition resistance parameterizations for this type of 62 

ecosystem. To date, no quantitative measurement on acidic species fluxes has been conducted in this 63 

specific habitat. The lack of relevant flux data constrains the development of effective air pollution 64 

control strategies and agro-ecological protection practices in such regions. 65 

Eddy covariance (EC) (Farmer et al. 2013, Nguyen et al. 2015), relaxed eddy accumulation (REA) 66 

(Hansen et al. 2015, Matsuda et al. 2015, von der Heyden et al. 2022, Xu et al. 2021), gradient 67 

measurement (Nemitz et al. 2009, Rumsey and Walker 2016), and flux chamber methods (Scharko et al. 68 

2015) are widely used for atmospheric inorganic acidic species flux determination. The REA is a 69 
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conditional sampling technique to measure trace atmospheric components for which fast response 70 

sensors (>10 Hz) required for EC are not available. The REA has notable advantages for field applications: 71 

simultaneous multi-species flux measurements and lower cost than the EC method. In this study, we 72 

developed an REA system and conducted a flux measurement campaign in a cropland immediately 73 

adjacent to an urban chemical industrial park in winter, the typical haze season of Wuhan. The main 74 

objectives of this study were: (1) to characterize the flux measurement uncertainty and detection limit 75 

and precision of the REA system; (2) to determine the flux of atmospheric acidic species over the 76 

farmland ecosystem under the long-term influence of chemical industry emissions; (3) to estimate the 77 

gross emission fluxes of HONO and HNO3 from the farmland based on mass conservation and dry 78 

deposition resistance model. 79 

2. Experimental section 80 

2.1 Relaxed eddy accumulation technique 81 

First proposed by Businger and Oncley (1990), the REA method measures the vertical flux of 82 

atmospheric species by separating air into updraft and downdraft sampling reservoirs based on high-83 

frequency vertical wind velocity measurements. Flux is derived from the difference of average 84 

concentrations between the two reservoirs and the bulk weighting of two turbulence statistics that can be 85 

stably measured over a sampling interval:   86 

                            𝐹 ൌ 𝜎௪𝛽൫𝐶௨௣ െ 𝐶ௗ௢௪௡൯          (1) 87 

where Cup and Cdown are the average concentrations in updraft and downdraft, σw is the standard deviation 88 

of vertical wind speed (w)  and β is a dimensionless proportionality coefficient universal for scalars, 89 

which can be calculated from sonic anemometer measurements of sensible heat flux 𝛽 ൌ
ௐᇲ்ᇲ

ఙೢ൫ ೠ்೛ି்೏೚ೢ೙൯
. 90 

This framework enables stable and controllable flux calculations, with results highly consistent with EC 91 
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measurements(Gaman et al. 2004, Karl et al. 2005, Lee et al. 2005, Pryor et al. 2007). 92 

We built an REA sampling system for simultaneous sampling of gaseous and particulate inorganic 93 

acidic species (Figure 1). High-frequency (10 Hz) w was measured by a 3D sonic anemometer (CSAT3B, 94 

Campbell Scientific Inc., Logan, Utah, USA). Each of three sampling channels (updraft, downdraft, 95 

dead-band) was equipped with an annular denuder (URG-2000-30×242-3CSS, URG, Chapel Hill, North 96 

Carolina, USA) for gaseous HNO3, HONO, SO2 and HCl collection and a filter cartridge with a 2 μm 97 

PTFE filter (Whatman 7592-104, 46.2 mm, PP ring-supported) installed downstream for particulate NO3
-, 98 

NO2
-, SO4

2-, and Cl- collection. The three sampling channels shared a single PM2.5 cyclone inlet (URG-99 

2000-30EH, URG, Chapel Hill, North Carolina, USA), a 1.35-meter stainless steel inlet tube and a 100 

sampling pump (KNF N026.1ANE, KNF Neuberger GmbH, Freiburg, Germany). Notably, the system 101 

features expandable sorbent tube channels for simultaneous VOC flux measurements, but only its 102 

performance for inorganic acidic species is reported herein. The sampling flow rate was set to a nominal 103 

10 standard liters per minute with a mass flow controller (MFC, No. 12 in Figure 1) mounted on the inlet 104 

side of the pump. The flow in the inlet tube was in the laminar regime (the Reynolds number ~1200), 105 

which is essential for the denuders to work properly (i.e., efficient gas-particle separation). The lag time 106 

for air to travel from the inlet to the sampling filter membrane was calculated according to total internal 107 

volume of air tubing and volumetric flow rate at the onset of each sampling run. For example, it was 3.1 108 

s at ambient temperature 15 oC.  109 

A CR1000X data logger (Campbell Scientific Inc., Logan, Utah, USA) served as the system central 110 

controller, responsible for data acquisition, storage, and conditional sampling logic execution. 111 

Conditional switching between the sampling channels was checked at 2 Hz to balance high-frequency 112 

flux loss and perturbations to the laminar flow in the denuders. Three-minute running mean (𝑤) and 113 
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standard deviation (σw) of w were calculated in real time to trigger the actuation of three solenoid valves 114 

(Numatics LS02M6F00B, Emerson Electric Co., St. Louis, Missouri, USA): updraft sampling at w>𝑤 115 

+ 0.6σw, downdraft sampling at w<𝑤 - 0.6σw, and dead-band airflow within the w±0.6σw range. Lag time 116 

was taken into account to determine the precise timing of solenoid valve switching. The CSAT3B sonic 117 

anemometer had a minimum response time of 0.7 ms, with effectively zero signal latency to the data 118 

logger. The total end-to-end system time delay was 17.9 ms, including 10–15 ms for solenoid valve 119 

response, 1.4 ms for relay actuation, and 4 ms for real-time calculation and command execution. This 120 

short delay time minimized temporal misalignment between wind measurements and the sampling, 121 

reducing updraft/downdraft mixing and flux result distortion. 122 

The REA device was mounted on a 4-meter-high flux tower. The sonic anemometer was installed 123 

at the tower top, oriented due north (the prevailing local winter wind direction). The inlet of the PM2.5 124 

cyclone was vertically aligned with the anemometer, with a horizontal separation of 0.3 m. The sampling 125 

enclosure housing the sampling unit and solenoid valves was fixed on the tower 0.7 m below the 126 

anemometer to minimize airflow disturbance around the anemometer. A Vaisala Weather Transmitter 127 

WXT536 was also installed near the top of tower to provide supporting measurements of air pressure, 128 

air temperature, relative humidity, precipitation, wind speed, and wind direction. The pump and other 129 

REA components were mounted at the tower base.  130 

https://doi.org/10.5194/egusphere-2026-2234
Preprint. Discussion started: 22 April 2026
c© Author(s) 2026. CC BY 4.0 License.



 

7 
 

 131 

Figure 1. Schematic diagram of the REA flux sampling device for atmospheric inorganic gas and 132 

particles. 1. Power supply; 2. 3D sonic anemometer; 3. Denuder tube; 4. Filter-pack cartridge; 5. Cyclone 133 

inlet; 6. Vaisala Weather Transmitter; 7.Thermocouple; 8. Data logger; 9. Relay; 10. Terminal block for 134 

signal and power distribution; 11. Fast switching valves; 12. Mass flow controller (MFC); 13. Pump; 14. 135 

500ml buffer bottle; 15. Mass flow meter (MFM) used in test runs only. 136 

2.2 Sample collection and chemical analysis 137 

The Wuhan Chemical Industrial Park (WCIP) is located northeast to the urban area of Wuhan. The 138 

WCIP covers 71.64 km2 and hosts petrochemical, fine chemical, and building material industries. The 139 

flux tower was installed in the center of a vegetable-growing cropland within the 7.3 km2 Beihu Farm, 140 

which is immediately adjacent to the WCIP. The nearest petrochemical facility is ~1.0 km to the north of 141 

the tower (Figure S1). The tower is situated on flat terrain with no obstructing buildings or trees within 142 

a 500 m radius of the tower, ensuring undisturbed airflow measurements. Field sampling was performed 143 

from 29 October to 30 December 2025, with 11 valid sampling days in cloudy or sunny rain-free weather. 144 
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Each sampling day included three 4-hour sampling periods (morning: 8:00–12:00; afternoon: 12:30–145 

16:30; evening: 17:00–21:00). Flux footprints were calculated using the FFP online tool developed by 146 

(Kljun et al. 2015). Input wind and site information for the model included sampling time, measurement 147 

height, zero-plane displacement, wind speed, wind direction, Obukhov length, and friction velocity. The 148 

cumulative flux footprint over the entire sampling campaign is presented in Supplementary Figure S1. 149 

One set of denuders and filter samples, plus field blanks, was collected per one sampling period. 150 

The annular denuders were freshly coated with a sorbent layer for inorganic acidic gases collection prior 151 

to sampling, in accordance with the U.S. EPA standard protocol (Fitz and Millar, 2002). The coating 152 

solution 1% (w/v) sodium carbonate in water and 1% (v/v) glycerol in a methanol-water mixture (1:1, 153 

v/v) was prepared fresh immediately before use. For coating, 10 mL of the solution was injected into the 154 

denuder, which was then sealed at both ends, inverted and rotated repeatedly to ensure uniform inner-155 

wall coating, and purged with 99.999% high-purity nitrogen until complete methanol and water 156 

evaporation. Theoretically, the sodium carbonate sorbent layer has an absorption capacity of 6 mg SO2, 157 

even assuming that only 10% of the sodium carbonate solution was effectively coated onto the inner wall 158 

of the annular denuder. The total sampling volume per denuder channel was 0.6 m3, which would contain 159 

a maximum of only 5 μg SO2 based on the highest ambient SO2 concentration documented in local air 160 

monitoring records. Even when accounting for coexisting acidic gaseous species, the 0.6 m3 sampling 161 

volume is still well below the breakthrough volume of the denuder. Coated denuders were sealed with 162 

PTFE caps until use. 163 

After each 4-hour sampling run, annular denuders and filters were disassembled for subsequent 164 

offline chemical composition analysis. The inorganic salts formed by absorbed acidic gases in the 165 

denuder sorbent layer were eluted with 10 mL of 0.05% (v/v) H₂O₂ aqueous solution, which oxidizes 166 
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sulfite (SO₃²⁻, the product of SO₂ absorption) to the more stable SO₄²⁻. Particulate-phase inorganic ions 167 

collected on the filters were ultrasonically extracted into 10 mL of ultrapure deionized water. Then, the 168 

inorganic ions were analyzed with ion chromatography (Dionex, ICS-1100, Thermo Scientific, 169 

Massachusetts, USA). Before running analysis, the system was calibrated using standard solutions. 170 

Inorganic ions in a sample solution were identified by comparing with the chromatographic peaks of the 171 

known standards and quantified using calibration curves after field blank substraction.  172 

3. Results and discussion 173 

3.1 Uncertainties and detection limit of flux measurement 174 

High-frequency flux losses may occur from two sources: (1) valve switching frequency below 10 175 

Hz, and (2) laminar flow in the inlet tubing. These two effects combine to cause non-negligible mixing 176 

between consecutive air samples. However, the β coefficient was explicitly determined using temperature 177 

measurements from the sonic anemometer, calculated as 
ௐᇲ்ᇲ

ఙೢ൫ ೠ்೛ି்೏೚ೢ೙൯
, where Tup and Tdown were derived 178 

from temperatures sampled under the same switching frequency and 0.6σw dead-band conditions. The β 179 

coefficients for each 4-hour sampling period fell within the typical range of 0.47 to 0.62. This empirically 180 

derived β calibration approach provided a correction for high-frequency losses (Skov et al. 2006). The 181 

remaining source of uncertainty in REA flux measurements arises from the potential biases of the 182 

concentration difference of target species between updraft and downdraft samples (𝐶௨௣ െ 𝐶ௗ௢௪௡), the 183 

core term in Equation (1). Concentrations are calculated as 𝐶௨௣ ൌ
ெೠ೛

௏ೠ೛
 and 𝐶ௗ௢௪௡ ൌ

ெ೏೚ೢ೙

௏೏೚ೢ೙
, where M 184 

and V denote the collected analyte mass and the total air sample volume, respectively, for each reservoir. 185 

Next, we evaluated the uncertainties associated with M and V determination, from which the precisions 186 

and detection limits of flux measurement were derived for each species. 187 

3.1.1 Uncertainty in air sample volume 188 

The stability of the sampling flow rate is critical for accurate sampling control of the REA system. 189 
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Rapid solenoid valve switching between updraft and downdraft sampling inevitably caused transient 190 

flow fluctuations. A buffer bottle (No. 14 in Figure 1) was installed to mitigate such fluctuations, and a 191 

calibrated mass flow meter (MFM) was added temporarily for 6 replicate 60-min tests at the sampling 192 

inlet to measure actual flow rates through the denuders/filters. Flow rate fluctuations at switching 193 

frequencies of 10 Hz, 2 Hz, and 1 Hz were evaluated, showing that higher switching frequencies induced 194 

stronger transient flow disturbances, but all transient flow rate fluctuations recorded by the MFM were 195 

within ±3% of the MFC reading (Figure S2). 196 

To quantify the overall error in MFC-derived sample volumes, we calculated the standard deviation 197 

(SD) of the relative deviation 
௏ಾಷ಴ି௏ಾಷಾ

௏ಾಷಾ
, where 𝑉ெி஼ is the sample volume calculated from flow rate 198 

readings recorded by the on-board MFC, while 𝑉ெிெ is the actual sample volume calculated from actual 199 

flow rates recorded by the calibrated MFM. This metric corresponds to the relative uncertainty of the 200 

sample volume, accounting for both the precision of MFC readings and their accuracy relative to actual 201 

sample volume. Values were 0.32% at 10 Hz, 0.16% at 2 Hz, and 0.08% at 1 Hz (Table 1), confirming 202 

that the buffer bottle effectively reduced the impact of flow fluctuations on sample volume accuracy. The 203 

2-Hz switching frequency used in our field sampling yields a final sample volume relative uncertainty of 204 

0.14% (updraft) and 0.17% (downdraft). 205 

Table 1. Relative uncertainty of air sample volume induced by valve switching flow fluctuations and 206 

relative uncertainty of collected analyte mass induced by lag time inaccuracy 207 

Parameter Updraft Downdraft 

Valve Switching Frequency Relative Uncertainty of 
Sample Volume 

10 Hz 0.33% 0.31% 

2 Hz 0.14% 0.17% 

1 Hz 0.08% 0.07% 

Lag Time Inaccuracy Relative Uncertainty of 
Collected Analyte Mass 
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0.1 s 2.64% 2.64% 

0.3 s 6.67% 6.72% 

1.0 s 16.12% 18.52% 

3.1.2 Uncertainty in Collected Analyte Mass Induced by Lag Time Inaccuracy  208 

The lag time, a key parameter for REA sampling, was pre-calculated prior to each sampling run at 209 

the onset of the sampling run. Flow rate variations during sampling (e.g., due to ambient temperature 210 

changes) induce a time offset Δt between the pre-set and actual lag time, which results in a mass mismatch 211 

ΔM of the target analyte between the updraft events and the updraft reservoir (or between the downdraft 212 

events and the downdraft reservoir). The relative deviation ΔM/M represents the random error in 213 

collected analyte mass induced by lag time inaccuracy, which propagates directly into final flux results. 214 

The magnitude of ΔM/M increases with larger updraft-downdraft concentration difference (Cup−Cdown), 215 

longer time offset Δt, and more valve switching cycles during sampling.  216 

To quantify the relative deviation ΔM/M induced by lag time inaccuracy, a 4-hour time series of 217 

HNO3 concentration and vertical wind was obtained from simultaneous measurements of an iodide-218 

adduct chemical ionization mass spectrometer (I-CIMS) and the sonic anemometer at the site. The I-219 

CIMS recorded HNO3 at 10 Hz resolution, while the anemometer was used to classify updraft/downdraft 220 

events at 10 Hz. We uniformly scaled updraft and downdraft HNO3 concentrations to match the average 221 

updraft-downdraft concentration differences observed in the 33 sampling runs in the campaign, 222 

generating 33 HNO3 concentration time series for the simulation. A time offset Δt was then introduced 223 

between reservoir sampling windows and actual vertical flow events (updraft or downdraft) to determine 224 

ΔM∕M for each reservoir. Simulation results of ΔM/M at Δt = 0.1 s, 0.3 s, and 1.0 s for the 33 runs are 225 

showed in Table S1. The SD of ΔM/M was calculated to quantify the relative uncertainty of collected 226 

analyte mass induced by lag time inaccuracy and presented in Table 2. The maximum ambient 227 

temperature variation recorded in a sample run was 8 °C, corresponding to a maximum Δt of 0.1 s; thus, 228 
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the relative uncertainty at Δt = 0.1 s (2.64% for both updraft and downdraft) were adopted for the final 229 

flux uncertainty estimation. The above simulation was performed using HNO3 data only due to the lack 230 

of 10 Hz measurements for other species, and we assumed the lag time-induced relative deviations are 231 

identical for all target acidic species. This assumption is valid because all target species are sampled 232 

through identical tubing and valve systems, so their lag time errors are dominated by the same flow 233 

dynamics. 234 

3.1.3 Uncertainty in mass analysis 235 

The overall uncertainty in mass analysis of gaseous target species (HNO3, HONO, SO2, HCl) 236 

consists of two components: the random error in ion chromatography (IC) analysis and the uncertainty 237 

associated with denuder collection efficiency. 238 

For SO2, the uncertainty in mass analysis was determined from six replicate tests using a 2 ppbv 239 

SO2 calibration gas standard, under sampling conditions identical to those used for ambient sampling 240 

(e.g., sampling flow rate, sampling duration, and denuder coating). All replicate samples were pretreated 241 

and analyzed in a single IC batch, giving a mean recovery of 92% and a relative standard deviation (RSD, 242 

𝜎ெ/𝑀ഥ) of 5.8%. The measured mass of SO2 collected by the denuder was corrected using the recovery. 243 

The IC analytical precision (denoted RSDIC) was determined to be 4.6% from six replicate injections of 244 

a sulfate standard solution with a concentration matching that of typical ambient sample eluents. The 245 

RSDdenuder component arising from variability in denuder collection efficiency was then calculated to be 246 

3.5% via Gaussian error propagation 𝑅𝑆𝐷ଶ ൌ 𝑅𝑆𝐷ூ஼
ଶ ൅ 𝑅𝑆𝐷ௗ௘௡௨ௗ௘௥

ଶ . 247 

Certified standard gases for HNO3, HONO, and HCl were not readily available, so the SO2-derived 248 

mean recovery and RSDdenuder of 3.5% were adopted to these species. The IC analytical precisions RSDIC 249 

for HNO3, HONO, and HCl were determined from six replicate injections of NO3
-, NO2

-, and Cl- standard 250 
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solutions, yielding values of 2.7%, 3.0%, and 3.2%, respectively. The overall mass analysis precisions 251 

(RSD) of HNO3, HONO, and HCl were calculated to be 4.4%, 4.6%, and 4.7%, respectively, via Gaussian 252 

error propagation. 253 

For the four particulate ionic species (NO3
-, NO2

-, SO4
2-, Cl-), the variability in filter collection 254 

efficiency was deemed sufficiently small to be negligible. Therefore, the IC analytical precision RSDIC 255 

was used to quantify the overall uncertainty of mass analysis. The final precisions (RSD) of mass analysis 256 

for all eight gaseous and particulate species are summarized in Table 2.   257 

3.1.4 Flux measurement precision and detection limit  258 

Uncertainties in the derived flux were quantified via the Gaussian error propagation. For both 259 

updraft and downdraft, the relative variance of concentration was calculated as: 260 

    ቀ
ఙ಴

஼
ቁ

ଶ
ൌ  ቀ

ఙಾ

ெ
ቁ

ଶ
൅ ቀ

ఙೇ

௏
ቁ

ଶ
        (2) 261 

where σM/M is the total relative uncertainty of analyte mass measurements, incorporating contributions 262 

from lag time inaccuracy and mass analysis, and σV/V is the relative uncertainty of air sample volume 263 

induced by transient flow fluctuations during valve switching. The variance of the updraft-downdraft 264 

concentration difference was then derived as 𝜎௱஼
ଶ  ൌ 𝜎஼ೠ೛

ଶ ൅ 𝜎஼೏೚ೢ೙
ଶ  for each measurement. The SD of 265 

flux 𝜎ி ൌ  𝜎௪𝛽 ⋅ 𝜎௱஼ was calculated for each measurement and presented as error bars of flux values in 266 

Figure S3. 267 

The Method Detection Limit (MDL) of single-measurement flux was calculated via t-test method. 268 

The total effective degree of freedom (dfeff) of the combined uncertainty was calculated using the Welch-269 

Satterthwaite equation. Combined with the pre-set significance level of α=0.05 (two-tailed test), the 270 

corresponding critical value 𝑡ఈ/ଶ,ௗ௙೐೑೑  
 was obtained from the t-distribution table. The minimum 271 

detectable concentration difference was calculated as 𝛥𝐶௅ை஽ ൌ 𝑡ఈ/ଶ,ௗ௙೐೑೑  
ൈ 𝜎௱஼ , which was then 272 
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substituted into Equation (1) to obtain the single-measurement flux detection limit: 𝐹௅ை஽ ൌ 𝜎௪ 𝛽 ⋅273 

𝛥𝐶௅ை஽. The flux measurement precision ሺ𝑅𝑆𝐷, %ሻ ൌ  ሺ𝜎ி/|𝐹|ሻ ൈ 100 was therefore calculated only 274 

for those measurements with F>𝐹௅ை஽. The ranges of 𝐹௅ை஽ and precisions for the eight species are shown 275 

in Table 2. For a given analyte, 𝐹𝐿𝑂𝐷 and precision vary with atmospheric concentration and flux in the 276 

sampling periods. 277 

Table 2 Concentration and flux detection limits, mass analysis precision and flux measurement precision 278 

of the acidic species.  279 

 Concentration detection 
limit (μg m-3) 

Mass analysis 
precision (RSD, %) 

Flux measurement 
precision (RSD, %) 

Flux detection limit  
(μg m-2 s-1) 

HNO3 0.027 4.4 6.1–27.1 1.5×10-2–2.1×10-1 
HONO 0.034 4.6 4.3–22.6 1.5×10-2–1.2×10-1 

SO2 0.121 5.8 7.6–29.2 9.5×10-3–1.3×10-1 
HCl 0.047 4.7 10.4–29.5 8.2×10-3–1.1×10-1 
NO3

- 0.027 2.7 5.4–28.8 2.2×10-2–2.4×10-1 
NO2

- 0.034 3.0 3.0–16.0 6.1×10-4–2.8×10-2 
SO4

2- 0.121 4.6 4.6–28.2 1.2×10-2–1.3×10-1 
Cl- 0.047 3.2 4.9–20.2 6.6×10-3–1.0×10-1 

  280 

3.2 Concentrations of acidic species during the campaign 281 

The diurnal variations of inorganic acidic gases (HNO3, HONO, SO2, HCl) and particulate ions 282 

(NO3
-, NO2

-, SO4
2-, Cl-) in morning, afternoon and nighttime during the observation campaign are shown 283 

in Figure 2a. At the sampling site, the mean concentration of total nitrogen-containing acidic species 284 

(gaseous + particulate, 8.4 ± 8.0 μg m-3) was higher than that of sulfur-containing (3.1 ± 1.5 μg m-3) and 285 

chlorine-containing acidic species (2.0 ± 0.8 μg m-3), indicating that atmospheric acidic species at the 286 

site was dominated by nitrogen species. 287 

Gaseous HNO3 and HONO showed similar diurnal patterns of higher concentrations in morning and 288 

nighttime than at noon. The diurnal pattern is mainly driven by the diurnal evolution of the atmospheric 289 

boundary layer (Finlayson-Pitts and Pitts 1999, Lin et al. 2006). HONO has multiple sources including 290 
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combustion (Nie et al. 2015) and soil emissions (Su et al. 2011), as well as secondary formation from 291 

gas-phase NO + OH reaction and heterogeneous NO2 reaction on moist surfaces (Baergen and Donaldson 292 

2016, Liu et al. 2014, Villena et al. 2011, Wong et al. 2012). Its low noontime levels are mainly due to 293 

rapid daytime photolytic loss. In contrast, SO2 and HCl showed slightly higher daytime mean 294 

concentrations (SO2: 2.7 ± 1.3 μg m-3; HCl: 2.3 ± 0.7 μg m-3) than nighttime (SO2: 2.1 ± 0.7 μg m-3; HCl: 295 

2.0 ± 0.5 μg m-3), being likely related to daytime industrial emissions, as both species are mainly emitted 296 

from the combustion of sulfur- and chlorine-containing coal and wastes. 297 

Particulate NO3
-, SO4

2- and Cl- showed higher concentrations in the morning (15.5 ± 10.1, 3.6 ± 1.9, 298 

1.8 ± 1.4 μg m-3) and nighttime (18.4 ± 11.9, 4.3 ± 1.7, 2.0 ± 0.6 μg m-3), and lower levels in afternoon 299 

(12.5 ± 8.9, 3.4 ± 1.2, 1.2 ± 0.6 μg m-3). This pattern is mainly controlled by their formation pathways 300 

and diurnal boundary layer variation, consistent with previous studies (Chang et al. 2011, Trebs et al. 301 

2004, Young et al. 2022). Particulate NO2
- had the lowest concentration (0.1–0.2 μg m-3) among the four 302 

ions, with lower concentrations in the morning (0.13±0.19 μg m-3) than afternoon (0.24±0.27 μg m-3) 303 

and nighttime (0.24±0.32 μg m-3). 304 
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 305 

Figure 2. a. Box-and-whisker plots with data points of diurnal concentration variations of eight species 306 

(gaseous HNO3, HONO, SO2, HCl; particulate NO3
-, NO2

-, SO4
2-, Cl-) and b. Box-and-whisker plots 307 

overlaid with individual data points (coded by horizontal wind speed) showing REA-measured fluxes of 308 

eight inorganic species, grouped by diurnal time intervals. Horizontal lines mark means, and boxes 309 

denote interquartile ranges. 310 

3.3 Observed flux of acidic species during the campaign 311 

Figure 2b shows the diurnal variations and horizontal wind speed (WS) dependence of REA-measured 312 

fluxes for the eight acidic inorganic species, grouped by three diurnal time intervals. Figure 3a 313 

summarizes the flux detection rate (the proportion of flux events above the detection limit relative to the 314 

total number of measurements) and the mean ± standard deviation (SD) of flux values above the detection 315 

limits for each target species. The flux detection rates of the acidic species, ranked from highest to lowest, 316 

were 88% for HNO3 and HONO, 82% for NO3
-, 79% for SO4

2-, 61% for SO2 and Cl-, 48% for HCl, and 317 
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36% for NO2
-. All investigated species showed bidirectional flux behavior, which were also observed in 318 

nearly all prior REA measurements from remote forest to urban grassland (Figure 4). If this is not an 319 

intrinsic artifact of the REA method, this demonstrates that surfaces across all atmospheric environments 320 

and land types in these studies are capable of emitting these inorganic acidic species into the atmosphere, 321 

rather than only serving as a deposition sink. The observed apparent fluxes presented here are modulated 322 

by deposition, emission, and probably chemical production/loss and the storage change below the 4-323 

meter measurement height, therefore cannot be simply regarded as emission flux from the cropland or 324 

directly used to derive dry deposition velocity. HNO3 recorded the highest count of downward flux events 325 

(48% of the measurements) and the largest downward flux values (-7.5±6.7 nmol m-2 s-1) across all 326 

species, whereas NO2
- had the lowest count (9%) and smallest values of downward flux (-0.87±0.65 327 

nmol m-2 s-1). The downward fluxes of HONO (-0.19±0.11 μg m-2 s-1) and NO3
- (-0.29±0.24 μg m-2 s-1) 328 

at our site were 1-2 orders of magnitude higher than all prior measurements at rural/remote forest or 329 

grassland sites, while the negative fluxes of HNO3, SO2, SO4
2- are comparable with prior reports (Figure 330 

4). This points to substantial nitrogen deposition (specifically, HONO and NO3
-) at this site, driven by 331 

industrial emissions in the surrounding area. 332 

We focus specifically on the upward fluxes showing emissions of atmospheric acidic species from this 333 

cropland under the long-term influence of chemical industrial emissions. Key findings are summarized 334 

below: 1. HNO3 and HONO recorded far more upward flux events (39% and 48%) and upward flux 335 

values (6.4±5.2 and 6.3±5.7 nmol m-2 s-1) than SO2 and HCl, indicating significant production of both 336 

species below the measurement height. Furthermore, their counts of upward flux events and flux values 337 

were higher in the morning than in the afternoon and night (Figure 2b). This pattern points to strong 338 

nocturnal production pathways for both species: HNO3 and HONO accumulate in the surface layer 339 
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overnight under weak turbulent mixing, and result in pronounced upward fluxes in the next morning as 340 

turbulence intensifies. 2. In terms of particulate species, NO3
- had more upward flux events (36%) and 341 

higher upward flux values (4.2±2.8 nmol m-2 s-1) than other three species. The most likely NO3
- sources 342 

arein-situ formation of ammonium nitrate near the surface layer from ammonia emitted by the cropland 343 

or wind-blown particles from agricultural soils. 3. Like downward flux, HONO (0.30±0.27 μg m-2 s-1) 344 

and NO3
- (0.26±0.17 μg m-2 s-1) again show one or two orders of magnitude higher upward fluxes at our 345 

site than all prior measurements, while those of HNO3, SO2, SO4
2- are comparable with prior reports 346 

(Figure 4). 347 

On the windy day of 24 December (highest mean horizontal wind speed 3.8 m s-1 in the campaign), 348 

exceptionally high upward fluxes of HNO3, HONO, NO3
-, and SO4

2- were recorded, exceeding those 349 

from all other measurement days by one order of magnitude. After excluding this outlier, net fluxes over 350 

the entire observation period were upward for HONO and NO2
- (mean daily 53.0 and 11.5 μmol m-2 d-1, 351 

respectively), and negative for all other species: HNO3 (-114.9 μmol m-2 d-1), Cl- (-122.9 μmol m-2 d-1), 352 

NO3
- (-37.7 μmol m-2 d-1), SO4

2- (-13.4 μmol m-2 d-1), SO2 (-3.7 μmol m-2 d-1), and HCl (-22.4 μmol m-2 353 

d-1) (Figure 3b). 354 

 355 
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Figure 3. Flux detection rates (fraction of measurements above the detection limit) and mean ± standard 356 

deviation of flux values for the eight target species. 357 

 358 

 Analysis of wind speed (WS), ambient temperature (Ta), relative humidity (RH), and ultraviolet-359 

A radiation (UV-A) meteorological parameters (Figure S4) identified wind speed as a key regulator of 360 

flux magnitude. Under low wind speeds, all target species exhibited predominantly downward or weak 361 

upward fluxes (Figure 2b), while pronounced upward fluxes occurred almost exclusively at wind speeds > 362 

2.1 m s-1. Notably, apparent deposition velocity (-F/C) was correlated with friction velocity (u*) for both 363 

upward and downward fluxes (Figure 5), demonstrating that turbulence intensity directly drives flux 364 

magnitude. 365 

 366 

Figure 4. The comparison of the fluxes observed in this study and those reported in the literature. We 367 

primarily compiled REA-measured fluxes from the literature, supplementing with EC and GM 368 

measurements due to the limited availability of REA flux data for NO3
- and SO2. [1] (Pryor et al. 2002), 369 

[2] (Hansen et al. 2015), [3] (Xu et al. 2021), [4] (Myles et al. 2007), [5] (Meyers et al. 1998), [6] 370 

(Zhou et al. 2011), [7] (Ren et al. 2011), [8] (von der Heyden et al. 2022), [9] (Zhang et al. 2012), [10] 371 
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(Huebert et al. 1988), [11] (Rattray and Sievering 2001), [12] (Meyers et al. 2006), [13] (Matsuda et al. 372 

2015).  373 

 374 

Figure 5. Apparent deposition velocities (calculated as -F/C for downward fluxes and F/C for upward 375 

fluxes) of inorganic acidic gases and particles versus friction velocity (u*). Red and blue symbols 376 

denote upward and downward fluxes, respectively. 377 

3.4 Gross upward fluxes of HNO3 and HONO 378 

The land surface is a well-documented source of HONO, which could originate from direct soil 379 

emission, heterogeneous NO2 reactions on diverse wet surfaces (e.g., bare ground, building exteriors, 380 

urban grime, aerosol particles), and the photolysis of nitric acid/nitrate on leaf surfaces (Zhou et al. 2011). 381 

Upward HNO3 emissions have been widely observed over forests and grasslands (Hansen et al. 2015, 382 

Myles et al. 2007, Nemitz et al. 2009, Pryor et al. 2002, Xu et al. 2021). For example, Hansen et al. (2015) 383 

reported that about 70% of the total samples showed HNO3 emission during late summer/autumn in a 384 

mixed deciduous forest site in the USA. Xu et al. (2021) showed about 30% of the total samples showed 385 

apparent HNO3 emissions at a suburban forest site in Japan. HNO3 is thought to deposit with a zero 386 

resistance even over slightly wet surfaces, where it can also be formed via 𝑁𝑂ଶ ൅ 𝐻ଶ𝑂ሺ௦௨௥௙௔௖௘ሻ →387 

 𝐻𝑂𝑁𝑂 ൅ 𝐻𝑁𝑂ଷ  and 𝑁𝑂ଶ ൅ 𝐻ଶ𝑂ሺ௦௨௥௙௔௖௘ሻ →  𝐻𝑂𝑁𝑂 ൅ 𝐻𝑁𝑂ଷ . Potential upward HNO3 fluxes 388 

probably arise from decomposition of NH4NO3 aerosols near warm surfaces and deposited NH4NO3 on 389 
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the ground or leaf surfaces as water layers evaporate.  390 

The gross upward flux ( 𝐹௚௥௢௦௦ ) can be calculated from the apparent flux observed at the 391 

measurement height (F) and the surface deposition (D) via 𝐹௚௥௢௦௦ ൌ 𝐹 ൅ 𝐷 (Schobesberger et al. 2016). 392 

Unlike the apparent flux that is confounded by concurrent atmospheric deposition, 𝐹௚௥௢௦௦ reflects more 393 

accurately the actual emission from the near-surface layer to the atmosphere. In this study, we estimated 394 

𝐹௚௥௢௦௦ for HNO3 and HONO, owing to not only the pronounced positive apparent fluxes of these two 395 

species (Figure 3) but also the feasibility of approximating their dry deposition velocities given their 396 

relatively high water solubility. 397 

 According to Wesely (2007) resistance model, physical deposition velocity of a molecule from the 398 

atmosphere to the surface is calculated as 𝑉ௗ ൌ
ଵ

ோೌାோ್ାோ೎
 , where Ra, Rb, and Rc are aerodynamic 399 

resistance, molecular diffusion resistance and surface resistance, respectively. For highly water-soluble 400 

HNO3, Rc is near zero; for water-soluble HONO, Rc over slight wet surfaces (like vegetable surface in 401 

the cropland) is also far smaller than Ra (Harrison et al. 1996). Thus, Vd for both species can be simplified 402 

to 𝑉ௗ ൎ
ଵ

ோೌା ோ್
 . Substituting the standard formulations 𝑅௔ ൌ

௟௡ቀ
೥

೥బ
ቁି ట೘

௞൉௨∗
  and 𝑅௕ ൌ

ଶ൉ௌ௖
మ
య

௞൉௨∗
  into the 403 

simplified Vd equation yields 404 

𝑉ௗ ൎ
௞൉௨∗

௟௡ቀ
೥

೥బ
ቁି ట೘ା ଶ൉ௌ௖

మ
య
        (3) 405 

where k is the von Karman constant, u* is friction velocity, z is measurement height, z0 is roughness 406 

length, which is constant at a winter underlying surface, ψm is the Businger dimensionless momentum 407 

stability function, and Sc is the Schmidt number. Our sampling conditions (4 m measurement height, 408 

cloudy winter days, 5–20°C temperature range) resulted in only 3–4% diurnal variation in Sc and ~1.0–409 

1.1 variation in ψm. The corresponding 10%–14% relative variation in the denominator of Equation (3) 410 

justifies a linear approximation Vd= a⋅u*, where a is an empirical constant. Substituting surface deposition 411 
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D= Vd⋅C into the 𝐹௚௥௢௦௦ definition gives 412 

𝐹௚௥௢௦௦ ൌ  𝐹 ൅  𝑎 ൉ 𝑢∗ ൉ 𝐶        (4) 413 

From Equation (4), 𝑎 െ
ி೒ೝ೚ೞೞ/஼

௨∗  is equal to 
ିி/஼

௨∗ , which is the slopes of the data points in Figure 5. We 414 

calculated the empirical constant a, for HNO3 and HONO separately, from the maximum slope 415 

ቀ
ିி/஼

௨∗ ቁ
௠௔௫

 of the downward-flux data points in Figure 5, when 𝐹௚௥௢௦௦=0 (that is, no upward emission 416 

and apparent flux equals deposition). a was then substituted into Equation (4) to calculate 𝐹௚௥௢௦௦ for all 417 

the sampling periods. Please note that according to the mass balance equation (𝑆 ൌ 𝑃 െ 𝐿 ൅ 𝐸 െ 𝐷 െ 𝐹), 418 

𝐹௚௥௢௦௦  includes joint contributions from surface emission (E), net chemical production below the 419 

measurement height (P-L) and the storage change flux below the measurement height (S, ׬
ఋௌ೉ሺ௓ሻ

ఋ௧

௛
଴

𝛿𝑧), 420 

which are not distinguishable in our estimation of 𝐹௚௥௢௦௦ 421 

𝐹௚௥௢௦௦ ൌ 𝑃 ൅ 𝐸 െ 𝑆      (5) 422 

Based on the calculation from Equation (4), the diurnal variations in upward gross fluxes of HNO3 423 

and HONO, along with their dependence on horizontal wind speed or ambient temperature, are presented 424 

in Figure 6. Overall, HNO3 gross fluxes (1.1±0.9 μg m-2 s-1) were higher than those of HONO (0.4±0.4 425 

μg m-2 s-1). HNO3 gross fluxes were higher in the morning (1.6 ± 1.4 μg m-2 s-1) than in the afternoon 426 

(0.9 ± 0.4 μg m-2 s-1) and nighttime (0.7 ± 0.5 μg m-2 s-1). Fluxes under high wind speeds (WS > 2.1 m s-427 

1, 1.8 ± 1.1 μg m-2 s-1) were significantly greater than those under low wind speeds (0.6 ± 0.4 μg m-2 s-1), 428 

indicating that upward gross fluxes of HNO3 below the measurement height were accelerated under 429 

elevated wind speed. 430 

Similar to HNO3, HONO gross fluxes were higher in the morning (0.5 ± 0.5 μg m-2 s-1) than in the 431 

afternoon (0.3 ± 0.3 μg m-2 s-1) and nighttime (0.3 ± 0.3 μg m-2 s-1). In contrast to HNO3, HONO emission 432 

fluxes showed no significant correlation with wind speed, solar radiation, or relative humidity (Figure 433 
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S5); instead, the fluxes were significantly higher under low temperatures (Ta< 15℃，0.4 ± 0.5 μg m-2 s-434 

1) than under high temperatures (0.1 ± 0.1 μg m-2 s-1). This behavior is likely attributed to the dependence 435 

of HONO surface production from aqueous-phase reactions in soil pore water or surface water films (Ren 436 

et al. 2020, Wu et al. 2019). High temperatures reduce soil and surface moisture, thereby suppressing 437 

HONO production. 438 

 439 

Figure 6. Box-and-whisker plots overlaid with individual data points (coded by horizontal wind speed 440 

and ambient temperature) showing upward gross fluxes of HNO3 and HONO, grouped by diurnal time 441 

intervals. Horizontal lines mark medians, and boxes denote interquartile ranges. 442 

4. Conclusions 443 

    In this study, we developed a Relaxed Eddy Accumulation system capable of simultaneous flux 444 

measurement of eight gaseous and particulate inorganic acidic species, targeting urban cropland under 445 

long-term exposure to chemical industry emissions. The system achieved a relative uncertainty of air 446 

sample volume < 0.2%, a lag time-induced analyte mass uncertainty of 2.64%, and a relative uncertainty 447 

of mass analysis ranging from 2.7% to 5.8%. Using Gaussian error propagation and the t-test method, 448 

we determined that the flux measurement precision of the system ranges from 3.0% to 29.5%, and the 449 

flux detection limits span from 6.1×10-4 to 2.4×10-1 μg m-2 s-1, depending on the chemical species, 450 
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ambient atmospheric concentrations and flux magnitudes during the sampling periods. 451 

The flux detection rates ranged from 36% (NO2
-) to 88% (HNO3 and HONO) during the winter 452 

observation period. All inorganic acid species exhibited bidirectional flux behavior, demonstrating that 453 

cropland can act as a source of inorganic acidic species to the atmosphere, rather than only serving as a 454 

deposition sink. HNO3, NO3
- and HONO were the dominant contributors to upward fluxes, with far more 455 

frequent emission events and larger flux values than other species. The diurnal pattern points to strong 456 

nocturnal production in the surface layer overnight under weak turbulent mixing, and pronounced upward 457 

fluxes in the next morning as turbulence intensifies. The apparent deposition velocities of all species 458 

were positively correlated with friction velocity for both upward and downward fluxes, highlighting the 459 

key regulatory role of turbulent mixing in acidic species exchange. Over the winter observation period 460 

(excluding one high-wind outlier day), HONO and NO2
- showed net emission fluxes, while all other 461 

species exhibited net deposition. 462 

Based on the mass balance equation and resistance in-series model, we estimated the gross upward 463 

fluxes of water-soluble HNO3 and HONO. The gross flux of HNO3 was accelerated under elevated 464 

turbulence, while HONO gross flux was enhanced at lower ambient temperatures, likely due to elevated 465 

soil and surface moisture. Our results provide critical observational data and mechanistic insights into 466 

acidic species exchange over cropland under the long-term influence of chemical industrial emissions in 467 

an urban environment. 468 

 469 

Data availability. The data used in this article will be uploaded to public data repository, once the article 470 

is accepted. 471 
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