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Abstract. Industrial emissions in China’s densely populated regions turn surrounding lands into high-
deposition-load hotspots, alter physicochemical properties of soils and vegetation, and lead to complex sink-
source transitions of land surface. The lack of local flux data impedes integrated air-soil pollution control. We
developed a Relaxed Eddy Accumulation (REA) system capable of simultaneous flux measurements of eight
inorganic species (HNO3, HONO, SO,, HCI, nitrate, nitrite, sulfate, chloride). System characterization showed
detection limits of 6.1 x 107#-2.4 x 10~ ugm=2s~! and flux precisions of 5.4 %—32.3 %, with uncertainties
dominated by mass analysis, lag time error, and sonic-temperature-derived proportionality coefficient 8. Flux
measurements conducted in winter at a vegetable cropland adjacent to chemical industry facilities revealed that
HONO and nitrate fluxes at this site were 1-2 orders of magnitude higher than those reported in the literature.
Bidirectional fluxes of the species indicate the cropland acts as both source and sink; but winter averages showed
net emission fluxes only for HONO and nitrite (mean daily 2.49 and 0.53 mgm~2d~!). Gross upward emis-
sion fluxes of HNO3 and HONO were 1.140.9 and 0.4 + 0.4 ugm~2s~!, respectively, with HNO3 emissions
enhanced by turbulence and HONO promoted at low temperatures. Such emissions are expected to enhance
atmospheric nitrate aerosol formation and atmospheric oxidative capacity. These results provide critical obser-
vational constraints for acidic species exchange parameterization in industrial-influenced regions, advancing
understanding of reactive nitrogen cycling and supporting air pollution control and agro-ecological protection

strategies.

1 Introduction

Atmospheric inorganic acidic species mainly include
gaseous sulfur dioxide (SO,), nitric acid (HNO3), nitrous
acid (HONO), and hydrogen chloride (HCI), as well as
their particulate-phase counterparts: sulfate (SO?[), nitrate
(NO3), nitrite (NO, ), and chloride (CI7). Dry deposition
is a key removal pathway for these acidic pollutants, re-
ducing their ambient concentrations and attenuating regional
transport. Atmospheric dry deposition of sulfur and nitrogen

species provides a pivotal nutrient supply for crop growth
and ecosystems (Galloway, 1995; Poor et al., 2001; Shen et
al., 2018; Vitousek and Howarth, 1991). However, high de-
position flux induces physiological stress in crops (Aber et
al., 1998), disrupts their normal metabolism, photosynthesis
and respiration. Furthermore, the deposition of acidic species
may exacerbate soil acidification and trigger eutrophication
of surface water and groundwater (van Breemen and van
Dijk, 1988).
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Most existing measurements on dry deposition fluxes of
atmospheric inorganic acidic species were conducted in for-
est (Xu et al., 2021; Nguyen et al., 2015; Hansen et al., 2015;
Farmer et al., 2011, 2013; Meyers et al., 1989; Sievering et
al., 2001; Pryor et al., 2001, 2002; Gordon et al., 2011; Zhou
et al.,, 2011; Zhang et al., 2012; Ren et al., 2011), grass-
land (Nemitz et al., 2009; Myles et al., 2007; Huebert and
Robert, 1985; Huebert et al., 1988; von der Heyden et al.,
2022; Rumsey and Walker, 2016; Nemitz et al., 2004; Rattray
and Sievering, 2001), and agricultural ecosystems (Meyers et
al., 1998, 2006; Shaw et al., 1998; Laufs et al., 2017; Meng
et al., 2022). Wuhan, a megacity in central China, hosts a
large number of iron, steel and petrochemical industry facil-
ities in its urban and suburban areas, which are closely in-
terspersed with extensive farmland. Industrial processes dis-
charge large amounts of pollutants, rendering adjacent farm-
lands high-deposition-load zones of acidic species. In ad-
dition to potential adverse human health risks from dietary
and respiratory exposures, long-term exposure to industrial
emissions may alter the physicochemical properties of vege-
tation and soil, making deposition pathways and resistances
of atmospheric acidic species differ from those over natu-
ral farmlands. With long-term exposure to industrial emis-
sions, farmlands may shift from sinks to potential emis-
sion sources of acidic species, e.g., fugitive dust from farm-
lands and widely known HONO release from soil (Su et al.,
2011). The co-occurrence of deposition, surface emissions
and possible near-ground chemical reactions complicates the
sink and source dynamics of acidic species in farmlands and
brings large uncertainties to the development of deposition
resistance parameterizations for this type of ecosystem. To
date, no quantitative measurement on acidic species fluxes
has been conducted in this specific habitat. The lack of rele-
vant flux data constrains the development of effective air pol-
lution control strategies and agro-ecological protection prac-
tices in such regions.

Eddy covariance (EC) (Farmer et al., 2013; Nguyen et al.,
2015), relaxed eddy accumulation (REA) (Matsuda et al.,
2015; Xu et al., 2021; Hansen et al., 2015; von der Heyden et
al., 2022), gradient measurement (Rumsey and Walker, 2016;
Nemitz et al., 2009), and flux chamber methods (Scharko et
al., 2015) are widely used for atmospheric inorganic acidic
species flux determination. The REA is a conditional sam-
pling technique to measure trace atmospheric components
for which fast response sensors (> 10 Hz) required for EC
are not available. The REA has notable advantages for field
applications: simultaneous multi-species flux measurements
and lower cost than the EC method. In this study, we de-
veloped an REA system and conducted a flux measurement
campaign in a cropland immediately adjacent to an urban
chemical industrial park in winter, the typical haze season
of Wuhan. The main objectives of this study were: (1) to
characterize the flux measurement uncertainty and detection
limit and precision of the REA system; (2) to determine the
flux of atmospheric acidic species over the farmland ecosys-
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tem under the long-term influence of chemical industry emis-
sions; (3) to estimate the gross emission fluxes of HONO and
HNOs3 from the farmland based on mass conservation and
dry deposition resistance model.

2 Experimental section

2.1 Relaxed eddy accumulation technique

First proposed by Businger and Oncley (1990), the REA
method measures the vertical flux of atmospheric species by
separating air into updraft and downdraft sampling reservoirs
based on high-frequency vertical wind velocity measure-
ments. Flux is derived from the difference of average concen-
trations between the two reservoirs and the bulk weighting of
two turbulence statistics that can be stably measured over a
sampling interval:

F=o0,p (Cup_Cdown) (1)

where Cyp andCyown are the average concentrations in up-
draft and downdraft, o,, is the standard deviation of verti-
cal wind speed (w) and § is a dimensionless proportional-
ity coefficient universal for scalars, which can be calculated
from sonic anemometer measurements of sensible heat flux

o w'T’ . ]
B= o Tor—Tammn)” This framework enables stable and con

trollable flux calculations, with results highly consistent with
EC measurements(Karl et al., 2005; Gaman et al., 2004; Lee
et al., 2005; Pryor et al., 2007).

We built an REA sampling system for simultaneous sam-
pling of gaseous and particulate inorganic acidic species
(Fig. 1). High-frequency (10 Hz) w was measured by a 3D
sonic anemometer (CSAT3B, Campbell Scientific Inc., Lo-
gan, Utah, USA). Each of three sampling channels (up-
draft, downdraft, dead-band) was equipped with an annu-
lar denuder (URG-2000-30 x 242-3CSS, URG, Chapel Hill,
North Carolina, USA) for gaseous HNO3, HONO, SO, and
HCI collection and a filter cartridge with a 2 um PTFE fil-
ter (Whatman 7592-104, 46.2 mm, PP ring-supported) in-
stalled downstream for particulate NO;', NO,, SO?[, and
CI™ collection. The three sampling channels shared a single
PM; s cyclone inlet (URG-2000-30EH, URG, Chapel Hill,
North Carolina, USA), a 1.35m stainless steel inlet tube
and a sampling pump (KNF N026.1ANE, KNF Neuberger
GmbH, Freiburg, Germany). Notably, the system features ex-
pandable sorbent tube channels for simultaneous VOC flux
measurements, but only its performance for inorganic acidic
species is reported herein. The sampling flow rate was set
to a nominal 10 standard liters per minute with a mass flow
controller (MFC, No. 12 in Fig. 1) mounted on the inlet side
of the pump. The flow in the inlet tube was in the laminar
regime (the Reynolds number ~ 200), which is essential for
the denuders to work properly (i.e., efficient gas-particle sep-
aration). The lag time for air to travel from the inlet to the
sampling filter membrane was calculated according to total
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—>»— Electrical circuit
---»--- Signal line
—=— Air tubing

Figure 1. Schematic diagram of the REA flux sampling device for
atmospheric inorganic gas and particles. (1) Power supply; (2) 3D
sonic anemometer; (3) Denuder tube; (4) Filter-pack cartridge; (5)
Cyclone inlet; (6) Vaisala Weather Transmitter; (7) Thermocouple;
(8) Data logger; (9) Relay; (10) Terminal block for signal and power
distribution; (11) Fast switching valves; (12) Mass flow controller
(MFC); (13) Pump; (14) 500 ml buffer bottle; (15) Mass flow meter
(MFM) used in test runs only.

internal volume of air tubing and volumetric flow rate at the
onset of each sampling run. For example, it was 3.1 s at am-
bient temperature 15 °C.

A CR1000X data logger (Campbell Scientific Inc., Logan,
Utah, USA) served as the system central controller, respon-
sible for data acquisition, storage, and conditional sampling
logic execution. Conditional switching between the sampling
channels was checked at 2 Hz to balance high-frequency flux
loss and perturbations to the laminar flow in the denuders.
Three-minute running mean (w) and standard deviation of
w (o) were calculated in real time to trigger the actuation
of three solenoid valves (Numatics LSO2M6F00B, Emerson
Electric Co., St. Louis, Missouri, USA): updraft sampling at
w > w+ 0.60y,, downdraft sampling at w < w— 0.60y,, and
dead-band airflow within the w % 0.60, range. Wind speed
triggering threshold selection involves a trade-off between
the precision of Cyp — Cyown measurements and sample rep-
resentativeness. As an empirical threshold commonly used
in REA studies, 0.60,, has been demonstrated to provide re-
liable flux estimates (Bowling et al., 1998; Desjardins, 1977;
Velentini et al., 1997; Businger and Oncley, 1990).
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Lag time was taken into account to determine the pre-
cise timing of solenoid valve switching. The CSAT3B sonic
anemometer had a minimum response time of 0.7 ms, with
effectively zero signal latency to the data logger. The total
end-to-end system time delay was 17.9 ms, including 10—
15 ms for solenoid valve response, 1.4 ms for relay actuation,
and 4 ms for real-time calculation and command execution.
This short delay time minimized temporal misalignment be-
tween wind measurements and the sampling, reducing up-
draft/downdraft mixing and flux result distortion.

The REA device was mounted on a 4 m high flux tower.
The sonic anemometer was installed at the tower top, ori-
ented due north (the prevailing local winter wind direction).
The inlet of the PM5 5 cyclone was vertically aligned with
the anemometer, with a horizontal separation of 0.3 m. The
sampling enclosure housing the sampling unit and solenoid
valves was fixed on the tower 0.7 m below the anemome-
ter to minimize airflow disturbance around the anemometer.
A Vaisala Weather Transmitter WXT536 was also installed
near the top of tower to provide supporting measurements of
air pressure, air temperature, relative humidity, precipitation,
wind speed, and wind direction. The pump and other REA
components were mounted at the tower base.

2.2 Sample collection and chemical analysis

The Wuhan Chemical Industrial Park (WCIP) is located
northeast to the urban area of Wuhan. The WCIP covers
71.64 km? and hosts petrochemical, fine chemical, and build-
ing material industries. Since its full operation in 2013,
the WCIP has been identified as a major industrial emis-
sion source influencing atmospheric composition in the sur-
rounding region. The flux tower (114.53°E, 30.65° N) was
installed at the center of a vegetable cropland within the
7.3km? Beihu Farm, which is immediately adjacent to the
WCIP. The nearest petrochemical emission source lies ap-
proximately 1.0 km north of the tower (Fig. S1 in the Supple-
ment). The cropland was cultivated with Raphanus sativus L.
var. longipinnatus (white radish), a typical cold-season veg-
etable in this region. The tower is situated on flat terrain with
no obstructing buildings or trees within a 500 m radius of the
tower, ensuring undisturbed airflow measurements.

Field sampling was performed from 29 October to 30 De-
cember 2025, with 11 valid sampling days in cloudy or sunny
rain-free weather. Each sampling day included three 4h
sampling periods (morning: 08:00-12:00; afternoon: 12:30-
16:30; early night: 17:00-21:00; all times are UTC+38). The
sampling was conducted during the vegetative growth and
harvest periods of R. sativus, and no fertilization activities
were conducted throughout the sampling period. Flux foot-
prints were calculated using the FFP online tool developed by
(Kljun et al., 2015). Input wind and site information for the
model included sampling time, measurement height, zero-
plane displacement, wind speed, wind direction, Obukhov
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length, and friction velocity. The cumulative flux footprint
over the entire sampling campaign is presented in Fig. S1.

One set of denuders and filter samples, plus field blanks,
was collected per one sampling period. The annular denuders
were freshly coated with a sorbent layer for inorganic acidic
gases collection prior to sampling, in accordance with the
U.S. EPA standard protocol (Fitz, 2002). The coating solu-
tion 1% (w/v) sodium carbonate in water and 1% (v/v)
glycerol in a methanol-water mixture (1:1, v/v) was prepared
fresh immediately before use. For coating, 10 mL of the solu-
tion was injected into the denuder, which was then sealed at
both ends, inverted and rotated repeatedly to ensure uniform
inner-wall coating, and purged with 99.999 % high-purity ni-
trogen until complete methanol and water evaporation. The-
oretically, the sodium carbonate sorbent layer has an absorp-
tion capacity of 6 mg SO;, even assuming that only 10 % of
the sodium carbonate solution was effectively coated onto the
inner wall of the annular denuder. The total cumulative am-
bient air volume sampled by each denuder during a 4 h mea-
surement was 0.6 m3, which would contain a maximum of
only 5 ug SO, based on the highest ambient SO, concentra-
tion documented in local air monitoring records. Even when
accounting for coexisting acidic gaseous species, the 0.6 m
sampling volume is still well below the breakthrough volume
of the denuder. Coated denuders were sealed with PTFE caps
until use.

After each 4 h sampling run, annular denuders and filters
were disassembled for subsequent offline chemical composi-
tion analysis. The inorganic salts formed by absorbed acidic
gases in the denuder sorbent layer were eluted with 10 mL
of 0.05 % (v/v) HyO, aqueous solution, which oxidizes sul-
fite (SO§_, the product of SO, absorption) to the more sta-
ble SO?[. Particulate-phase inorganic ions collected on the
filters were ultrasonically extracted into 10 mL of ultrapure
deionized water. Then, the inorganic ions were analyzed with
ion chromatography (Dionex, ICS-1100, Thermo Scientific,
Massachusetts, USA). Before running analysis, the system
was calibrated using standard solutions. Inorganic ions in a
sample solution were identified by comparing with the chro-
matographic peaks of the known standards and quantified us-
ing calibration curves after field blank substraction.

3 Results and discussion

3.1 Uncertainties and detection limit of flux
measurement

High-frequency flux losses may occur from two sources: (1)
valve switching frequency below 10 Hz, and (2) laminar flow
in the inlet tubing. These two effects combine to cause non-
negligible mixing between consecutive air samples. How-
ever, the B coefficient was explicitly determined using tem-
perature measurements from the sonic anemometer (No. 14

in Fig. 1), calculated as %, whereT,, and Tgown
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were derived from sonic temperatures sampled under the
same switching frequency and 0.60,, dead-band conditions.
This empirically derived 8 calibration approach provided a
correction for high-frequency losses (Skov et al. 2006). The
B coefficients for 33 4 h sampling periods fell within the typ-
ical range of 0.47 to 0.62. While a single B coefficient was
used for each 4 h sampling period, 8 exhibited intra-period
variability. We therefore calculated 8 at 30 min intervals, and
used o /B within each 4 h period as the relative uncertainty
of the corresponding period-averaged f. The relative uncer-
tainties of g for the 33 sampling periods ranged from 2.80 %
to 26.14 % (Table S1).

The remaining source of uncertainty in REA flux measure-
ments arises from the potential biases of the concentration
difference of target species between updraft and downdraft
samples (Cyp — Cdown), the core term in Eq. (1). Concentra-

. M,
tions are calculated as Cyp = > and Cgown = A‘/,I;"W“ where
up

b}
own

M and V denote the collected analyte mass and the total
air sample volume, respectively, for each reservoir. Next, we
evaluated the uncertainties associated with M and V deter-
mination, from which the precisions and detection limits of
flux measurement were derived for each species.

3.1.1  Uncertainty in air sample volume

The stability of the sampling flow rate is critical for accu-
rate sampling control of the REA system. Rapid solenoid
valve switching between updraft and downdraft sampling in-
evitably caused transient flow fluctuations. A buffer bottle
(No. 14 in Fig. 1) was installed to mitigate such fluctua-
tions, and a calibrated mass flow meter (MFM) was added
temporarily for 6 replicate 60 min tests at the sampling in-
let to measure actual flow rates through the denuders/filters.
Flow rate fluctuations at switching frequencies of 10, 2, and
1 Hz were evaluated, showing that higher switching frequen-
cies induced stronger transient flow disturbances, but all tran-
sient flow rate fluctuations recorded by the MFM were within
43 % of the MFC reading (Fig. S2).

To quantify the overall error in MFC-derived sample vol-
umes, we calculated the standard deviation (SD) of the rela-
tive deviation VMF‘;&, where Vyrc is the sample volume
calculated from flow rate readings recorded by the on-board
MFC, while Vpm is the actual sample volume calculated
from actual flow rates recorded by the calibrated MFM. This
metric corresponds to the relative uncertainty of the sample
volume, accounting for both the precision of MFC readings
and their accuracy relative to actual sample volume. Values
were 0.32 % at 10 Hz, 0.16 % at 2 Hz, and 0.08 % at 1 Hz (Ta-
ble 1), confirming that the buffer bottle effectively reduced
the impact of flow fluctuations on sample volume accuracy.
The 2Hz switching frequency used in our field sampling
yields a final sample volume relative uncertainty of 0.14 %
(updraft) and 0.17 % (downdraft).

https://doi.org/10.5194/acp-26-9779-2026
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Table 1. Relative uncertainty of air sample volume induced by
valve switching flow fluctuations and relative uncertainty of col-
lected analyte mass induced by lag time inaccuracy

Parameter Updraft  Downdraft

Valve Switching Frequency  Relative Uncertainty of

Sample Volume

10Hz 0.33 % 0.31%
2Hz 0.14 % 0.17 %

1Hz 0.08 % 0.07 %

Lag Time Inaccuracy Relative Uncertainty of

Collected Analyte
Mass

0.1s 2.64 % 2.64 %

0.3s 6.67 % 6.72 %

1.0s 16.12% 18.52%

3.1.2 Uncertainty in Collected Analyte Mass Induced by
Lag Time Inaccuracy

The lag time, a key parameter for REA sampling, was pre-
calculated prior to each sampling run at the onset of the sam-
pling run. Flow rate variations during sampling (e.g., due to
ambient temperature changes) induce a time offset At be-
tween the pre-set and actual lag time, which results in a
mass mismatch AM of the target analyte between the up-
draft events and the updraft reservoir (or between the down-
draft events and the downdraft reservoir). The relative devi-
ation AM /M represents the random error in collected ana-
lyte mass induced by lag time inaccuracy, which propagates
directly into final flux results. The magnitude of AM /M in-
creases with larger updraft-downdraft concentration differ-
ence (Cyp — Cgown), longer time offset Az, and more valve
switching cycles during sampling.

To quantify the relative deviation AM /M induced by lag
time inaccuracy, a 4 h time series of HNOj3 concentration and
vertical wind was obtained from simultaneous measurements
of an iodide-adduct chemical ionization mass spectrometer
(I-CIMS) and the sonic anemometer at the site. The [-CIMS
recorded HNOj3 at 10 Hz resolution, while the anemometer
was used to classify updraft/downdraft events at 10 Hz. We
uniformly scaled updraft and downdraft HNO3 concentra-
tions to match the average updraft-downdraft concentration
differences observed in the 33 sampling runs in the cam-
paign, generating 33 HNOj3 concentration time series for the
simulation. A time offset At was then introduced between
reservoir sampling windows and actual vertical flow events
(updraft or downdraft) to determine AM /M for each reser-
voir. Simulation results of AM/M at At =0.1, 0.3, and
1.0s for the 33 runs are showed in Table S1. The SD of
AM/M was calculated to quantify the relative uncertainty
of collected analyte mass induced by lag time inaccuracy
and presented in Table 2. The maximum ambient tempera-
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ture variation recorded in a sample run was 8 °C, correspond-
ing to a maximum Az of 0.1 s; thus, the relative uncertainty
at At =0.15s (2.64 % for both updraft and downdraft) were
adopted for the final flux uncertainty estimation. The above
simulation was performed using HNOj3 data only due to the
lack of 10 Hz measurements for other species, and we as-
sumed the lag time-induced relative deviations are identical
for all target acidic species. This assumption is valid because
all target species are sampled through identical tubing and
valve systems, so their lag time errors are dominated by the
same flow dynamics.

3.1.3 Uncertainty in mass analysis

The overall uncertainty in mass analysis of gaseous target
species (HNO3, HONO, SO, HCI) consists of two compo-
nents: the random error in ion chromatography (IC) analysis
and the uncertainty associated with denuder collection effi-
ciency.

For SO,, the uncertainty in mass analysis was deter-
mined from six replicate tests using a 2 ppbv SO; calibra-
tion gas standard, under sampling conditions identical to
those used for ambient sampling (e.g., sampling flow rate,
sampling duration, and denuder coating). All replicate sam-
ples were pretreated and analyzed in a single IC batch, giv-
ing a mean recovery of 92 % and a relative standard devi-
ation (RSD, o7/M) of 5.8 %. The measured mass of SO
collected by the denuder was corrected using the recov-
ery. The IC analytical precision (denoted RSDjc) was de-
termined to be 4.6 % from six replicate injections of a sul-
fate standard solution with a concentration matching that of
typical ambient sample eluents. The RSDgenuder component
arising from variability in denuder collection efficiency was
then calculated to be 3.5 % via Gaussian error propagation
RSD? =RSD{.+ RSD3_,,, der-

Certified standard gases for HNO3, HONO, and HCI were
not readily available, so the SO,-derived mean recovery and
RSDgenuder of 3.5 % were adopted to these species. The IC
analytical precisions RSDjc for HNO3, HONO, and HCl
were determined from six replicate injections of NO; ,NO,,
and CI™ standard solutions, yielding values of 2.7 %, 3.0 %,
and 3.2 %, respectively. The overall mass analysis preci-
sions (RSD) of HNO3, HONO, and HCI were calculated to
be 4.4 %, 4.6 %, and 4.7 %, respectively, via Gaussian error
propagation.

For the four particulate ionic species (NO;', NO,, SO?[,
CI7), the variability in filter collection efficiency was deemed
sufficiently small to be negligible. Therefore, the IC analyti-
cal precision RSDyc was used to quantify the overall uncer-
tainty of mass analysis. The final precisions (RSD) of mass
analysis for all eight gaseous and particulate species are sum-
marized in Table 2.

Atmos. Chem. Phys., 26, 9779-9792, 2026



9784

J. Hua et al.: REA Flux Measurement of Inorganic Acidic Species

Table 2. Concentration and flux detection limits, mass analysis precision and flux measurement precision of the acidic species.

Concentration detection
limit (ug m~3)

Mass analysis
precision (RSD, %)

Flux detection limit
(ugm~2s71h

Flux measurement
precision (RSD, %)

HNO3 0.027
HONO 0.034
SO, 0.121
HCI 0.047
NO3 0.027
NO, 0.034
soﬁz‘ 0.121
cr- 0.047

4.4 85-37.7 15x1072-2.1x 10!
4.6 8.8-28.0 15x1072-1.2x 10~!
5.8 9.1-303 9.5x1073-1.3 x 107!
47 11.6-32.3 82x1073-1.1x 107!
2.7 73-31.6 22x1072-24x 107!
3.0 5.4-263 6.1 x 1074-2.8 x 1072
4.6 6.7-28.6 12x1072-1.3 x 107!
3.2 7.1-21.6 6.6x1073-1.0 x 107!

3.1.4 Flux measurement precision and detection limit

Uncertainties in the derived flux were quantified via the
Gaussian error propagation. For both updraft and downdraft,
the relative variance of concentration was calculated as:

(&) =G+ (F) @
C M Vv

where oy / M is the total relative uncertainty of analyte mass
measurements, incorporating contributions from lag time in-
accuracy and mass analysis, and oy / V is the relative uncer-
tainty of air sample volume induced by transient flow fluc-
tuations during valve switching. The variance of the updraft-
downdraft concentration difference (AC) was then derived as

02 . =c% +o? for each measurement. The SD of flux
AC Cup Cdown

2
oF = oywBAC x (G—ﬂ> + ("AA—CC)2 was calculated for each

B
measurement and presented as error bars of flux values in
Fig. S3.
The Method Detection Limit (MDL) of single-

measurement flux was calculated via ¢-test method.
The total effective degree of freedom (dfefr) of the combined
uncertainty was calculated using the Welch-Satterthwaite
equation. Combined with the pre-set significance level of
a =0.05 (two-tailed test), the corresponding critical value
fa/2,df,; Was obtained from the f-distribution table. The
minimum detectable concentration difference was calculated
as CLOD = tu/2, df,; X 0AC, Which was then substituted into
Eq. (1) to obtain the single-measurement flux detection limit:
Frop =0yfB X ACLop- The flux measurement precision
(RSD %) = (oFr/|F|) x 100 was therefore calculated only
for those measurements with ¥ > Fi op. The ranges of F1op
and precisions for the eight species are shown in Table 2. For
a given analyte, F1op and precision vary with atmospheric
concentration and flux in the sampling periods.

3.2 Concentrations of acidic species during the
campaign

The diurnal variations of inorganic acidic gases (HNO3,
HONO, SO;, HCI) and particulate ions (NO3_ , NO,, SOi_,
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CI7) in morning, afternoon and early night during the ob-
servation campaign are shown in Fig. 2 (top two rows). In
this study, diurnal variation is defined as changes occurring
during photochemically active daytime and fully dark early
nighttime. At the sampling site, the mean concentration of to-
tal nitrogen-containing acidic species (gaseous + particulate)
was 8.4 £ 8.0ugm™> (mean + standard deviation; the same
applies hereinafter). This value was higher than that of
sulfur-containing (3.1 & 1.5 ug m~>) and chlorine-containing
acidic species (2.0+0.8ugm™3), indicating that atmo-
spheric acidic species at the site were dominated by nitrogen
species.

Gaseous HNO3 and HONO showed similar diurnal pat-
terns of higher concentrations in morning and nighttime than
at noon. The diurnal pattern is mainly driven by the diur-
nal evolution of the atmospheric boundary layer (Finlayson-
Pitts and Pitts, 1999; Lin et al., 2006). HONO has multi-
ple sources including combustion (Nie et al., 2015) and soil
emissions (Su et al., 2011), as well as secondary formation
from gas-phase NO + OH reaction and heterogeneous NO,
reaction on moist surfaces (Villena et al., 2011; Wong et al.,
2012; Liu et al., 2014; Baergen and Donaldson, 2016). Its
low noontime levels are mainly due to rapid daytime pho-
tolytic loss. In contrast, SO, and HCI showed slightly higher
daytime mean concentrations (SO,: 2.7 & 1.3 ugm~3; HCI:
2.340.7ugm™>) than nighttime (SO,: 2.1+£0.7ugm™>3;
HCI: 2.04 0.5 ugm™3), being likely related to daytime in-
dustrial emissions, as both species are mainly emitted from
the combustion of sulfur- and chlorine-containing coal and
wastes.

Particulate NOjy, SOi_ and CI~ showed higher
concentrations in the morning (15.54+10.1, 3.6%+1.9,
1.8+ 1.4ugm™3) and nighttime (18.4+11.9, 43+1.7,
20+£0.6ug m~?), and lower levels in afternoon (12.5 £ 8.9,
34412, 1.240.6ugm™3). This pattern is mainly con-
trolled by their formation pathways and diurnal boundary
layer variation, consistent with previous studies (Chang et
al., 2011; Trebs et al., 2004; Young et al., 2022). Particulate
NO, had the lowest concentration (0.1-0.2 pug m~3) among
the four ions, with lower concentrations in the morning

https://doi.org/10.5194/acp-26-9779-2026
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Figure 2. Box-and-whisker plots with overlaid data points for eight inorganic species, grouped by diurnal time intervals. Top two rows:
diurnal concentration variations of gaseous (HNO3, HONO, SO, HCI) and particulate (NO5', NO; , SOﬁ_, CI™) species. Bottom two rows:
REA-measured fluxes of the same species, with flux points color-coded by horizontal wind speed. Horizontal lines mark means, and boxes

denote interquartile ranges.

(0.134+0.19ugm™3) than afternoon (0.24 +0.27 uygm=3)
and nighttime (0.24 £0.32 ugm™3).

3.3 Observed flux of acidic species during the campaign

Bottom two rows of Fig. 2 shows the diurnal variations and
horizontal wind speed (WS) dependence of REA-measured
fluxes for the eight acidic inorganic species, grouped by
three diurnal time intervals. Figure 3a summarizes the flux
detection rate (the percentage of flux events above the de-
tection limit relative to the total number of measurements)
and the mean =+ standard deviation (SD) of flux values above
the detection limits for each target species. The flux de-
tection rates of the acidic species, ranked from highest to
lowest, were 88 % for HNO3 and HONO, 82 % for NO;,
79 % for SOi_, 61 % for SO, and Cl—, 48 % for HCI,
and 36 % for NO, . All investigated species showed bidi-
rectional flux behavior, which were also observed in nearly
all prior REA measurements from remote forest to urban
grassland (Fig. 4). If this is not an intrinsic artifact of the
REA method, this demonstrates that surfaces across all at-
mospheric environments and land types in these studies
are capable of emitting these inorganic acidic species into

https://doi.org/10.5194/acp-26-9779-2026

the atmosphere, rather than only serving as a deposition
sink. The observed apparent fluxes presented here are modu-
lated by deposition, emission, and probably chemical pro-
duction/loss and the storage change below the 4m mea-
surement height, therefore cannot be simply regarded as
emission flux from the cropland or directly used to derive
dry deposition velocity. HNO3 recorded the highest count
of downward flux events (48 % of the measurements) and
the largest downward flux values (—7.5 4 6.7 nmolm—2s~!,
equivalent to —0.47 +0.42ugm=2s~!) across all species,
whereas NO, had the lowest count (9 %) and small-
est values of downward flux (—0.87 £ 0.65 nmol m2s~ L
equivalent to —0.040 &0.030ugm~—2s~!). The downward
fluxes of HONO (—0.19£0.11ugm=2s™") and NOJ
(—0.294+0.24ugm=2s71) at our site were 1-2 orders of
magnitude higher than all prior measurements at rural/remote
forest or grassland sites, while the negative fluxes of HNO3,
SO, SOZ_ are comparable with prior reports (Fig. 4). This
points to substantial nitrogen deposition (specifically, HONO
and NOy) at this site, driven by industrial emissions in the
surrounding area.

We focus specifically on the upward fluxes showing emis-
sions of atmospheric acidic species from this cropland un-

Atmos. Chem. Phys., 26, 9779-9792, 2026
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der the long-term influence of chemical industrial emissions.
Key findings are summarized below: (1) HNO3 and HONO
recorded far more upward flux events (39 % and 48 %) and
upward flux values (6.445.2 and 6.3 5.7 nmol m2s~ L
equivalent to 0.4040.33 and 0.30 £0.27 uygm~2s~!) than
SO, and HCI, indicating significant production of both
species below the measurement height. Furthermore, their
counts of upward flux events and flux values were higher
in the morning than in the afternoon and night (Fig. 2).
This pattern points to strong nocturnal production path-
ways for both species: HNO3 and HONO accumulate in
the surface layer overnight under weak turbulent mixing,
and result in pronounced upward fluxes in the next morn-
ing as turbulence intensifies. (2) In terms of particulate
species, NO; had more upward flux events (36 %) and
higher upward flux values (4.2 42.8nmolm=2s~!, equiv-
alent to 0.2640.17ugm~2s~!) than other three species.
The most likely NO3' sources are in-situ formation of am-
monium nitrate near the surface layer from ammonia emit-
ted by the cropland or wind-blown particles from agricul-
tural soils. (3) Like downward flux, upward fluxes of HONO
(0.30£0.27pgm 257! and NO3 (0.26 £0.17 pgm~2s~1)
are again one or two orders of magnitude higher at our site
than all prior measurements, while those of HNO3, SO»,
SOi_ are comparable with prior reports (Fig. 4).

On the windy day of 24 December (highest mean hor-
izontal wind speed 3.8ms~! in the campaign), excep-
tionally high upward fluxes of HNO3, HONO, NO3_ , and
SOi_ were recorded, exceeding those from all other mea-
surement days by one order of magnitude. After ex-
cluding this outlier, net fluxes over the entire observa-
tion period were upward for HONO and NO, (mean
daily 2.49 and 0.53mgm~2d~!, respectively), and neg-
ative for all other species: HNOj3 (—7.24mgm~2d™1),
Cl~ (=4.36mgm~2d~"), NO; (—2.34mgm~2d~"), SO;~
(—=129mgm~2d~"), SO, (—0.24mgm~—2d~"), and HCI
(—0.817mgm~2d~!), which are shown in Fig. 3b as molar
units to facilitate direct cross-species comparisons.

Analysis of wind speed (WS), ambient temperature (Ta),
relative humidity (RH), and ultraviolet-A radiation (UV-A)
meteorological parameters (Fig. S4) identified wind speed as
a key regulator of flux magnitude. Under low wind speeds,
all target species exhibited predominantly downward or weak
upward fluxes (Fig. 2), while pronounced upward fluxes oc-
curred almost exclusively at wind speeds > 2.1 ms~!. No-
tably, apparent deposition velocity (—F/C) was correlated
with friction velocity (u*) for both upward and downward
fluxes (Fig. 5), demonstrating that turbulence intensity di-
rectly drives flux magnitude.

3.4 Gross upward fluxes of HNO3 and HONO

The land surface is a well-documented source of HONO,
which could originate from direct soil emission, heteroge-
neous NO, reactions on diverse wet surfaces (e.g., bare

https://doi.org/10.5194/acp-26-9779-2026
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ground, building exteriors, urban grime, aerosol particles),
and the photolysis of nitric acid/nitrate on leaf surfaces (Zhou
et al., 2011). Upward HNO3 emissions have been widely
observed over forests and grasslands (Hansen et al., 2015;
Myles et al., 2007; Xu et al., 2021; Pryor et al., 2002; Ne-
mitz et al., 2009). For example, Hansen et al. (2015) reported
that about 70 % of the total samples showed HNO3 emis-
sion during late summer/autumn in a mixed deciduous forest
site in the USA. Xu et al. (2021) showed about 30 % of the
total samples showed apparent HNO3 emissions at a subur-
ban forest site in Japan. HNOj3 is thought to deposit with a
zero resistance even over slightly wet surfaces, where it can
also be formed via NO2+ HoOgsurfacey — HONO + HNO3
and N>O5+4 HyOsurface) — 2HNO3. Potential upward HNO3
fluxes probably arise from decomposition of NH4NOj3
aerosols near warm surfaces and deposited NH4NOs3 on the
ground or leaf surfaces as water layers evaporate.

The gross upward flux (Fgross) can be calculated from the
apparent flux observed at the measurement height (F) and the
surface deposition (D) via Fgoss = F' + D (Schobesberger
et al., 2016). Unlike the apparent flux that is confounded by
concurrent atmospheric deposition, Fgoss reflects more accu-
rately the actual emission from the near-surface layer to the
atmosphere. In this study, we estimated Fgross for HNO3 and
HONO, owing to not only the pronounced positive apparent
fluxes of these two species (Fig. 3) but also the feasibility
of approximating their dry deposition velocities given their
relatively high water solubility.

According to Wesely (2007) resistance model, physical
deposition velocity of a molecule from the atmosphere to the
surface is calculated as V; = m, where R,, Rp, and
R, are aerodynamic resistance, molecular diffusion resis-
tance and surface resistance, respectively. For highly water-
soluble HNOs3, R, is near zero; for water-soluble HONO,
R, over slight wet surfaces (like vegetable surface in the
cropland) is also far smaller than R, (Harrison et al., 1996).
Thus, V,; for both species can be simplified to V; = m.
In(ig) ¥

=T and

Substituting the standard formulations R, =

2
_ 2x8c3
Rb T kXuy

into the simplified V,; equation yields

k X uy

m(%)—wm+2xsé

Va = 3)

where k is the von Karman constant, u™* is friction velocity,
z is measurement height, zo is roughness length, which is
constant at a winter underlying surface, Y, is the Businger
dimensionless momentum stability function, and S, is the
Schmidt number. Our sampling conditions (4 m measure-
ment height, cloudy winter days, 5-20 °C temperature range)
resulted in only 3 %—4 % diurnal variation in S, and ~ 1.0-
1.1 variation in vy,. The corresponding 10 %—14 % relative
variation in the denominator of Eq. (3) justifies a linear ap-
proximation V; =a x u*, where a is an empirical constant.

Atmos. Chem. Phys., 26, 9779-9792, 2026
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Figure 5. Apparent deposition velocities (calculated as

—F/C for downward fluxes and F/C for upward fluxes) of inorganic acidic gases

and particles versus friction velocity (#*). Red and blue symbols denote upward and downward fluxes, respectively.

Substituting surface deposition D = Vy x C into the Fgross
definition gives

Foross = F +axu* xC (G))

From Eq. (4), a — is equal to _u,{ C, which is the
slopes of the data points in Fig. 5. We calculated the em-
pirical constant a, for HNO3 and HONO separately, from

F/C

Fgross/c
u*x

of the downward-flux data

the maximum slope (

points in Fig. 5, when Fgmssnixo (that is, no upward emis-
sion and apparent flux equals deposition). a was then substi-
tuted into Eq. (4) to calculate Fgos for all the sampling peri-
ods. Please note that according to the mass balance equation
(S =P—L+E—D—F), Fgoss includes joint contributions
from surface emission (E), net chemical production below
the measurement height (P — L) and the storage change flux
below the measurement height (S, fo 85x (Z)Sz) which are

5t
not distinguishable in our estimation of Fross

Fgross=P+E_S )
Based on the calculation from Eq. (4), the diurnal vari-
ations in upward gross fluxes of HNOsz and HONO,
along with their dependence on horizontal wind speed
or ambient temperature, are presented in Fig. 6. Over-
all, HNOj3 gross fluxes (1.1 4+0.9ugm™2s~!) were higher
than those of HONO (0.440.4pugm~2s~!"). HNO3 gross
fluxes were higher in the morning (1.6+ 1.4ugm=2s71)
than in the afternoon (0.9+0.4ugm~2s~!) and night-
time (0.7+0.5pugm™2s"!). Fluxes under high wind
speeds (WS>2.1ms™!, 1.8+ 1.1pgm=2s"!) were sig-
nificantly greater than those under low wind speeds
(0.6 +£0.4pgm~2s~"), indicating that upward gross fluxes
of HNO3 below the measurement height were accelerated
under elevated wind speed.

Atmos. Chem. Phys., 26, 9779-9792, 2026

Similar to HNO3;, HONO gross fluxes were higher in
the morning (0.5+0.5ugm=2s~!) than in the afternoon
(0.3+£0.3ugm™2 s 1) and nighttime (0.3 4 0.3 ugm=2s~1).
In contrast to HNOj3, HONO emission fluxes showed
no significant correlation with wind speed, solar ra-
diation, or relative humidity (Fig. S5); instead, the
fluxes were significantly higher under low temperatures
(T, <15°C, 0.4 £0.5ugm~2s!) than under high temper-
atures (0.1 £0.1ugm~=2s~1), as further illustrated by the
scatter plots of temperature dependence for both HONO and
HNOs3 fluxes (Fig. S6). This behavior is likely attributed to
the dependence of HONO surface production from aqueous-
phase reactions in soil pore water or surface water films (Wu
et al., 2019; Ren et al., 2020). High temperatures reduce soil
and surface moisture, thereby suppressing HONO produc-
tion.

4 Conclusions

In this study, we developed a Relaxed Eddy Accumulation
system capable of simultaneous flux measurement of eight
gaseous and particulate inorganic acidic species, targeting ur-
ban cropland under long-term exposure to chemical industry
emissions. The system achieved a relative uncertainty of air
sample volume < 0.2 %, a lag time-induced analyte mass un-
certainty of 2.64 %, and a relative uncertainty of mass analy-
sis ranging from 2.7 % to 5.8 %. Using Gaussian error prop-
agation and the 7-test method, we determined that the flux
measurement precision of the system ranges from 5.4 % to
32.3 %, and the flux detection limits span from 6.1 x 10~ to
2.4 x 107" uygm=2s~!, depending on the chemical species,
ambient atmospheric concentrations and flux magnitudes
during the sampling periods.
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Figure 6. Box-and-whisker plots overlaid with individual data points (coded by horizontal wind speed and ambient temperature) showing
upward gross fluxes of HNO3 and HONO, grouped by diurnal time intervals. Horizontal lines mark medians, and boxes denote interquartile

ranges.

Our results provide critical observational data and mecha-
nistic insights into acidic species exchange over cropland un-
der the long-term influence of chemical industrial emissions
in an urban environment. All inorganic acidic species exhib-
ited bidirectional fluxes, demonstrating that cropland can act
as a source of atmospheric inorganic acidic species rather
than solely a deposition sink. Such bidirectional fluxes are
not unique to this industrial-zone cropland, as they have been
documented in nearly all prior REA measurements across
sites from remote forests to urban grasslands. However, the
notable difference is that the fluxes of HONO and NO;™ at our
site, both upward and downward, were 1-2 orders of magni-
tude higher than those values reported in the literature, while
the fluxes of HNOj3, SO», SOi_ are comparable with prior re-
ports. This magnitude difference reveals a previously under-
quantified HONO and nitrate flux hotspot in peri-industrial
regions, which has been missing in regional flux inventories.

The discrepancy with prior field observations is largely at-
tributable to the long-term cumulative effect of adjacent in-
dustrial NOy emissions that elevate surface nitrogen load-
ing and alter surface exchange properties. Under high NOx
conditions, upward HNO3 fluxes may arise from heteroge-
neous surface reactions of NO,, decomposition of NH4NO3
aerosols near warm surfaces or deposited NH4NO3 on the
ground or leaf surfaces as water layers evaporate. These
processes render cropland an HNO3 emission source that
contributes to atmospheric nitrate aerosol formation. HONO
emissions from cropland stem from direct soil release, het-
erogeneous NO» reactions on wet surfaces, and nitric acid/ni-
trate photolysis on leaf surfaces, thus enhancing atmospheric
oxidative capacity.

The diurnal pattern points to strong nocturnal produc-
tion in the surface layer overnight under weak turbulent
mixing, and pronounced upward fluxes in the next morn-
ing as turbulence intensifies. The apparent deposition ve-

https://doi.org/10.5194/acp-26-9779-2026

locities of all species were positively correlated with fric-
tion velocity for both upward and downward fluxes, high-
lighting the key regulatory role of turbulent mixing in acidic
species exchange. Based on the mass balance equation and
resistance in-series model, we estimated the gross upward
fluxes of water-soluble HNO3 and HONO. The gross flux
of HNO3 was accelerated under elevated turbulence, while
HONO gross flux was enhanced at lower ambient tempera-
tures, likely due to elevated soil and surface moisture. The
quantified fluxes offer empirical constraints for improving
deposition and emission parameterizations in chemical trans-
port models, a scientific basis for formulating targeted in-
dustrial emission control and farmland ecological protection
policies in densely populated industrial megacities.

Some limitations should be noted. First, measurements
were conducted only in winter. Seasonal variations in flux
magnitudes and driving mechanisms will be characterized in
our future measurement. Second, the gross flux estimation
cannot distinguish between direct surface emissions, near-
surface chemical production, and storage changes, requiring
further fine-scale vertical profiling to partition these contri-
butions. Third, the results are based on a single vegetable
cropland site, and generalizability to other crop types and in-
dustrial contexts requires additional multi-site observations.

Data availability. The data used in this article are available from
the corresponding author Huan Yu (yuhuan@cug.edu.cn) on re-
quest.
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