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Ozone soil deposition contributes a major part to the total deposition of ozone on land covered by low
vegetation and perturbs the ozone budget on both regional and global scales. Large model-observation
divergences in ozone soil deposition require continuous efforts to improve the mechanical
understanding and model representation. Observation of ozone deposition over bare soil directly meets
the requirement. Here, we performed field observation of ozone deposition over bare soil first available
in the Tibetan Plateau (TP) using the aerodynamic gradient method. A top ozone deposition velocity with
a daily mean of 0.49 + 0.11 (1 sd) cm s~ (1 May to 10 July 2019) and an hourly mean maximum across
the diel pattern of 0.73 + 0.67 cm s~ in the afternoon were recorded. Such rapid ozone deposition was
mainly attributed to extremely low soil resistance (Rso;), which was further regulated by median low soil
clay content, dry conditions, and strong solar radiation in the central TP. Parameterization of R in the
newly developed Stella scheme was demonstrated to be effective according to our verification. An
updated scheme was further attained with the inclusion of our observation and better represents the
Rsoil variability than the Stella scheme. More verification is therefore encouraged and hopefully to
improve the Stella scheme. Finally, both the Stella scheme and our updated scheme showed great
advantages over the oversimplified scheme in current models and should be considered more seriously
rsc.li/esatmospheres for the sake of better representation of ozone soil deposition and its variability.
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Environmental significance

Tropospheric ozone is an important gaseous pollutant and a short-lived climate forcer that affects air quality, human health and climate. Ozone soil deposition
represents a non-negligible fraction of ozone budget. However, it is highly underestimated by current models and therefore leads to ill-representation of ozone
distribution. To explore the soil deposition mechanism and improve the model representation, we performed direct measurements of ozone deposition velocity
on bare soil in the central Tibetan Plateau (TP), an ideal experimental field for its pristine nature in terms of weak human perturbation on both land use and
ozone photochemistry. For the first time, our measurement recorded in the TP the top ozone deposition velocity on soil, which could be accounted for by
measured meteorological and edaphic parameters. An updated parameterization scheme based on Stella et al. was summarized and better represented ozone
deposition velocity and its environmental variability, relative to the schemes commonly used in chemical transport models. The Stella scheme is therefore
worthy of more serious consideration for the sake of better representation of ozone soil deposition and its variability. Our data has also confirmed that ozone soil
deposition in the TP is underestimated by current model evaluations.
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variability in ozone in those regions where measurement is
absent. Simulations of ozone by CTMs are numerical approxi-
mations of the budgets of ozone, including chemical reactions
that lead to ozone formation and destruction, tropospheric
influx from stratosphere-troposphere exchange, deposition
loss, and convectional and advectional transport. However, the
simulation representations are limited by our current incom-
plete understanding of and parameterization methods for these
budget items.®

Simulation representation of tropospheric ozone, especially
ozone at the surface, is sensitive to the representation of ozone
dry deposition.”* The resistance-analogy parameterization
framework for ozone deposition developed by Wesely,” is
widely accepted by different deposition schemes to explain and
parameterize ozone deposition on various land cover types.***
Briefly, the resistance analogy framework conceptualized the
dry deposition of ozone or other pollutants as a three-step
process including (1) ozone transport downward to a given
surface by atmospheric turbulence, (2) mass transfer through
the quasi-laminar sublayer around the interface of air and the
surface, and (3) uptake on the surface. The ozone deposition
velocity, vq4, can be expressed as the reciprocal of the total mass
transfer resistance of these three-step processes, namely, aero-
dynamic resistance R,, quasi-laminar sublayer resistance Ry,
and surface resistance R.."?

Studies comparing different deposition schemes at site-
specific sites illustrate that the representation of R. and its
variability cause the largest differences of v4.***° Among
different deposition schemes, R, is typically modelled with
different empirical formulae of the Monin—-Obukhov similarity
theory (MOST), and Ry, is modelled with a same formula. Wu
et al.*® compared R, + R, over a forest modelled by four different
MOST-based models and found similar results. Combined with
the relatively smaller contribution of R, + Ry, than R, to the total
resistance (see Section 3.2 below), more attention is focused on
the parameterization of R.. The parameterization of R, used in
the resistance analogy considers the resistance of ozone uptake
by stomatal, cuticular, and ground surfaces, the last of which
mainly refers to soil surfaces. Relatively intensive field obser-
vations of ozone deposition have been performed over devel-
oped canopies.”’?® Canopy related stomatal and cuticular
uptake are the main ozone deposition paths in these observa-
tions. However, studies on crops found that the determining
role of stomatal and cuticular resistances highly depends on
canopy development and abundance.**?*° On surfaces with lower
and sparser canopies, such as growing croplands and grass-
lands, soil resistance (Rs.i;) could contribute up to 55% to total
ozone deposition resistance; thus, v4 is more sensitive to Ry
for these land cover types.*'*

Ozone soil deposition contributes heavily to the global
budget of ozone deposition because a considerable fraction of
global land cover is desert, bare soil, and sparse vegetation.
However, the modeling of ozone soil deposition remains highly
uncertain. Gross model underestimation of ozone deposition
on bare soil (equivalent to ozone soil deposition) was consis-
tently found.**** The large discrepancy of ozone soil deposition
and its variability between measurements and simulations
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implies the poor representations of ozone soil deposition by
current CTMs. The poor representation is mainly attributed to
the oversimplified R,; parameterization scheme that uses two-
level prescribed values for dry and wet surfaces without more
complex response relationships with soil moisture, soil
temperature or soil clay content.” Modification attempts have
been made with the aim of enabling model power to better
describe the variability in R, Either a positive dependence of
Rsoi1 ON soil moisture or a negative dependence on temperature
was reported based on site-specific observations, but the
expressions between R,;; and moisture or temperature should
not be extrapolated to other sites.**” A few studies introduced
a universal corrected function of soil moisture or temperature
based on mathematical assumptions; however, field observa-
tion validation is rare.”*® Stella et al.**** summarized their six
field observations over bare soil and proposed a dual-parameter
semiempirical Ry, parameterization (known as the “Stella
scheme”) involving soil clay content and surface relative
humidity (RHg,,s). In the Stella scheme, RHg,,¢ is believed to
better represent the varied and complex effect of meteorological
parameters, such as surface temperature (Tsy,f), soil moisture,
and solar radiation. Soil clay content, as a second influencing
factor, reasonably accounts for the spatial heterogeneity of soil
uptake reactivity toward ozone and therefore R;.

Although the Stella scheme seems to have the potential to
describe Ry, and its variability, limited field observational
validation hinders direct extrapolation or CTMs inclusion. The
observations of ozone soil deposition were mostly conducted
over agricultural fields after harvest to avoid interference of the
canopy.”® However, frequent agricultural activities, such as
plowing, fertilization, and irrigation, can cause transformations
in surface soil physics and chemical characteristics and
potentially soil uptake reactivity toward ozone. Additionally,
strong NO, and/or VOCs emissions from agricultural soil can
participate in the fast atmospheric chemical conversion of
ozone and therefore significantly interfere with the measure-
ment of ozone soil deposition.*** Field observation of ozone
deposition in environments with negligible NO or highly reac-
tive VOCs sources is ideal in terms of less chemistry interference
and human activity perturbation of soil but is sporadically
available.*® In addition, Ry, is highly affected by soil clay
contents and hydrothermal conditions based on the previous
summary, which are spatially heterogeneous in different
climate regions. Previous observations were performed mostly
in subtropical climate regions. Field observations in more
climate regions are therefore highly demanded (Fig. 1). The TP
is a typical highland climate region where both soil clay content
and moisture are expected to be different from the subtropical
climate regions. And TP is characterized as a highly pristine
area and covered with sparse and low vegetation, implying weak
perturbation of land use and ozone chemistry on ozone soil
deposition.

The @Tibet series field campaign supports ozone deposition
measurement over the Tibetan Plateau (TP). In this study, we
took advantage of the ideal experimental field and performed
the first measurement of ozone deposition velocity on bare soil
in the TP, acquired from the aerodynamic gradient method. The
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Fig. 1 Simplified concept of climatic regions with different soil clay
contents and hydrothermal conditions. Previous measurements of soil
resistance (Rs.i) have been conducted mostly in subtropical climate
regions in the figure. Data of climate classification is from Chen et al.*°
Soil clay content data is from Harmonized World Soil Database v2.0.4°
Humidity data is referenced to Kummu et al.*

aims of this study are (i) to measure vy in the TP and to identify
the factors controlling vq and Ry, and (ii) to evaluate and
improve the Stella scheme by inclusion of our verifications.

2 Methods

2.1 Measurements

The field measurement of ozone deposition was performed
from 1 May to 10 July 2019 at Nam Co Comprehensive Obser-
vation and Research Station, Chinese Academy of Sciences
(CAS) (NMLC site, 30°46.30'N, 90°59.31'E, 4730 m a.s.l.), as an
essential part of the @Tibet 2019 campaign. Due to power
outages, instrument malfunctions and other factors, the valid
data cover 50 days. Detailed descriptions of NMC site and
@Tibet 2019 campaign can be found in previous studies.***¢
NMC site is located in an open flat field ~1 km southeast of
Nam Co Lake and more than 15 km to the north and west of the
Nyaingéntanglha Mountains. In addition, a sublake of Nam Co
Lake is ~280 m away from the site. NMC site is characterized by
a continental background of the atmosphere with few
surrounding populations, and isolated from Lhasa, the largest
city in the TP.

High-altitude and mountainous environment results in
a typical arctic-highland climate of this area. The monthly
mean air temperature ranges from —7.8 °C to 12.2 °C, and solar
radiation reaches 1200 W m~” in May.*” Annual precipitation of
approximately 400 mm is concentrated during the Asian
Summer Monsoon (ASM) period from June to September.*® In
this cold and arid area, the soil is poorly developed because of
sporadic vegetation coverage and weak chemical weathering,
which is embodied in a loose soil structure and low clay
content.*

Air temperature and relative humidity (HMP155A, Vaisala,
FI) and wind speed (010C, Met One, USA) profiles were
measured at 1.8, 3.8, and 5.8 m height, and wind direction
(020C, Met One, USA) was measured at 5.8 m. Solar radiation,
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including incoming and reflected shortwave and longwave
radiation (CNR4, Kipp & Zonen, NL) and j(NO,) (ultrafast CCD-
detector spectrometer, Metcon, GER), were measured. Soil
temperature and soil water content (CS655, Campbell Scientific
Inc., USA) profiles were also measured at 5, 15, and 25 cm below
ground. NO, concentration was measured by a sensitive inco-
herent broadband cavity enhanced absorption spectroscopy
NO, analyzer.”® As the NO concentration was too low to be
measured, photostationary state calculation of the NO concen-
tration (NO_PSS) was carried out with measured O3, NO, and
J(NO,).

Ozone flux was measured using the aerodynamic gradient
(AG) method, with characterization of the micrometeorological
environment by the eddy covariance (EC). The AG method is
based on K-theory, an application of MOST. Similar to Fick's
Law, the K-theory assumes that the turbulence flux can be
expressed as the product of the turbulence exchange coefficient
K and vertical concentration gradient. Therefore, the ozone flux
can be calculated as follows:

_ d[O;]
F= K (1)
where F is the ozone flux (ppbv m s™* or nmol m > s '), K is the
d[o
turbulence exchange coefficient (m* s~ '), and ([123] is the

vertical ozone gradient between the two measurement heights
(ppbv m™" or nmol m™3). A UV photometric ozone analyzer
(Model 49i, Thermo-Environmental Instruments Inc., USA)
measured the ozone concentration. Air was sampled at 6.8 m
and 1.8 m of the tower through a 27 m Teflon sampling tube
with sequential sampling in a 30 min duty cycle. A solenoid
valve was used to control the measurement time of 15 min at
each height. The measurement gap of 15 min at each height was
filled by linear interpolation of adjacent data at the same height.
Therefore, continuous ozone gradient was obtained. The
sampling tube was covered by black foam for heat preservation
and light shading. K is calculated as follows:**

an(P) ()] @

K= Ku*(Zz — Z|) |:11'122
21

where « is von Karman's constant (0.4), u« is the friction velocity
(m s7"), z; and z, are the lower and greater heights of ozone
measurement respectively (m), d is the zero-plane displacement
height (m), L is the Obukhov length (m), and yy(2/L) is the
integrated stability correction function for heat:

T+
V(z/L) = 21“( 2 > [E=0 )
—5z/L, z/L>0

where y = (1 — 162/L)">. As EC is a reliable method to charac-
terize atmospheric turbulence, u+ and L were provided by the EC
method and used in the AG method. The EC method was also
used to measure fluxes of momentum, sensible heat (H), latent
heat (LE), water vapor, and CO,. The EC system includes an
integrated CO,/H,O open-path gas analyzer and 3D sonic
anemometer (IRGASON, Campbell Scientific Inc., USA), elec-
tronics for synchronizing gas and wind data (EC100, including

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a temperature thermistor probe and a barometer, Campbell
Scientific Inc., USA), and a data logger (CR3000, Campbell
Scientific Inc., USA). The IRGASON was mounted at 6.8 m. Data
were sampled and recorded at 10 Hz and processed by EddyPro
software (version 7.0.8, LiCor, USA) for a 30 min flux averaging
interval. Standard data processing methods were used,
including spike removal, double axis rotation, linear detrend-
ing, humidity correction of sonic temperature, WPL correction
and spectral correction.’® Quality checks of raw data and flux
results were also performed. The footprint was estimated by the
Kljun et al.>* method.
Ozone deposition velocity can be determined as follows:

Vg = % 100 (4)

F
(0]
where vq4 is the ozone deposition velocity (cm s~ ), and [0s] is
the average concentration of ozone between two measurement
heights (ppbv).

2.2 Resistance analogy

The resistance analogy method describes the mechanism and
kinetics of ozone deposition. It also provides a numerical model
representation of v4. By considering that the reciprocal of vy is
the total resistance to mass transfer, the influence of the above
mentioned three processes on v4 can be expressed in terms of
the following electrical analogy:

1 1
Rall B Ra + Rb + Rc

(5)

Vg =

R, consists of the resistances of these different surfaces, such
as soil, leaf cuticular or ice. As the surface at the study area of
NMC site is bare soil, R. in this study is equal to the soil resis-
tance Ryi. R, and Ry, are calculated as follows:

Ru(z) = (ku)™ “‘i‘ n(z/L) + ¥y (20/L) (6)

Ry(03) = 2(kus)""(S/P)*? )

where z is the reference height (mean ozone measurement
height, m), z, is the roughness length for momentum (m), S. is
the Schmidt number, and P, is the Prandtl number for air (0.72).

2.3 Calculation of surface parameters

Temperature and moisture at the surface, Tgur and RHgyyf,
instead of atmospheric or edaphic parameters, are recom-
mended as measures of temperature and moisture conditions
of soil uptake of ozone by Stella et al.** and have shown less
variability than other measures. Thus, the same scheme is used
in this study following the calculation method in Stella et al.:**

H(Ra(2) + Ro)

T‘surf =
pCp

+T, 8)

XH,0, surf = E(Ra(z) + Rb,HZO) + XHZO, a (9)
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XHZO‘surfR(Tsurf + 27315)

Pvap‘surf = MHZO (10)
. MH201073’Y 1 1
Poi(Tour) = P eXp{ R To+273.15 Ty +273.15

d

(11)
P ap,surl
RHg,r = —@sut o 100 (12)
Psat (Tsurf)

where p is the air density (kg m ), C, is the air specific heat (J
kg™ K1), Xu1,0,5urf and Xp 0, are the air concentration of water
(g m™?) at the surface and reference height, respectively, Xi; o,
is calculated from the air relative humidity, E is the water vapor
flux (kg m™ s7%), Pyapsurf is the water vapor pressure at the
surface (Pa), R is the universal gas constant (J mol ™' K™'), My o
is the molecular weight of water (g mol "), Py(Tsurs) is the
saturation vapor pressure at Tg,r (Pa), P is the atmospheric
pressure (Pa), v is the latent heat of vaporization of water (J
kg™"), and Ty, is the boiling temperature of water at P (°C).

2.4 Data quality assurance

The use of the AG method requires some prerequisites, such as
stationary but strong enough turbulence, no chemical inter-
ference and uniform underlying surface.

First, the AG method under extremely unstable and stagnant
conditions were thought to suffer from large uncertainties due
to the invalidation of MOST. The ratio of the measurement
height and the Obukhov length (z/L) is used to evaluate the
atmospheric stability. z/L between —2 and 1 are required. Valid
data coverage was 79% with a 30 min time resolution.

Second, the NO titration of ozone, which might cause
a substantial surface gradient of ozone, is often regarded as an
uncertainty source in ozone flux measurements in some areas.*
As ozone titration by a considerable NO near the surfaces in
agricultural fields could occur in minutes, it might compete
with the vertical transport of ozone in determining the surface
gradient of ozone. A comparison between the turbulence
transport time (tyans) and the chemical reaction time (tchem)
can be used to evaluate the influence of the chemical reaction
on the ozone flux. Following the method of Stella et al.,** the
Tirans Can be expressed as the transfer resistance through each
layer multiplied by the layer height. The layer height of the
quasi-laminar boundary layer, (zo — zo), is so small that the
contribution of the quasi-laminar boundary to T.ns is negli-
gible. tchem is calculated as the lifetime of ozone reacting with
NO.

Trans = Ra ¥ (Zm - ZO) + Ry % (ZO - ZO/) =Ry, X znm
1
Xno (Zm) X ki

(13)
Tchem = (14)
where z,, is the measurement height, xno(zm) is the concen-

tration of NO_PSS (ppbv) at the measurement height. The
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reaction rate constant (k. in ppbv ' s7') is calculated as k, =
0.0444 x exp(—1370/(T, + 273.15)).>* NMC site is almost free
from interference from anthropogenic emissions due to the
extremely low value of NO_PSS with an average of only 58 pptv.
Tehem 1S calculated to be 10-fold that of 7y, (Fig. Slat), sug-
gesting that this chemical perturbation of the ozone flux
measurement is negligible at NMC.

Third, the footprint area of the ozone flux measurement
shows ca. 3% attribution to the water surface to the west of our
measurement site 280 m away (Fig. S1b}). Ozone deposition on
the water surface was roughly evaluated based on the turbu-
lence measurement and typical water surface resistance for
ozone uptake of 1000 s m . The calculated value of v4 is 1/4-1/8
of that on soil. However, considering the contribution of the
water surface to the footprint area, corrections of less than 3%
for ozone flux measurement are thus abandoned.

d[0;]
dz
(eqn (1)), thus the uncertainty of ozone flux includes the
uncertainty of these two factors, o and o(g[o,az)- 0k contains
uncertainty from measurements and those arising from the
parameterization (eqn (2) and (3)), both of which have larger
uncertainty under stable atmospheric conditions, i.e. during
nighttime. Quantify of ok is tough® and out of our scope.
Constant relative uncertainties of 20% and 50% are given to K,
which is robust.*®**® To validate the estimation of ok, we
compared H and LE derived separately from the EC method and
AG method. It was indicated that the diel profiles were similar,
and the magnitudes of H and LE were comparable between the
two methods (Fig. S1c and df). The AG method overestimated H
by approximately 10%, and biased LE by a constant systematic
error of approximately 18 W m~> compared to the EC method.
Further examination of the temperature and moisture gradients
suggested that inconsistencies between different hygro-

thermometers might account for the divergences.

0(d[0,)/dz) is determined by the uncertainty of the difference of
ozone concentration g[o,}, because measurement of height is
accurate. Ozone concentration at two heights were measured by
.}y which

The ozone flux is determined from the product of Kand

one ozone analyzer and thus o[, is equal to 200
A[Os]
OA[0;]
is used to judge whether A[O;] is significant. 10% of ozone
gradient data were insignificant but still retained to avoid
a misestimation of the average flux. It is noteworthy that linear
interpolation of the 15 min ozone measurement gaps could be
an uncertainty source to the ozone gradient but could not be
accurately evaluated. Extreme and unreasonable values of the
ozone gradient occasionally appeared from the interpolation
method. However, it was plausible to see a typical diel variation
of the ozone gradients (Fig. Slet). Therefore, to reduce the
impact of outliers on the analysis, outlier spikes of v4 and
maximal or minimal 2.5% of R are excluded from the data
analysis.
Using Gaussian uncertainty propagation, the uncertainty of
ozone flux and ozone deposition velocity could be calculated as
follows:

supposed to be 0.35 ppbv. Whether the ratio —— larger than 1
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o o . N

FF were dependent on X during nighttime and dependent on
o o 1

both X and ~2%! during daytime. Diel == varies from 25.7%
K A[O;] F

during daytime to 51.1% during nighttime, with an average of

39.8%. As <% is less than 1%,
[05]

(16)

¢ is approximately equal to 7
Vg

2.5 Simulation of ozone deposition velocity with different
Ryoil parameterizations

The resistance analogy with the Stella scheme (hereafter called
RA_SS) is performed to evaluate the reproducibility of v4. R, and
R, are calculated by eqn (6) and (7) with meteorological
parameters measured on site. The expression of the Stella
scheme is as follows:

Rsoit = Roil min X e(kXRHmrf) (17)
Ryoit min = 702 x (clay content) %% (s)
k = 0.0118 g9-0266x(clay content) (19)

where Roil min (s m ") is the soil resistance when RHgys is 0%, k
(unitless) is the coefficient of the exponential function, and clay
content (%) is the fraction of clay content in the topsoil. The soil
clay content of NMC site, 14.5%, is obtained from the soil
dataset by Ito and Wagai.*”

3 Results and discussion
3.1 Environmental conditions and ozone deposition velocity

The environmental conditions of ozone deposition are largely
determined by climate regions. As a typical highland mountain
climate region, NMC site features strong solar radiation and
cold, arid, and windy meteorological conditions. The
measurements covered two periods with distinct meteorological
parameters, namely, the premonsoon period before 1 July and
the ASM period after 1 July (shaded area in Fig. S21). In the
premonsoon period, solar radiation (R,) at NMC site was even
larger than the solar constant (1367 W m™?) at cloudless noon
(Fig. S2at), with a maximum of 1552.6 W m~> on 11 June.
However, with such strong Ry, air temperature (T,) is quite low
due to the buffering effect of plateau permafrost and could be
below 0 °C in early May (Fig. S2b¥). T, slowly increased from 4.3
+ 4.3 °Cto 11.8 £ 4.0 °C in the premonsoon period. Under the
additive effects of low soil water content (SWC) and strong Ry,
typical air relative humidity (RH,) was lower than 25% during
the daytime in the premonsoon period (Fig. S2ct). Strong winds
occurred frequently, and the wind speed (WS) exceeded
10 m s~ on some days (Fig. $2d). In the ASM period, the ASM
brought abundant moisture to the TP and resulted in more
frequent precipitation. R, showed a dramatic decline compared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the premonsoon period, but it still remained at a high level
compared with regions of the same latitude. Volumetric soil
water content (SWC) zoomed from 0.01 to 0.2 after 1 July.
Weakened R, and enhanced SWC in the ASM period caused
a slight decrease in T, and a significant increase in RH,. WS
showed obvious differences from the premonsoon period, with
the peak dropping, but WS mean at night increased.
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Diel pattern of key parameters that related to calculation of
R,, Ry, Rsoi and derivation of v4 according to eqn (6)-(12) and
(17) are performed in Fig. 2. Over the entire observation period,
the hourly mean T, ranged from 1.6 + 4.6 °C at night to 10.6 +
4.3 °C in the daytime (Fig. 2b). Significant enhancements of
Tsure compared to T, occurred with a maximal hourly enhance-
ment of 15.6 °C during daytime. This was caused by strong R,
of which the hourly mean maximal reached 1252.4 + 348.5 W
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Fig. 2 Diel pattern of meteorological parameters and edaphic parameters associated with ozone deposition velocity derivation and deposition
resistance derivation. Diel pattern of (a) solar radiation (Rg), (b) air temperature at 1.8 m (T,), surface temperature (T and soil temperature at
—5 cm (Tsop), () air relative humidity at 1.8 m (RH,), surface relative humidity (RHs,¢) and soil water content (SWC), (d) wind speed at 1.8 m (WS)
and wind direction (WD), (e) friction velocity (us), (f) atmospheric stability criterion (z/L), (g) turbulence exchange coefficient (K), (h) gradient of
ozone between 6.8 m and 1.8 m (d[Os]/dZ), ozone concentration at 6.8 m and ozone concentration at 1.8 m, (i) ozone flux (F), and (j) ozone
deposition velocity (v4). The solid line is the diel mean, and the shading is variation of our observations.
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m~? (Fig. 2a and b). The enhancement of Ty, further caused
lower RHg,,¢ according to eqn (12). RHg,,s at noon was as low as
23.2 £ 17.8%, which is 15.3% of decrease compared with RH,
(Fig. 2¢). The increased Tyy,r and consequently decreased RHgy,¢
may result in a small R, and thus favors ozone deposition.

Solar radiation and wind supply energy to atmospheric
turbulence which affects R, and R;,. A campaign average R, of
411.9 4+ 469.2 W m > and wind speed of 3.83 & 0.72 m s
(Fig. 2a and d) favored strong atmospheric turbulence. The
influence of solar radiation and wind on atmospheric turbu-
lence strength is reflected in the diel pattern of friction velocity
(#+) and z/L (Fig. 2e and f). u« remained fairly large throughout
the day with a maximum of 0.43 4+ 0.19 m s~ " around noon. The
mean u» during the night dropped to 0.2 m s~ *. An opposite diel
trend was shown in z/L, with an average of 0.1 at night and —0.5
in the daytime. A nighttime z/L of 0.1 also confirmed that the
atmospheric stability at night was nearly neutral and did not
seriously block the development of turbulence. Active atmo-
spheric turbulence resulted in rapid vertical turbulence trans-
port, which was characterized by K (eqn (2), (3), and Fig. 2g). The
diel pattern of K is similar to those of WS and R,. Nighttime K
remained at approximately 0.3-0.4 m* s, while K increased to
1.36 £ 0.24 m® s~ ' at noon. It can be inferred from the diel
pattern of K and R, that surface heating driven by solar radia-
tion plays a dominant role in turbulence development at NMC
site.

F and vq are determined based on the K, as well as the
measurements of d[O;]/dZ between 6.8 m and 1.8 m (eqn (1)
and (4)). The ozone measured at the two heights showed similar
diel profiles but distinct abundances (Fig. 2h). The ozone at 1.8
m ranged from 45.6 & 11.4 ppbv at night to 67.4 & 10.4 ppbv in
the daytime, with a mean of 56.9 & 8.6 ppbv. The ozone at 6.8 m
ranged from 50.7 = 12.1 ppbv at night to 69.0 4= 10.3 ppbv in the
daytime, with a mean of 60.2 & 7.0 ppbv. A similar diel profile of
F was derived compared to that of K, WS, and R, (Fig. 2i).
Negative values suggested a downward deposition of ozone. The
daily mean F was —7.09 + 2.36 nmol m* s ', with a noontime
maximum of —11.78 + 10.28 nmol m> s~ '. As the low air
pressure counteracts high volume concentrations of ozone to F,
the large F could be explained mainly by high v4. vq showed
a bridge-shaped diel profile (Fig. 2j) with the mean of 0.49 +
0.11 cm s~ * and a noontime peak of 0.73 = 0.67 cm s~ *. The vq
observed here is comparable to typical v4 in forests and one of
the highest previously reported over bare soils.>***° Notably,
a high nighttime v4 of approximately 0.4 cm s~ is observed,
which is among the top values ever reported.*® Although
nighttime v4 has larger uncertainty than that of daytime, quite
high u« and z/L much less than 1 during nighttime favored high
nighttime vq at NMC.

3.2 Determinative role of R,,; in ozone deposition and its
variability

The constitution of deposition resistance provides the infor-
mation to explain the magnitude of v4 and its diel variation. The
diel profile of deposition resistance and its components is
shown in Fig. 3a. The deposition resistance of ozone, Ry,
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showed a typical U-shaped diel profile, which accounts for the
bridge-shaped vq. Both Ry, and R, + Ry, showed a typical U-
shaped diel profile as well. The daytime low R, at NMC site
(106.0 4+ 22.4 s m™ ') was even comparable to the typical daytime
R, over forests (Fig. 3c), which was the lowest resistance due to
effective stomatal uptake of ozone by leaves. The nighttime Rgq;,
with a mean of 159.5 + 30.7 s m ™!, was approximately 0.5 times
higher than the daytime R, but still remained the lowest in
literature.*® Such diel structure of Ry,; at NMC site was also
worthy of highlighting. In comparison, the nighttime R. on
forest canopies was generally 1.5 times (sometimes up to 10
times) higher than the daytime R. due to the closure of leaf
stomata.”” Mechanism exploration and parameterization of Ry;
will be discussed in next section. A comparison of daytime R, +
Ry, at NMC site (62.3 &+ 15.8 s m ') with previous studies in
various environments (56.5 + 25.7 s m ') indicated efficient
atmospheric turbulent transport at NMC site (Fig. 3b). A much
smaller nighttime R, + Ry, here (110.4 & 15.3 s m™ " vs. 200.5 +
101.0 s m ™" in various environments) implied the more rapid
ozone deposition at night as well. R, + R}, is reasonably well
defined and can be expressed by a function of u+ and z/L (eqn (6)
and (7)), which are affected by WS and R,. Strong WS and R, at
NMC site allow neither a high R, + R, nor a very low R, + R}, due
to the insensitive response of R, + R}, to WS at its high value end.

Similar to previous impressions, Rs. is the major fraction
(62 £ 7%) of R, during both the daytime and the nighttime,
suggesting Ry; plays the dominant role in ozone deposition at
NMC site. The low Ry, and R, + Ry, together explain large vq in
both daytime and nighttime. The spatial variability in Ry; and
vq over different climates across 3 orders of magnitude (Fig. 3¢
and S37), whereas the span range of Ry, at NMC site is the
smallest and distributed at the lower end of reported R;. To
date, our study reported the only observation of Ry in highland
climate regions, and the significant differences from previous
studies highlighted the heterogeneity of Ry, over different
climates.

3.3 Variability of R, and its parameterization

In-depth understanding of soil uptake of ozone could help to
establish a more robust empirical parameterization of Rye;.
Clifton et al.”” proposed a mechanistic model of Ry, which
represents ozone reaction with soil surfaces and gases in soil
pore spaces. Although it is tough to measure all of the
parameters required for the mechanistic model in a field
observation, it provides a roadmap to identify key parameters
that control Ry,;. Both the mechanistic model and previous
observations®**” have found that moisture and temperature
are two key parameters that control the temporal variability
of Roil-

Moisture is suggested a major influencing factor of Ry
based on both mechanical deduction and observa-
tions.?”**3” The inhibition of soil ozone uptake by moisture
is reflected in two ways.** First, soil moisture can block the
diffusion of ozone in soil. Second, water molecules can be
adsorbed by soil and occupy the reactive surface site, thus
competing with ozone absorption and reactive uptake. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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two mechanisms account for a positive dependence of Ry,
on moisture as widely observed in field observations and
laboratory experiments.”” Our observation at NMC site also
showed a significant positive dependence of Rgoi; on RHgy,¢
(Fig. 4a). The dry climate at NMC site is conducive to keeping
Rgoi1 small.

Temperature is a positive-going parameter for ozone uptake,
as the reaction of ozone on the surface is endothermic. Thus,
Rsoi decreases with increasing temperature. The mechanical
deduction requires an Arrhenius-like response of Ry, to
temperature, which is verified in field observations but with
large fitting uncertainty and variability.***® The negative rela-
tionship between Rg,; and temperature was also observed at
NMC site (Fig. 4b). Notably, the dependence of Ry.; on
temperature could be a misconception due to the highly nega-
tive correlation between temperature and moisture. As a result,
it is difficult to distinguish the individual effect of temperature
from RHgur On Rg.j. Nevertheless, high Ty, is conducive to
lower Rg;-

As shown in Fig. 5a and b, Ry, can be described by an
exponential equation of RHg,,r and an Arrhenius-like function
of Tyurr (eqn (20) and (21)):

Rsoil = 71.0 x eO‘OlszHS“I'f

12850
Ryoil = 0.52 x eRTsur

(20)

(21)

These two parameterization schemes were tested by simu-
lating v4 with observation-constrained meteorological data by
employing eqn (5)-(7) (Fig. 5¢). Similar results of v4 are obtained
from the two parameterization schemes and both results are
closely comparable to the observed v4 in terms of both the
magnitude and the temporal variability. Stella et al.** have
found that the parameterization scheme with RHg,,r performed
more robustly than the parameterization scheme with Ty A
potential reason for this could be that RHg,, itself contains the
influence of Ty,,¢due to the high correlation between RHg,,r and

Tsurr, as previously mentioned. Herein, we choose the
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Fig. 4 Dependence of Ry on (a) RHgys and (b) Ty, The block processing ranges of means and medians of RHg,¢ and T, are 10% and 5 °C,

respectively.
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parameterization scheme with RHg,¢ for further discussion.
According to eqn (20), R is predicted to be lower than 240 s
m ™" at NMC site even at a high RHg,¢ range, which explains the
rapid ozone deposition at night. In addition, strong solar radi-
ation and dry conditions during the daytime maintain high T¢
and low RHg,.s, which are also conducive to low Ry;.

Block medians instead of block means of R;; were chosen to
fit the function among Rg.ii and RHgy, s (Or Tsy,f) in this study,
since Rg,j at NMC was positively skewed. The fitting function
based on block medians turned out to better reproduce our
observations than that based on block means (Fig. 5 and S47).
As a matter of fact, Ry is consistently found to be positively
skewed.?*%567:¢8 Thus, it needs more attention about whether the
function among R and RHgy,r (o1 Tsy,f) are fitted with block
medians or block means. Block means of R,; were used in the
establishment of the Stella scheme,**** which should be further
examined.

3.4 Evaluation and improvement of the Stella scheme

RH,,¢ explains the variability of R, at specific sites, while soil
clay content determines the site-by-site variability by affecting
Rsoil min and k. According to the fitted results in eqn (20), Rsoil min
and k of NMC are 71.0 s m ™" and 0.012, respectively. We applied
the Stella scheme reversely (eqn (17)-(19)) and derived Ryoi min
= 51.0 s m ! and k& = 0.017 at NMC. Compared with the
observed Ryoii min (71.0 s m™ ") and % (0.012), the Stella scheme
underestimated Ryoi min by 28% and overestimated & by 42%
(red dots in Fig. 6a and b). By including our observations on Ryj
min and k, we updated the Stella scheme (hereafter called the
updated Stella scheme, eqn (17), (20) and (21). To be noted,
observations at La Crau were not included fitting in both the
Stella scheme and the updated Stella scheme due to the reason
mentioned in Stella et al.,*® where the reported soil clay content
is not representative.

—0.86

Rioil min = 061 x (clay content) (22)

k = 0.0093 e0.0325><(clay content) (23)
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Fig. 6 Relationships between soil clay content and two coeffi-
cients in the Stella scheme, (a) minimum soil resistance (Rsoit min)
and (b) k. The black dots are values collected from previous
observations, and the red dots are values from our observation at
NMC site. The Stella scheme are shown as black lines, and the
updated Stella scheme are shown as red lines. (c) Comparison of
observed v4 and simulated v4 using the RA_SS and resistance
analogy with the updated Stella scheme (RA_uUSS) with input
meteorological data from observations. Time alignments are
performed on the data used for comparison.
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The updated Stella scheme of course improved the scheme
representation of Ry.; at NMC, relative to the Stella scheme. The
simulation error of Rguj min and k was reduced from 28% and
42% to 7% and 25%. A better representative Ry led to a better
representation of v4 (Fig. 6¢). The resistance analogy with the
updated Stella scheme (RA_uSS) reproduced the observed
daytime mean of v4 of 0.58 cm s~ . Almost the same diel pattern
of v4 was modelled by the RA_SS and overestimated daytime vq
by only 14%. Our observations validate the feasibility of the
Stella scheme and illustrate the need to include more observa-
tions in the Stella scheme.

The above analysis suggests that vq4 is sensitive to both R
min and k. Assuming +25% spread in Ryj min and k, the spread
in daytime and nighttime vy are calculated by the RA_uSS with
typical RHgy,¢ (40% during daytime and 80% during nighttime)
and R, + Ry, (50 s m~" during daytime and 200 s m~" during
nighttime). vq generally varied in a narrow range responding to
Rsoil min changes across the entire soil clay content range
(Fig. 7a). The sensitivity of v4 to k increases exponentially with
increasing clay content (Fig. 7b). In the high soil clay content
range, the +25% spread in k could cause more than 200%
change in v4. The sensitivity of v4 to k also increases with RHgy¢.
As a result, nighttime vq is more sensitive than daytime vy for
a much higher RHg,,r range over the night. Therefore, obser-
vation verification on high soil clay contents and high RH,,¢ are
especially useful, though all observation verifications on varied
climatic environments worthy to be highlighted, for the sake of
continuous test and improvement of the updated Stella scheme.

3.5 Implications of the updated Stella scheme

The updated Stella scheme provides a comprehensive view of
the distributions of Ry, and vgq over soil in various soil and
hydrothermal conditions (Fig. 8). The rough range of soil clay
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Fig. 7 Sensitivity test of daytime and nighttime v4 responding to
a +25% spread (—25% and +25% change are shown in solid lines and
dash lines, respectively) in (a) Rsoit min OF (b) k as calculated by the
updated Stella scheme with typical RHg,¢ (40% during daytime and
80% during nighttime) and R, + Ry, (50 s m~* during daytime and 200 s
m~! during nighttime).
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Fig. 8 Dependence of Ry and vy over soil on soil clay content and
hydrothermal conditions. Theoretical distribution of (a) Rsei and (b) vy
over soil with different soil clay contents and RHgy+. Rsoi is calculated
with the updated Stella scheme. v4 is the mean of daytime and
nighttime vy4. The daytime and nighttime v4 are calculated with the
assumed R, + Rp (50 s m™* during the daytime and 200 s m~? during
the nighttime) and calculated R.;. The solid black line in (a) represents
a commonly used Ry in CTMs (500 s m~1) and in (b) represents the v4
calculated with Reo; = 500 s m L. Data of climate classification and soil
clay content are the same with Fig. 1. The HadISDH data®"° is used to
estimate the approximate RHg,¢ ranges of different climates.

content and hydrothermal conditions in different climates are
also performed in Fig. 8a and b. A commonly used R;,; in CTMs
(black solid line in Fig. 8a) overestimates Ry,; in most climate
regions and thus causes the underestimation of vq over soil
(black solid line in Fig. 8b). And the great variability of Ry, and
vq over soil among different climate regions are not reproduced.

The delineation of different climate regions in Fig. 8 is
helpful to establish a general impression of the distribution of
Rsoi1 and vq over soil in real environments. In desert, coarse soil
could cause high Rguii min and R, and thus low vy. As for
tropical forest climate regions, high RHg,¢ causes extremely
high R; and low v4 over soil, thus deposition on canopy would
be the major path. In vast areas of other climates, moderate soil
clay content and RHgy,s supply low Ry, and therefore high vy
over soil, especially in highland climate regions and steppe. Our
observation in fact provides the confirmation of high v, over soil
in highland climate regions. Stella et al.*® provides five obser-
vations in the subtropical climate region. More observations in
different climate regions, especially in desert, steppe, and
highland are needed to evaluate and improve the Stella scheme
or the updated Stella scheme.

4 Conclusions and perspectives

This study reported the first measurement of ozone deposition in
a typical highland background site with bare soil in the central TP.
Unexpectedly high vq with a daily mean of 0.49 & 0.11 cm s~ " and
an hourly mean maximum of 0.73 + 0.67 cm s ' was found.
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Strong solar radiation and high wind speed provided efficient
turbulence energy, especially in the daytime, suggesting that
atmospheric transports to the surface were not limiting steps
most of the time. The soil uptake process was the main controlling
process of ozone deposition at NMC. Soil uptake rate, as well as 1/
Rsoil, was found among the top in the literature. Such high 1/R¢y
was regulated by proper soil clay content, dry conditions, and
strong solar radiation in the TP. These favorable conditions of soil
ozone deposition are common in the TP and other highland
regions. Therefore, ozone deposition in the TP and highland
regions was validated as being underestimated by current models.

The Stella scheme is proven to be an effective parameteri-
zation of R by our verification at NMC site. The Stella scheme
was updated through the inclusion of our observations and
then better represented Rs,; and thus v4 at NMC. The updated
Stella scheme is recommended as a replacement for the
prescribed values of Ry, in current CTMs. Notably, both the
Stella scheme and the updated Stella scheme showed the
potential for continuous improvement. More quality and
representative field observations of Ry, are encouraged to
further minimize the fitting uncertainty of Ry min and k in the
Stella scheme. Observation verifications that meet the following
requirements will be helpful. First, soil deposition should be
isolated from other paths of ozone deposition, such as obser-
vations over bare soils or chambers in the ground. Second, to
avoid interference of reactive gases, pristine bare soils or inac-
tivated soils are recommended. Third, perform measurements
under different climatic environments to obtain different
combinations of soil clay content and hydrothermal conditions.
Finally, long-term and even year-round observations should be
conducted to obtain a wider range of variations in the combi-
nation of RHgy,r and Tgy,s.
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