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ABSTRACT

An apparatus relying on relaxed eddy accumulation (REA) methodology has been designed and developed for
continuous-field measurements of vertical Hg® fluxes over cropland ecosystems. This micro-meteorological
technique requires sampling of turbulent eddies into up- and downdraught channels at a constant flow rate and
accurate timing, based on a threshold involving the sign of vertical wind component (w). The fully automated
system is of a whole-air type drawing air at a high velocity to the REA sampling apparatus and allowing for the
rejection of samples associated with w-fluctuations around zero. Conditional sampling was executed at 10-Hz
resolution on a sub-stream by two fast-response three-way solenoid switching valves connected in parallel to a
zero Hg? air supply through their normally open ports. To suppress flow transients resulting from switching,
pressure differentials across the two upstream ports of the conditional valves were minimised using a control
unit. The Hg” concentrations of the up- and downdraught channel were sequentially (each by two consecutive
S-minute gas samples) determined after enhancement collection onto gold traps by an automated cold vapour
atomic fluorescence spectrophotometer (CVAFS) instrument. A protocol of regular reference sampling periods
was implemented during field campaigns to continuously adjust for bias that may exist between the two
conditional sampling channels. Using a 5-minute running average was conditional threshold, nearly-constant
relaxation coefficients (f;) of ~0.56 were determined during two bi-weekly field deployments when turbulence
statistics were assured for good quality, in accordance with previously reported estimates. The fully developed
REA-CVAFS system underwent Hg’ flux field trial runs at a winter wheat cropland located in the North
China Plain. Over a 15-d period during early May 2012, dynamic, often bi-directional, fluxes were observed
during the course of a day with a tendency of emission (Hg” median flux of 77.1 ng m ~2> h ~') during daytime
and fluctuation around zero (Hg® median flux of 9.8 ng m ~2 h~") during nighttime.
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1. Introduction Eventually deposited to ground and water surfaces pri-

In the unperturbed lower troposphere, Hg® (representing marily as oxidised Hg (Hg'" species in the gas phase,

>95% of total mercury) has a turnover time of up to 1 yr acronym GOM or attached to aerosols), it may undergo
and thus undergoes transport on hemispherical scales. reduction by biochemical and photolytic processes and
regained as Hg’ may be re-emitted to the atmosphere.
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actively cycling between the atmosphere, land and oceans
(Lindberg et al., 2007; Selin et al., 2008). Together,
emissions of natural and previously deposited mercury
from marine and terrestrial surfaces (predominantly as
Hg®) are associated with large uncertainties comparable to
annual anthropogenic emissions (a mixture of Hg’, gas-
phase Hg" and Hg attached to aerosols) in magnitude
(Pirrone et al., 2009; Sommar et al., 2013).

The cycling of Hg through terrestrial ecosystems includes
a complex and not fully understood process via soil and
vegetation pools in which Hg has significantly different
residence times (Obrist, 2007; Smith-Downey et al., 2010).
Atmosphere—phytosphere interaction plays an important
role here as the majority of Hg in aerial parts of terrestrial
plants is obtained from air (Grigal, 2003). In contrast to
wet deposition, gas transfer processes of sparingly soluble
Hg’ are dynamic and largely bi-directional (i.e. potentially
include emission as well as dry deposition events) over a
typical day (Lindberg et al., 1998). Similar to NH; (Sutton
et al., 1995), ambient air Hg® concentration-dependent net
exchange over plants exhibits growing seasonal trends as
well as plant-specific patterns among others (Graydon
et al., 2006; Poissant et al., 2008; Bash and Miller, 2009).
As discussed in Mason (2009), many studies to constrain
air-terrestrial ecosystem Hg’ gas exchange suffer from
limited temporal and spatial scale, or from using indirect
approaches associated with aggravating artefacts. To gain a
better understanding, it is important to determine spatial
and temporal variability in the air-natural surface exchange
of Hg® as it relates to environmental, physicochemical,
meteorological factors and surface characteristics. The
interactions among these factors potentially lead to highly
variable Hg® flux, making it imperative to perform experi-
mental studies with an adequate technique over a suffi-
ciently long time scale to pinpoint crucial regulating
mechanisms and seasonal patterns.

East Asia has emerged as the world’s largest source
region of atmospheric mercury mainly due to a rapid
expansion in fossil fuel combustion and increased indus-
trialisation in contrast to significant reduction in anthro-
pogenic emissions in Europe and North America. Because
of the elevated deposition in the region, the relative
importance of re-emissions from impacted terrestrial eco-
systems is potentially large (Streets et al., 2005). Concern-
ing modelling studies of the natural Hg emissions from
China, there exists a large discrepancy not only for the
magnitude of total emissions but also concerning the
relative importance of biogenic sources (Quan et al.,
2008; Shetty et al., 2008).

In this region, field observations of Hg’ air-surface
exchange in terrestrial settings are comparatively scarce
and largely confined to non-vegetated surfaces (Ci et al.,

2012; Fu et al., 2012a). Up until now in China, solely flow-
through dynamic flux chambers (DFCs) covering a small
plot of <0.1 m? have been employed for such studies (e.g.
Feng et al., 2004, 2005; Wang et al., 2005, 2006, 2007a,
2007b; Fu et al., 2008, 2012a, 2012b; Zhu et al., 2011; Zhu
et al., 2013). Enclosure methods are of relatively low cost,
easy to operate and straightforward. However, small DFCs
may only be applied to bare soil, water or surfaces with
very low vegetation. They also suffer from disadvantages,
including unavoidable influence on the microclimate over
the plot studies and isolation from outside air. Moreover,
DFCs employed in the aforementioned studies lack the
appropriate design to achieving an uniform flow field over
the surface substrate investigated, and thus are not able to
standardise its internal shear stress properties and make
scaling with atmospheric surface layer conditions feasible
(Lin et al., 2012).

For the study of the Hg® surface exchange process over
an ecosystem scale (e.g. an agricultural crop field or a
forest canopy), micro-meteorological (MM) techniques
represent an attractive alternative to enclosure techniques.
They allow spatially averaged measurements over a large
area without disturbing ambient conditions and may serve
as independent tests of process-based models but are in
turn technically more demanding and require detailed
knowledge of the prevailing MM conditions and the source
area. An extensive review of the application of different
MM methods to measure air-natural surface mercury flux
can be found elsewhere (Sommar et al., 2013), which may
useful to compare present work with previous ones. Briefly,
most MM methods [modified Bowen-ratio (MBR), aero-
dynamic (AER) and relaxed eddy accumulation (REA)
method] are apt to be applied to mercury flux measure-
ments (currently with the exception to the eddy-covariance
(EC) given the lack of a fast-response ambient air Hg’
sensor). Nevertheless, the coupling with commercially
available analytical instrumentation for measuring ambient
air Hg potentially renders continuous and unattended
MM flux measurements possible to be accomplished
(Gustin et al., 1999; Edwards et al., 2005). In Korea, Kim
et al. have performed AER measurements of Hg? flux over
paddy fields (Kim et al., 2002, 2003), landfills (Kim et al.,
2001; Nguyen et al., 2008) and residential settings (Kim and
Kim, 1999). These studies were of relative short duration
(weekly to bi-weekly) and not seasonally resolved by
repeated measurements. Given the paucity of broad
seasonal Hg® flux datasets collected over terrestrial land-
scapes in East Asia, there is a strong incitement to develop
a reliable and robust MM system to be deployed for such
studies.

REA is a conditional sampling technique derived from
EC, which has been proposed by Hicks and McMillen (1984)
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and developed by Businger and Oncley (1990) as a relaxation
of the eddy accumulation (EA) approach suggested by
Desjardins et al. (1984). As in EC, REA measurements are
performed at a single point above the surface, but here is the
fast-response gas sensor required in EC substituted by fast-
response switching valves, which enables the separation of
up- and down-draughts present in the air column due to
turbulent eddies into conditional sampling reservoirs. Each
MM method has distinct advantages and disadvantages.
However, those based on the concept of turbulent diffusion
(MBR, AER) require measurements of gradients, which
become very small close to vegetation canopies (Moncrieff
et al., 1997). Although REA involves comparatively sophis-
ticated equipment, it is plausibly the most suitable of the
techniques for biogenic Hg” flux studies (Cobos et al., 2002;
Bash, 2006).

The objective of this research is to develop a REA system
as a prototype for measurement of Hg® exchange in rep-
resentative terrestrial ecosystems (e.g. agricultural crop
fields) of China. As recently emphasised in a feature paper
by Ci et al. (2012), there is a need to integrate Hg flux
measurements in China into a nationwide or regional
network, such has been accomplished for net ecosystem
CO, exchange in ChinaFLUX for a decade and to imple-
ment MM techniques as a resource for its exploration. This
work was conducted in parallel with implementing a novel
type of DFC to gauge Hg" fluxes over defined surfaces (e.g.
soil plots included in a crop field) within the biomes
investigated (Lin et al., 2012). In the present contribution,
we introduce the configuration of our REA system and
describe the coupling to a cold vapour atomic fluorescence
spectrophotometer (CVAFS) and describe the procedures
for measurement of Hg® fluxes based on investigations with
respect to theoretical, methodological, environmental and
instrumental requirements and limitations. Finally, mea-
surement results of Hg® flux obtained from the developed
REA system deployed for a bi-weekly period at a winter
wheat cropland are briefly discussed. Nomenclature and
symbols used in the following sections are generally ex-
plained in the running text. Nevertheless, as an aid to
the reader, frequently utilized symbols are as well tabulated
in an appendix.

2. Materials and methods

2.1. Site description

Research was performed at Longli Grassland Reserve
(LGR, 26°21'N, 106°54 ‘E, 1635 m a.s.l.) and at Yucheng
Comprehensive Experimental Station (YCES, 36°57'N,
116°36’E, 19 m a.s.l.). The later facility belongs to Chinese
Academy of Sciences (CAS). A map showing the location of

the sites is shown in the supplementary material (Fig. S1).
LGR is located in Guizhou Province, SW China. The site
consists of a relatively flat, grazed, highland prairie land-
scape (level differences < +4 m within method fetch). The
field testing of the REA system was performed at LGR.
The fieldwork was of bi-weekly duration in July 2011.

More comprehensive field testing and initial flux mon-
itoring trials was conducted at the experimental farm of
YCES. It is located in a semi-rural area of Shandong
province on the North China Plain circa 350 km south
of Beijing. The farmland is continuously cropped with
winter wheat (October—June) and summer maize (July—
September) in rotation during the year and within a radius
of ~5 km surrounded by unbroken farmlands with
identical crop at the similar growth stage. The upper
texture of soil is a silty loam with a substantial degree of
alkalinity and salinity. Surface soils are relatively meagre in
organic matter (<20 g kg~ !) but nevertheless slightly
enriched in heavy metals (e.g. Cu, As, Hg and Cd).
Concerning Hg, by exhibiting a high bioconcentration
factor, wheat grain samples from the Yucheng area have
previously been reported to contain Hg at levels proximate
to or in some cases exceeding Chinese national limit (Jia et
al., 2010). MM measurements of Hg’ flux (FSgE”A) and
fluxes of buoyancy, latent heat, momentum and CO, by EC
were conducted at 1.4 m above the canopy of wheat
[Triticum aestivum L., canopy height (h) ~65 cm] in
anthesis stage from an instrumented mast located close to
the centre of a ~15 ha grain field with a row spacing of
~27 cm and an N-S orientation. Based on relationships
given by Legg and Long (1975) over a wheat canopy, a
displacement height (d) of 0.36 m and z; of 0.09 m were
inferred for the current study (early May 2012).

2.2. Hg"-REA and OPEC field measurement system

Flux measurements of a trace gas with REA sampling are
performed with the following basic components: a fast-
response anemometer ( >10 Hz) to measure the direction
and standard deviation of the vertical wind velocity (w), two
fast-response splitter valves to separate air sampled from up-
and down-draughts, a gas analyser/chemical collection traps
and a data logger with electronic drivers to control the sys-
tem. The fundamental criteria of REA that sampling should
be performed at a constant flow rate and that sample segre-
gation must be at an accurate timing, however, pose sig-
nificant challenges in the design of conditional sample
accumulator system.

In REA, the vertical flux of target analyte (F;;;)A) is
calculated over a suitable averaging time using:

Ft = B0, (Cup T — Cyg 1) (1)
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where oy, is the standard deviation of vertical wind velo-
city (w) (m s™"), Cyp I — Cpyp | is the time-averaged
difference in concentration between sampled up- and
down-draughts (for Hg® typically in ng sm ~°), and ps is
the relaxation coefficient determined from EC flux of a
suitable component s and corresponding data synthesised
from the REA algorithm (see eq. 6). Operational REA-
systems have been developed for many environmentally
important gases, such as CO, (Pattey et al., 1993), 13CO,
(Bowling et al., 2003; Ruppert, 2008), CH; and N,O
(Beverland et al., 1996), NH3 (Zhu et al., 2000; Sutton
et al., 2001), O3 (Katul et al., 1996; Ammann, 1998), HNO;
(Pryor et al., 2002), HONO (Ren et al., 2011), various
classes of biogenic and anthropogenic volatile organic
compounds (Guenther et al., 1996; Valentini et al., 1997;
Christensen et al., 2000; Goldstein and Schade, 2000;
Olofsson et al., 2003; Hornsby et al., 2009; Park et al.,
2010), COS and CS, (Xu et al., 2002), (CH3),S (Zemmelink

Fig. 1.

et al.,, 2002). REA technique has also been applied to
measure fluxes of size-segregated aerosols (Schery et al.,
1998; Gaman et al., 2004) and sulphate in particulates
(Meyers et al., 2006), chemically reactive compounds
such as H,O, and organic peroxides (Valverde-Canossa
et al., 2006) and toxic trace substances, such as pesticides
(Majewski et al., 1993; Pattey et al., 1995; Zhu et al., 1998;
Leistra et al., 2006) and mercury (Hg’, Cobos et al., 2002;
Olofsson et al., 2005; Bash and Miller, 2008) and (GOM,
Skov et al., 2006).

Our Hg’-REA-CVAFS system is illustrated in Fig. 1
together with the instrumentation to conduct open-path
EC (OPEC) measurements. The sampling pumps (Gast
Inc., Model DAA-V523-ED) were located in the down-
stream of the system to avoid contamination (Bowling
et al., 1998). To obstruct entrance of gnats, pollen and
suspended particulates as well as acidic gases, which
otherwise accumulate and negatively influence the function

& Up-draught line

Instrument
gas

Schematic representation of the REA-OPEC-measuring complex (not to scale). In the outlined airflow path, MFC denotes a mass

flow controller and encircled P indicates the position of a pressure transmitter.
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of key components in the gas flow system, a set of filters
(a PFA ~500 pum mesh at the inlet, a 5-6 um Teflon filter
upstream conditional valves and a 0.47 um Teflon filter
upstream the mercury analyser; Savillex Corp.; cf. Fig. 1)
and a PFA canister packed with fresh soda lime pellets
(with indicator) were installed in the gas flow path.
Canisters and filters were replaced in case the interior
indicator dye turned dark and the filter load caused
significant incremental pressure drop, respectively.

Continuously, air was drawn at 10.4 sL min ~' through
an intake positioned ~ 15 cm from the path of a 3D-sonic
anemometer (C-SAT3, Campbell Scientific). After passing
2.47 m through the 3.99 mm (5/32”) ID PFA tubing, a
subsample at 0.75 sL min ~! of this flow is routed by two
fast-response (opening and closing times <50 ms) three-
way solenoid valve with Teflon as wetted surface material
(NResearch Inc. Model 648T031, coil power ~8 W or
BECO Manufacturing Co. Inc. Type 443W1DFR-LT, coil
power ~5 to 6 W) to either up- or downdraught sampling
lines. As inferred by Nie et al. (1995), it is preferential to
maintain a high flow rate in case of a single intake line,
where the up- and downdraught air resides as adjacent
plugs, to reduce available time for longitudinal smearing
being critical for small eddy parcels. The flow in our whole-
air sampling line would plausibly be classified as turbulent
since Reynold’s number critical for the transition to a
regime including spreading turbulent elements (Re ~2040,
Avila et al., 2011) was exceeded (Re ~3500). Turbulent
transport is favourable in suppressing conditional parcel
mixing (Lenschow and Raupach, 1991; Massman, 1991).
The conditional valves are controlled by a data logger
(CR3000, Campbell Scientific) that acquired 10-Hz wind
speed data from the anemometer and computes a 5-minute
running average of the vertical wind speed updated every
30 s used as the conditional threshold (w5), then delay the
12 V execution signal to valve until the air parcel arrived.
The corresponding effective lag time (~0.3 s) was com-
puted separately in a differential experiment from the
maximum cross-correlation between w and CO, using
10-Hz data of CO, concentration from an infrared open-
path CO,/H,O gas analyser (IRGA, LI-7500A, LI-COR
Biosciences) following the procedures of Ruppert (2005).
This lag time was taken into account in the REA-OPEC
control programme written for the data logger and also
corresponds within experimental resolution (100 ms) to the
inlet tube delay time calculated from flow and geometric
considerations.

Up- and downdraught sampling was carried out using
Wy as discriminator instead of w=0 to prevent slight
inaccuracies in the levelling of the sonic anemometer and
lateral irregularities in the sampling fetch bias samp-
ling (cf. Section 3.3). In addition, the system was option-
ally operated with a

dynamic velocity deadband

(Iwg] =b -a, where b typically 0.1-0.3). In that case,
if Wy —wy <w<ws +w, neither valve was activated.
Accounts providing information about the effect and
benefits of using a deadband in REA can be found
elsewhere (Ammann and Meixner, 2002; Gronholm et al.,
2008). The relaxation coefficient f;° for a deadband
application is in relation to that of a zero-deadband (/32)
according to Businger and Oncley (1990) of the magnitude
B /B = e 0T l/on £0.012.

Both conditional sampling valves were connected with
their normally opened ports to a supply of air scrubbed
of Hg (cza <0.1 ng sm > Hg’, model 1100 Zero Air
Generator, Tekran Instruments) hooked up in a by-pass
configuration to vent a surplus of injected air. Hg-zero air
is thus delivered at 0.75 sL min ' to the conditional line(s)
that at the moment is not activated for sampling. This
approach improves the sampling flow stability by dampen-
ing switch transients. However, if there exists significant
pressure differentials across the upstream ports of a
conditional valve (e.g. between the zero air injection and
high gas flow section), flow irregularities will neverthe-
less be present. Pressure was monitored by three wireless
pressure transmitters (DPG409 series, Omega Engineering
Inc.) operated at 2.5 Hz with positions given in Fig. 1.
Using an arrangement similar to Schade and Goldstein
(2001), the zero air pressure was adjusted to match the
subambient one in the upstream zone of the fast-response
segregator valves (cf. Section 3.3).

The REA-OPEC programme includes options to disable
conventional REA sampling and permit operation in either
static (valves off: zero air sampling or valves on: whole
ambient air sampling) or dynamic (whole air excluding
sampling within a deadband +w,) mode in order to assess
potential systematic bias between the two conditional
sampling lines. Reference sampling forms the basis for
correcting channel bias (see Section 2.3, eqs. 4-5).

By using a combination of two three-way solenoid valves
(cf. Fig. 1), executed by a controller with electronic drivers
(Tekran 1110 Two Port Sampling System) synchronised
with the sampling cycles of an automated Hg vapour
analyser (Tekran 2537B), one conditional sample line was
opened to the analyser while the other was pumped out of
the system (Cobos et al., 2002; Bash and Miller, 2008).
High-precision mass flow controllers (MFC, a MilliPore-
Tylan FC 280 inside the 2537B instrument and externally
three Brooks Instrument SLAS5851) were used for main-
taining consistent flow rates. MFC flow rate readings were
logged by a Brooks Instrument 0254 device and acquired
on a computer for later evaluation.

The 2537B instrument utilised two gold trap cartridges in
parallel, with alternating operation modes (sampling and
desorbing/analysing in mercury-free Ar stream) to con-
tinuously determine Hg° concentration on a predefined
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time base of 5 minutes. The performance of the cartridges
was routinely checked by injections from internal and
external temperature-controlled mercury sources. The
mercury vapour analytical instrument is sensitive to limited
power and the analyser was therefore always supplied with
grid or generator power passing a 10-kW voltage stabiliser
to ensure proper operation in the field. To eliminate
potential bias in the performance between gold traps, two
consecutive 5-minutes measurements were performed on
the same up- or downdraught reservoir before switching to
the other. Consequently, a minimum period of 20 minutes
was required to obtain a single flux from concentration
measurements (eq. 1).

Concerning MM data (collected at 10 Hz), most land—
atmosphere exchange studies have adopted time periods of
between 10 and 60 minutes as the averaging interval to
calculate flux means (Moncrieff et al., 2004). For the final
evaluation of our REA system in the field, the integration
interval of 20 minutes was found to be adequate for flux
computation (Section 3.1). Individual concentration mea-
surements of Hg’ in the up- (cue T) and downdraught
(e |) Teservoir requires correction for the dilution by
injection of zero air to represent the corresponding true
concentrations (Cyp 1) and (Cyp |) respectively in the
conditional sampled eddies according to:

Chp 1= [cHg" T—czn (1= o‘T)]/“T and Cyp |
= leng L —cza- (1= 2))] /o

where o and o) represent the fraction of time the up- and
downdraught sampling valves activated. The detection
limit of the Hg® analyser was <0.15 ng m ~* for a 5-minute
sample calculated as 2¢. The overall uncertainty of air
Hg’ measurements was estimated at +5% (2¢) using the
procedures described in Temme et al. (2007). For the
application of REA, the precision of the instrument is
the most important, rather than the accuracy. It is therefore
preferable to use the same analysing unit for up- and
downdrafts rather than independent mercury vapour
analysers. However, the involvement of asynchronous
(sequential) collected of up- and downdraught samples
in the process introduces errors at times of short-time
variation in ambient air Hg® concentration and turbulence
relative to the 20-minute averaging interval. The latter issue
was addressed by meteorological quality tests (see Section
2.2.3). Bias between sampling lines wetted by conditional
samples may exist and prompts for regular check upon (see
Section 3.3). Tubings installed in these sampling lines were
fresh and flushed with zero air before use. Fittings and
valves were subject to hot acid treatment, rinses in Milli-Q
water and dried in a stream of zero air before being
assembled.

In addition to the 3D-sonic anemometer required for
REA measurements, the IRGA and an HMP155 tempera-
ture and humidity probe (Vaisala, Finland) enabled OPEC
measurements of CO, (FEG), latent heat (AE™C), buoyancy
(HEC), momentum and computed sensible heat (HEC) flux.
The IRGA was mounted 0.15 m below the anemometer
(z,;,=2.05 m) and displaced 0.15 m laterally to the
predominating wind direction justified to minimise high-
frequency flux loss due to vertical (Kristensen et al., 1997)
and longitudinal (Massman, 2000) sensor separation.
Moreover, the IRGA was slightly tilted to facilitate
drainage of droplets on its optical windows after precipita-
tion events. Using the approximation of Raupach (1994):
(zg —d)/(h—d) ~ 2, it was inferred that the position of
OPEC sensors was well above the roughness sublayer
height (z+) and thus within the preferred surface layer. 10
Hz data were sampled and stored with the CR3000 data
logger equipped with flash memory storage device (SC115,
Campbell Scientific) for hourly backup. OPEC fluxes were
computed as:

FEC = py - W7 @

where p, represents the average dry air density, w” and
variations around the temporal mean of vertical wind
velocity and the mass mixing ratio of the scalar of in-
terest (for momentum w'#/, for buoyancy [ w T’ and for
latent heat flux 1-w'q’) and the overbar represents the
20-minute averaging time. Furthermore, u is the long-
itudinal wind velocity, Ty is the air temperature measured
by the sonic anemometer, ¢, is the specific heat of air at
constant pressure, ¢ is the specific humidity and Z is the
heat of evaporation for water. From the measurements
of momentum flux, friction velocity (u, = V—w't//) was
derived.

The MM REA-OPEC measuring complex was accompa-
nied by a weather station (HOBO U30-NRC, OnsetComp.,
USA) equipped with sensors for bulk air (temperature and
humidity), surface soil (temperature, volumetric moisture
content) parameters and canopy leaf wetness as well as
sensors for solar radiation (300-1100 nm) and photo-
synthetically active radiation (400—700 nm), respectively.

2.3. Post-processing, correction methods, averaging
times and quality assessment of flux data

Post-processing of 10 Hz OPEC data stored on the SC115
device using the open-source EddyPro™4.0 flux analysis
software package (LI-COR Biosciences Inc.) was per-
formed for the following data corrections: time lag com-
pensation by covariance maximisation (Fan et al., 1990),
double axis rotation method for compensating for tilt
(Kaimal and Finnigan, 1994), buoyancy flux corrections
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(van Dijk et al., 2004), air density fluctuation correction for
latent heat and CO, flux (Webb et al., 1980) and fre-
quency response corrections with high- and low-pass filters
(Moncrieff et al., 1997, 2004). Moreover, data were quality
controlled by testing for steady state (stationarity, ST) and
integral turbulence (ITT) (Foken and Wichura, 1996;
Hammerle et al., 2007). For ITT, deviations from the
Monin—Obukhov-similarity-theory were tested by compar-
ing theoretical (modelled) values of the stability function
for vertical velocity (¢,, = o,,/u,) following Kaimal and
Finnigan (1994) with measured ratios of oy to u*:

Ay = 100 -

{1253/1 T3¢

1.25(1 +02g) 0\ <1

W)

)

L
e T
{=(z, —d)/Land L= — 2% "5
K-g-wT!

L is the Obukhov length, k¥ is von-Karman’s constant
(~0.41), g is the acceleration due to gravity. The presence
of steady-state conditions was tested by comparing the
20-minute average of covariance w'y/,, with the four
consecutive 5-minute covariances W'y, in the same time
period Agp =100 - [Wyls — Wyl /Wiy~ Based on ST
and ITT, an overall quality flag (according to the three
grade 0—1-2 system scale described in Mauder and Foken,
2004) was assigned to the 20-minute averaged us, HEC, HEC,
ZH®C and FES . The frequency response of the REA-OPEC
system at the YCES field site was investigated by spec-
tral analysis of selected 10-Hz turbulence time series.
Normalised and exponentially bin-averaged (50 bins in
normalised frequency domain f, =f - (z, —d)/u, where
f is the frequency and u is the mean horizontal wind
speed) cospectra (f - Coys/Wy's) and cumulative inte-
gral of cospgctra beginning with the highest frequencies
(Og,(fy) = f Co(f)df, Foken and Wichura, 1996) were

computed for T and jco,. Ogive (Og) functions computa-

tion was extended to low frequencies f; ~ 10 ~* Hz by using
up to 2-hour block averaging time. Hence, the contribution
from the low-frequency part of fluxes could be assessed
to determine an averaging time required to obtain reliable
fluxes.

The Hg’-REA-CVAFS system included MFCs cali-
brated with dry air to represent conditions at STP (0°C
and 1013.25 hPa) and therefore raw Hg’ flux (FP‘}'?,A, ng

m 2 h~!) data from eq. 1 require correction for the effect
of ambient air moisture and temperature. An appropriate
correction formula for flux obtained by MM methods

including conventional-type MFCs was implemented fol-
lowing Lee (2000):

R,- T, C
FRE e = (14 1.85q) - FRg® + 1.85 - =1L LG,
0
(3)
where FgEﬂAcm is the corrected Hg flux, R, is the ideal gas

law constant for dry air, P, and T, is the pressure and
temperature at STP respectively, @ is the average
ambient air Hg mass concentration over the flux averaging
interval and FE o 1s the water vapour flux.

Regularly, the REA system was operated in reference
sampling mode (opening and closing both the up- and
the down-inlet at the same time with a dynamic velocity
deadband as a threshold) to correct for minor bias between
the conditional channels according to:

CHgO.corr. T: CHgO, raw T '(CHgO, ref. T +CHgD,ref, l)/chgO, ref. T
“4)
and

CHg”,corr. J,: CHgO, raw Jr ( Hg’, ref. T+CHg" ref. l)/ZCHg“ ref. l
)

where Cyp 1y, and Cyyp o are the uncorrected concentra-
tion level and the concentration level obtained in refer-
ence mode for either the up- (1) or downdraught (),
respectively.

Footprint analysis was used for predicting the size of the
source area and hence clarified if the measured flux was
representative for the target grain fields. We employed
the scaling approach by Kljun et al. (2004) for condi-
tions within its specified limitations (—200 <{ <1, u* >
0.2 m s~ '), otherwise the analytical model developed
by Kormann and Meixner (2001), both as part of the
EddyPro™ software.

The empirical f-factor used in eq. 1 was derived in situ
from suitable scalars s those can be measured by OPEC as
well as by REA simulations (HEC, AEEC and FES) during
an experiment according to: )

W

g — A
2 oyt T—2% 1)

(©)

where y, T — 7, | is the difference between the specific
scalar quantity in up- and downdraught, respectively
during the 20-minute averaging period. Alternatively, as
further discussed in Section 3.2, a mean ffactor (f,)
can be determined as the slope in a plot of w'y, versus

o (1 T =% 1)-
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Fig. 2. Cospectra of vertical wind speed (w) with CO,
(yellow filled circles) and sonic temperature, T (red filled circles)
based on the daytime data from YCES with unstable
conditions. As a reference, the corresponding Kaimal model
cospectrum is displayed (dashed curvature) as well as the

—4/3 slope (filled purple line) expected from Kolmogorov’s
theory.

3. Characterisation of the Hg’-REA-CVAFS
system

3.1. Sensor response and optimisation of
averaging time

In Fig. 2, normalised cospectra of buoyancy and CO, flux
are presented being ensemble means for the periods of
unstable conditions at the YCES field site together with
that derived from a model proposed by Kaimal et al. (1972)
at appropriate stability and height. In Fig. 2, the ‘Kaimal
cospectra’ aligns in the high-frequency inertial subrange
(f. ~1—10) asymptotically to a linear slope of —4/3
predicted by Kolmogorov’s laws. The buoyancy flux

obtained from a single sensor followed as expected the
ideal slope for this frequency decade while the CO, (and
H,O) flux was significantly dampened. Correction for high-
frequency gas flux loss was in a first step computed by
EddyPro™ software and in a later step spectral correction
on sensible heat flux was implemented. Considering /. <1,
there were no detectable differences between the CO,
and temperature curves in Fig. 2 indicating insignificant
cospectral distortion. This is also evident from ogive (Og)
tests performed on averaging periods extending to 2 hours
(cf. Fig. 3).

In a clear majority (~90%) of the investigated cases
(daytime data), ogive curves reached an asymptote or
attained a global maximum within the 10-20 minute cycle
interval ( ~0.001 Hz) implying that 20 minutes is adequate
for flux computation. By using a comparatively short
averaging time, the inclusion of non-turbulent trends may
be avoided (Ammann, 1998). This conclusion compares
favourably with that of turbulence observations at low
surface layer heights in many flat cropland studies (Baker
et al., 1992; Kaimal and Finnigan, 1994) and is consis-
tent with the previous findings of Sun et al. (2005) over
crop fields at YCES. An inspection of recorded turbu-
lence cospectra indicates that our REA-OPEC system is
capable of measuring turbulence scalar fluxes via its OPEC
mode.

3.2. By — factor evaluation and conditional sampling
statistics

The algorithms used in REA for calculating trace gas fluxes
are based on the assumption of similarity of the turbulent
exchange of scalar quantities (Kaimal et al., 1972) as well as
of flux and variance (Wyngaard et al., 1971). Particularly

1.0 -~

i © ongs
ogWXooz

Fraction of cumulative flux (Og,)

0.5 -
0.0 {---
T R R R R A R R A R R
104 103 102 101 100 101
Frequency (Hz)

Fig. 3.

An ogive calculated for 12:00—14:00, May 10, 2012 at YCES.
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p-factor (ﬁg) as a function of scalar fluxes over a grassland (left column) and winter wheat stand (right column)

fetch. Upper panel: latent heat flux, middle panel: buoyancy flux, lower panel: CO, flux. In all of the panels, some data are
positioned outside the plot range. The data from YCES was segregated into three quality classes based on turbulence tests

(see Section 2.3).

for the derivation of pf-factor, the scalar similarity is
required. In the surface layer, [fg factors derived from
experimental studies are generally lower than the ideal
value of \/2_7;/4, typically being reported on an average
of 0.51-0.62 due to the non-Gaussian nature of tur-
bulence (Businger and Oncley, 1990; Oncley et al., 1993;
Gao, 1995; Katul et al.,, 1996; Ammann and Meixner,
2002). Furthermore, ff; displays a significant short-time
variation (Oncley et al., 1993; Gronholm et al., 2008),
which potentially restricts the use of a fixed value (e.g.
derived from linear regression fitting of plots w'y, versus
oy (7% T — 1 |) at being deployed for extensive time series
REA flux calculations (Oncley et al., 1993; Pattey et al.,
1993).

In Fig. 4, Bg-factors derived from eq. 6 utilising the
observations from LGR as well as YCES field experiments

(each of ~1000 averaging periods in size) are displayed as
a function of the corresponding OPEC fluxes. Whereas the
YCES data have been segregated into the three quality
classes as described in Section 2.3, the measuring system
at the time of the LGR experiment lacked the capability
to store 10-Hz raw data on a daily basis and therefore
/32 are in this case displayed as the bulk. As can be seen in
Fig. 4, there is a considerable scatter in [32 particularly
when the reference flux approaching zero (n.b. x, T — 7, |
in the divisor of eq. 6 becomes minor). This happens
when the scalar flux changes sign or diminishes to near

zero in the morning and evening hours and during the
night, respectively. Given this methodological problem,
the LGR data were screened from the lowest 5% range
of absolute flux observations (Ammann and Meixner,
2002).
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Omitting the f data for |HFC| < 10 W m 2, |AEFC| <12
Wm?and |FES | <0.08 mgm~*s ' (shaded intervals in
Fig. 4), the simulated statistics described as median +
1.48 interquartile range (IQR) was S} , =0.564£0.060,
Py, =0.57440.062 and B, =0.57140.069, respectively.
For the YCES ﬂg-factors,g there was a tendency for
statistical dichotomy between data with high quality and
data with lower quality. In particular for heat, low-quality
data were largely associated with low fluxes. ﬁg-factors
derived from the high-quality turbulence YCES data
(comprising ~56% of the total) were all of very similar
medians around 0.56 (B o = 0.562+0.051, f} = 0.569 +
0.055 and f, = 0.558+0.092). ’

Consequently, during methodologically favourable con-
ditions with respect to turbulence, there was negligible
difference between [fg-medians of the scalar investiga-
ted. The corresponding median [38 of 0.56+0.01 concurs
very well with the literature data reported from similar
settings (Baker et al., 1992; Pattey et al., 1995; Beverland
et al., 1996; Hamotani et al., 1996; Katul et al., 1996;
Ammann and Meixner, 2002), thus confirming that our
system simulates REA parameters from OPEC data as
expected.

A related issue is the statistics of conditional sampling.
In Fig. 5, the time series at YCES of percentage proportion

J. SOMMAR ET AL.

of downdraught sampling (100 - «)) is displayed segregated
by the individual HEC data quality classes. Since the REA
system was operated with no deadband application, ideally
1:1 distribution between up- and downdraught sampling
was expected. This was true for the distribution (& ~
0.507) associated with high-quality data. However, for
lower turbulence quality classes, o, / oy-ratios deviated in
most cases significantly from unity. At night, significant to
extreme predominance of sampling into either of the
channels was prevailing for longer periods. Such periods
were associated with very calm (u» < 0.05 m s ') and near-
neutral to slightly stable conditions (0.3 > > —0.2) with
dampened turbulence. This prompts for on-line processing
the w-signal in a more elaborate way during nighttime by
promoting swifter conditional valve switching. Thus, it
appears justified and necessary to classify REA data using
high-quality turbulence index as the criterion. This has
previously not been implemented in Hg® air-surface ex-
change studies using the REA technique (Cobos et al.,
2002; Olofsson et al., 2005; Bash and Miller, 2008). In turn,
as advocated by Bowling et al. (1998), we chose to utilise a
running By in eq. 1 rather than a fixed f from regression
for periods of high-quality turbulence and only the latter
(BT,.) for remaining periods of data.

Downdraught sampling (%, 100-a,)
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Fig. 5.

Daily courses of the distribution (100 - o)) of downdraught sampling with respect to quality indexed HEC groups (high-quality

green circles, moderate quality yellow diamond and low-quality red squares).
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3.3. Assessment of bias in conditional sampling

3.3.1. Observance of the constant flow rate criteria of

REA. Experimental control of the conditional sampling flow
is not viable with regular mass flow controllers due to their
typical response times in the order of 1 s (manufacturer
specification: 1 s to reach within 2% of the set point), which is
as aforementioned within the typical time interval of con-
ditional valve switching. However, supplementary pressure
measurements are fast enough for the examination and
adjustment of flow fluctuations. The REA criterion of con-
stant flow rate through conditional channels in open state
can in practise be maintained only if pressure equality is ap-
proached over the ports of the conditional sampling valves.

In Bash (2006), mass flow controller/meter logs of
cumulative volume were used to determine if flow fluctua-
tions were present. While a Hg-zero air injection was
applied, Bash and Miller (2008) reported without noting
any further pressure control measures that very minor flow

Atmospheric pressure ZA injection
3-0 | . s . H . .

151

-1.5 ¢

-3.0 4
1020

Vertical wind (m s™)

00+ ..... 15 ...... .....

-t
[=]
(=
o
1

Pressure (hPa)
8
o

Flow rate (sL min')

Time (s)

Fig. 6.
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rate fluctuations (< +0.1% of the set point) occurred in
their system. Given the position of the conditional valves in
our system, injection of zero air at atmospheric pressure led
to significant variability in conditional sampling flow rate,
albeit MFC logs of cumulative volume indicated desirable
values (e.g. 3.75+0.01 sL for each 5-minute sample). An
example of a typical time series of such non-constant con-
ditional sampling flow is illustrated in the left panel of Fig. 6.
As seen, sudden pressure changes cause flow surges and
biased sampling of the analyte of interest. However, if
sample and zero air pressure were adjusted to roughly
equal values, the flow rate characteristic downstream the
conditional valves was significantly improved (Fig. 6, right
panel). With the guidance of the set of pressure sensors, an
operator can minimise pressure differentials by adjusting
the flow rate of zero air with a needle valve after the
injection stream passed a few metres of PFA tubing (1.59
mm D).

Pressure adjusted ZA injection

> ZAnjection pressure
.—-—-—-ﬁHighjﬁowlinepre'wm

\‘--—'- wiﬂmf

60 120 180 240 300 360 420 480 540
Time (s)

Characteristics of the REA-CVAFS system without (left column) and with the use of pressure adjusted Hg-zero air injection

(right column). For each case, typical time series for daytime unstable conditions are given for w (upper panels, 10 Hz), line pressures
(middle panels, 2.5 Hz) and mercury analyser sampling inlet flow rate (lower panels, 1 Hz).
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3.3.2. Zero and channel inter-comparison in reference
sampling mode. Tubings, fittings, filters and valves included
in the REA system’s joint and conditional sampling lines
were regularly investigated for contamination/carry-over
bias. Checks in the valves off mode did not reveal
the Hg® signal measured from
zero air passing the conditional lines was inseparable

measureable artefacts:

from that of the zero air generator outlet. Checking the
measured Hg® concentrations in the up- and downdraught
channels when the REA system was deactivated by running
in valves on stasis likewise also yielded relatively cons-
tant Cyp T —Cyp |, which statistically equalled zero.
However, channel inter-comparison by acquiring identical
samples from the process of opening and closing the
conditional valves simultaneously (Section 2.2) indicated
minor systematical channel bias to proceed (Supplementary
file). The conditional concentration data were corrected
using eq. 4 and 5 following the reference sampling mode car-
ried out for 2 hours every 48-72 hours REA samp-
ling interval. To simulate concurrent Hg’ measurement
of the channels during the reference sampling, continuous
sets were constructed from sequential data series by
cross-interpolation.

3.4. Sonic anemometer inflow conditions and flux
footprint estimation

Distribution of wind direction (Supplementary file) clearly
shows that typical conditions at YCES were charac-
terised by south—south-westerly winds. The preferred in-
flow sector (+90°) relative to the sonic anemometer head,
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—Sy m>7.5

3150

\ \ 2% 4% 6,%
\"y RN /
N y
VA Y y
X > X
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Fig. 7.
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Polar histogram of 20-minute averaged 5° per bin Hg conc. (ng sm
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which pointed at ~200° thus aligned favourably to most
of the wind conditions (mean direction 199°). About 33%
of the daytime data (6:20—19:20) fell outside this sector
while the corresponding figure for nighttime was 14%.
Moreover, Wy, used as a conditional sampling thres-
hold appear insignificantly biased from zero under any
of the wind direction encountered. Normalised daytime
values (ws /g,) were computed and averaged for 30° per
bin wind direction, whereby the sector means were found
to fall within a range of small offsets (—0.12-0.15) from
Zero.

The position and dimension of source area contribut-
ing to the flux measurement were approximated for each
averaging interval. This flux footprint is strongly depen-
the
distance from sensor predicted to give the maximum
relative individual contribution to the flux (%, =X+ o)
was at 18+7 m. In turn, Xy, &+ o (predicted mean dis-
tance <70% of the flux derived) was at 49+34 m and
the corresponding Xgy, ¢ was at 130+125 m. For a
comparison of the source area dimensions, a view of the
fetch length with major objects contrasting to wheat
grain field is overlaid in Fig. SI1. In ~72% of the cases,
daytime REA-OPEC-flux 90% isopleth footprints lay
within undisturbed fields of target. During nighttime, the
footprint dimension was generally more extensive and
even Xy, (188 m) exceeded in the dominating wind
sector, the water course and fell in the wheat field to the
south of it. The total Hg content in surface soils was
uniform across the measurement fetch (mean: 45+ 3 ng/g,
n=29).

dent on atmospheric stability. For daytime data,

———— 4 —- IEEEEEL ) t
8:00 12:00 16:00  20:00

Time (UTC+8h)

~3) classified into four magnitude levels (a. left). Diurnal

variation of Hg® concentrations is represented as a notched box &whiskers percentile plot (b. right). The end of the whiskers represents the
10" and 90th percentile respectively while the half width of the notches is calculated by 1.57 - IQR/+/n, where n is the number of samples.

Mean is indicated by filled diamonds.
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4. Field application

4.1. General meteorological conditions at
YCES

The REA-OPEC system described above was deployed for
trial Hg® flux measurements from 2 to 18 May 2012. The
general meteorological conditions at YCES were charac-
terised as fair and moist (median RH ~91.6%) without
significant precipitation (0.2 mm) and air pressure fluctua-
tions (Aop ~13 hPa). The ground wind flow was mainly
from S to SW with occasional counter-current flow (NE-E)
associated with raising air pressure. The air temperature
ranged from 10 to 30°C, whereas the volumetric soil water
content at ~ 10 cm depth exhibited small diurnal features

overlaid on a declining trend from 0.23 to 0.11 m? m~3,

significantly inferior to the field capacity of 0.44 m® m —3
(Li et al., 2010). The degree of canopy leaf wetness showed
a strong diurnal variation, which during calm nights may
reach a protracted maximum of unity from about dawn to

dusk time.

4.2. Surface layer air Hg” concentration level

In Fig. 7, the angular and diurnal distribution of 20 minute
averaged ambient observed air Hg® concentration is dis-
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played. Hg? at YCES exhibited a wide range (2.04-12.67 ng
sm ~°) with a median of 4.85 ng sm >, which is clearly
elevated above that of the hemispherical background.
Nevertheless, the data are comparable with observations
made in inland China (Fu et al., 2012a). As seen in Fig. 7a,
there is no clear dependence of Hg® concentration on wind
direction, implying the contribution of regional rather than
local Hg pollution sources to the observations. This region
of China is heavily industrialised and includes significant
point sources, such as coal combustion, chemical-construc-
tion material manufacture and metal smelting facilities, and
so on. Hg® observations followed a marked diel convolu-
tion with a near mid-day high and shallow nighttime
minima bottoming out at 2.5-4 ng sm°. The sharply
increasing Hg® concentrations during the daylight morning
hours might have largely stemmed from mixing-in of more
Hg-rich air from aloft plausibly including the break-up
of inversions.

4.3. Air-surface Hg" exchange characteristics

The Hg’ flux time series is shown in Fig. 8 together with the
corresponding cumulative flux. In the plot, the turbulence
quality classes are indicated by the flux markers’ colours.
The flux data include both periods of emission and
deposition and exhibit a positive distributional skewness
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Fig. 8.

Time series of 1-hour averaged Hg’ flux (ng m ~2 h !, filled circles with colours based on turbulence quality classes, See Fig. 5)

and corresponding cumulative flux (ug m ~2, blue solid line) over the experimental period at YCES.
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and negative kurtosis indicating that the contribution from
distribution tails to be rather important with emphasis on
the right (evasion). A Shapiro—Wilk test rejected the hypo-
thesis of normality of the flux distribution (p <0.001),
suggesting that statistical estimators, such as median
and 1.48 IQR, are capable of describing its location and
scale.

The net Hg’ flux over the period was positive
(61.2+340.2 ng m ~* h ') with strong temporal variability.
The observed range (—716.5-1005.2 ng m~2 h™') is
consistent with those of most other MM studies of Hg’
flux over croplands reported in the literature (Carpi and
Lindberg, 1997; Gustin et al., 1999; Cobos et al., 2002; Kim
et al., 2002, 2003; Cobos, 2003; Olofsson et al., 2005;
Schroeder et al., 2005; Cobbett and van Heyst, 2007; Baya
and van Heyst, 2010). For instance, Kim et al. (2003)
observed Hg® fluxes varying from —139 to 1071 ng m >
h ! overall during two spring campaigns over rice paddy
fields in coastal Korea ( ~600 km E of YCES). Our median
net Hg flux falls in between those of Kim et al.’s 2001 and
2002 campaigns (111 and —6 ng m 2> h~
higher compared to those reported in related studies in

1), somewhat

North America. This could be due to a small section of the

J. SOMMAR ET AL.

growing season covered by our data. Nevertheless, ongoing
cropland experiments should generate multi-seasonal data
warranting for a more profound analysis. The overall
correlation (p, Spearman’s rank-order correlation coeffi-
cient) between Hg’ flux and other measured parameters
during the bi-weekly experiment at YCES were generally
weak to moderate (p? <0.2) with the exception in some
measure to u, wind speed and ambient air Hg® (cf. Fig. 9).
This corresponds with several related MM studies (Lee
et al., 2000; Bash and Miller, 2009; Converse et al., 2010),
which report correlations minor in magnitude with envi-
ronmental parameters,
seasonal signatures.
variables with the Hg flux may shed some light on
processes driving the flux and is discussed in a brief
qualitative way in the following.

Recapitulating Section 4.2, it is apparent that the YCES
sampling site is intermittently affected by the advection
of Hg polluted air. A major Hg’rich plume incursion

which in turn exhibit specific
The relationship of environmental

occurred during several hours on May 9 with maximum
concentration observed around mid-day. During this
event associated with moderate winds turning easterly at
dawn, major dry deposition of Hg’ (of a magnitude of up

1
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Fig. 9.

Heatmap matrix plot of Spearman’s rank-order correlation coefficients (p) between Hg® concentration, Hg® flux and

environmental variables. The absolute value of p is indicated by a colour code explained in the legend. Circles indicate a positive correlation

while square markers represent a negative one. The scale of a marker is proportional to p*. Cells above the matrix diagonal refers to the
statistical significance (p) of p. Significance levels p <0.05, p <0.01 and p <0.001 are indicated by *, ** and *** respectively while a value p

> 0.05 is stated explicitly.
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Fig. 10.  Time series of selected environmental and meteorological parameters measured at YCES. Panel a: Hg® flux (red, left) and air
Hg® concentration (blue, right); panel b: friction velocity u* (red, left) and canopy leaf wetness degree (blue, right); panel ¢: PAR (red, left)
and air temperature (blue, right); panel d: H,O flux (red, left) and CO, flux (blue, right).
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to ~720 ng m > h~') was observed. The data set also
covers other episodes, during which flux direction changing
with ambient concentration levels are evident (Fig. 10).
Overall, Hg® flux showed moderate negative correla-
tion with ambient air Hg® concentration (p = —0.38,
n=377).

The median of night- and daytime Hg® flux observations
differed significantly (p <0.01, Mann—Whitney U-test)
with the former smaller (9.8 vs. 77.1 ng m~2> h~!,
respectively). As a composite, however Hg? flux variation
at YCES exhibited a much less regularly featured diurnal
profile than, for example, that for CO, and H,O flux
(Fig. 10). In the literature, strong diurnal cycles have
been reported for Hg’ flux determined over natural
surfaces (daytime emissions — flux fluctuating near zero
at night; Lindberg et al., 1998; Gustin et al., 1999; Cobos
et al., 2002; Kim et al., 2002; Bash and Miller, 2008; Fritsche
et al., 2008; Smith and Reinfelder, 2009; Baya and van
Heyst, 2010; Converse et al., 2010).

In addition to the episodes of dry deposition in con-
junction with advection of Hg polluted air, some disparate
Hg® emission patterns were observed during the daytime:
when the leaf wetness sensor indicated a rapid dry-up of
canopy in the morning hours (May 3-4, 6, 11, 13), (a)
sharp emission peak(s) occurred. This can be interpreted
as an effect of rapid photo-reduction of previously
deposited Hg' to Hg® on foliage surfaces or into soil in
conjunction with the presence of a water film and emerg-
ing incoming solar radiation (Graydon et al., 2006). The
release of Hg® may also be driven by the opening of
stomatal apertures and onset of evapotranspiration
(Kothny, 1973). Some other days (May 5, 7 and 14) with
strong turbulence extending into dark hours, which in
turn exhibited low (non-saturated) degrees of leaf wetness
and considerably warm temperatures (‘tropical night’),
the emission profile was broad and predominating through
the night into the next day. As can be noticed in Fig. 8§,
these events led to a significant boost to cumulative
Hg flux.

Concurrent measurements at the base of the wheat
canopy using a DFC of novel design (Lin et al., 2012)
revealed the presence of considerable soil surface emission
following a regular diel pattern (mid-day maximum and
nocturnal minimum close to zero flux). Hence, the air-
canopy Hg° fluxes measured by REA technique at YCES
are likely to include a significant contribution deriving
from ground-level Hg® gas exchange. At present, the data
set obtained thus far is too small to specifically address the
processes controlling the cropland air-surface exchange of
Hg’. However, ongoing seasonal field experimental work,
which in addition include measurements of Hg content in

soil and foliage as well as deposition, should warrant a
discussion in a forthcoming communication.

5. Conclusions

An REA-CVAFS system has been designed and devel-
oped for the measurement of Hg’ vapour air-surface
exchange. The performance of the fully developed system
was evaluated by inter-comparison with an OPEC CO,—
H,O flux system over essentially horizontally homoge-
neous settings (nearly-mature winter wheat canopy and
grazed grassland, respectively). Fluxes of latent heat,
buoyancy and CO, measured by EC and synthesised by
the REA algorithm yielded during developed turbulence
median ﬁg-factors of 0.56+0.01, in good agreement with
literature data. The REA system was synchronised (i.e.
match of the delay between the wind speed measurement
and corresponding conditional sampling), and the time
shifts in w-CO, cross-correlation were determined as a
function of tube length sampled at constant flow rate. The
configuration of fast-response sampling valves permitted
zero- and whole-air to be flushed through conditional
channels dynamically. Such reference sampling was used
for correcting for bias that may exist between the
channels.

In contrast to the Hg’-REA system designs previously
reported in the literature (Cobos et al., 2002; Olofsson
et al., 2005; Bash and Miller, 2008), the REA system
described in this study allows the combined usage of a
single Hg" gas analyser, injection of zero air to dampen
sampling flow disturbances introduced by conditional valve
switching, and the disposal of sampled air when it is small
(‘deadband’). Furthermore, departures from the constant
sampling flow criterion of REA, which can be most
severe in systems without any specific deadband channel,
were addressed by implementing control of sampling line
pressure.
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Nomenclature

Symbol Meaning Unit

FI_F{"CO Turbulent water vapour flux (measured by EC) gm 2s7!

JEEC Turbulent latent heat flux (measured by EC), 4 - FS Wm 2

HEC Turbulent buoyancy flux (measured by EC) - Wm~?

HEC Turbulent sensible heat flux (measured by EC) W m~?

FES, Turbulent carbon dioxide flux (measured by EC) mgm 25!

F]‘}gA Turbulent elemental mercury vapour flux (measured by REA) ngm *>h™!

Co,g Cospectral density of w and s !

0gvs Ogive function !

Chy Mass concentration (density) of elemental mercury vapour ngm?

Cp Specific heat of air at constant pressure Jkg 'K™!

d Displacement height m

f Frequency st

f- Normalised frequency -

g Acceleration due to gravity ms~?

h Canopy height m

L Obukhov length m

P Pressure Pa

Py Standard pressure (1013.25 hPa)

q Specific humidity kg kg !

Ry The ideal gas law constant for dry air Jkg 'K™!

Re Reynolds number -

T Air temperature K

Ty Standard temperature (273.15 K)

T, Sonic air temperature K

u Longitudinal component of the wind velocity ms~!

U Friction velocity ms~!

w Vertical component of the wind velocity ms~!

Wo Magnitude of deadband for REA method ms!

X Horizontal direction parallel to the average wind velocity/fetch m

X Mean of the scalar x !

X Predicted value of scalar x !

z Height m

Zx Height of the roughness sublayer m

Z Roughness height/length m

Zm Measurement height m

a Fraction of time of up- and downdrafts to the total sampling time: o, = 1, /1o and -
o, =1/t Tespectively.

/32 Relaxation coefficient used in REA measurements without deadband application -
obtained from OPEC and REA simulations of a specific scalar s

pie Relaxation coefficient used in REA measurements with a deadband application w, -
obtained from OPEC and REA simulations of a specific scalar s

z Dimensionless height (z,,~d)/L -

k Von Karman’s constant ( ~0.41) -

A Latent heat of vapourisation for water Tkg™!

0 Spearman’s rank-order correlation coefficient -

Pa Air density (dry) kgm~?

o Standard deviation !

[ Standard deviation of vertical wind speed ms~!

As Mass mixing ratio of scalar component s kg kg !

"Dimension according to the use of the parameter.
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