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Abstract

Large uncertainties persist in estimates of soil–atmosphere exchange of important
trace gases. One significant source of uncertainty is the combined effect of wind and
pressure on these fluxes. Wind and pressure effects are mediated by surface topogra-
phy: few surfaces are uniform and over scales of tenths of a meter to tens of meters,5

air pressure and wind speed at the ground surface may be very variable. In this paper
we consider how such spatial variability in air pressure and wind speed affects fluxes
of trace gases. We used a novel nested wind tunnel design, comprising a toroidial wind
tunnel in which wind speed and pressure may be controlled, set within a larger, linear
wind tunnel. The effects of both wind speed and pressure differentials on fluxes of CO210

and CH4 within three different ecosystems (forest, grassland, peat bog) were quanti-
fied. We find that trace gas fluxes are positively correlated with both wind speed and
pressure differential near the surface boundary. We argue that wind speed is the better
proxy for trace gas fluxes because of its stronger correlation and because wind speed
measurement is more easily accomplished and wind speed measurement methodol-15

ogy can be more easily standardized. Trace gas fluxes, whether into or out of the soil,
increase with wind speed within the toroidal tunnel (+54 % flux per m s−1), while faster,
localized surface winds that are external to the toroidal wind tunnel reduce trace gas
fluxes (−11 % flux per m s−1). These results are consistent for both trace gases over
all ecosystem soil types studied. Our findings support the need for a revised concep-20

tualization of soil–atmosphere gas exchange. We propose a conceptual model of the
soil profile that has a “mixed layer”, with fluxes controlled by wind speed, wind duration,
porosity, water table, and gas production and consumption.
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1 Introduction

Soils play a key role in the production, sequestration, consumption and release of all
climatically-important trace gases. Soils contribute greater than 25 % of surface fluxes
of CO2 to the atmosphere, while a substantial fraction of the sources (> 30 %) and
sinks (> 5 %) of CH4 are driven by soil microbial processes (Holmen and Jaffe, 2000;5

Wuebbles and Hayhoe, 2002).
The movement of gases within soils has been reviewed by, inter alios, Hillel (1998),

Scanlon et al. (2000), Rolston and Moldrup (2012) and Monson and Baldocchi (2014).
Gas movement may occur via diffusion and/or advection. Different types of diffusion can
occur in a soil, although the most important is “ordinary” or molecular diffusion. Ordi-10

nary diffusion involves the transport of a gas along a gas concentration or mole fraction
gradient. Ordinary diffusion of a mixture of two gases is usually modeled using Fick’s
second law, while, for mixtures of three or more gases, the Stefan–Maxwell equations
may be used (Rolston and Moldrup, 2012). Advective fluxes are typically modelled with
Darcy’s law which is usually used in combination with the continuity equation.15

Little empirical work has been done on the relative importance of gas diffusion and
advection in soils. Despite the lack of substantial empirical evidence, Rolston and Mol-
drup (2012) suggest that diffusive flow is more important than advective flow. Their
suggestion is also commonly assumed by scientists measuring trace gas fluxes using
closed chambers. Static and dynamic flux chambers are widely employed to measure20

soil–atmosphere trace gas exchanges, but are usually set up such that diffusion-only
conditions prevail (no or slow circulation of fan air) or under unrealistic conditions of
within-chamber air flow (constant air flow generated by a single fan or set of fans) (see,
e.g., Denmead, 2008; Rochette, 2011) which give an undefined combination of diffu-
sion and advection. Gradient flux measurements also rely upon this basic assumption25

(Myklebust et al., 2008).
In general there is considerable uncertainty about the degree to which chambers

provide reliable measurements, and problems with chamber use are discussed in the

4803

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/4801/2015/bgd-12-4801-2015-print.pdf
http://www.biogeosciences-discuss.net/12/4801/2015/bgd-12-4801-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
12, 4801–4832, 2015

Quantifying wind and
pressure effects on

trace gas fluxes

K. R. Redeker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

reviews by Denmead (2008) and Rochette (2011). The use of fans provides a good
example of this uncertainty. Some authors, such as Davidson et al. (2002), suggest
that chambers fitted with fans give unreliable readings. In contrast, Christiansen et al.
(2011) found that, only in chambers in which the air was mixed by a fan, was the mea-
sured flux similar to reference fluxes (they introduced methane (CH4) at controlled rates5

through the base of various laboratory sand beds – some dry and some wet – and used
chambers to record the fluxes above the sand). Furthermore, Denmead (2008) notes
that chambers without fans or with fixed wind speeds may give unrealistic flux esti-
mates, especially during windy conditions in the environment outside of the chambers.
To illustrate the problem, he cites Denmead and Reicosky (2003) who, in a study of10

a tilled soil, found that, while carbon dioxide (CO2) fluxes within a chamber with a fixed-
speed fan stayed steady, those in the area around the chamber (as measured using
a micrometeorological dispersion method) increased with ambient wind speed.

Even if we assume that diffusive fluxes are an important form of gaseous move-
ment in soils, such fluxes are highly sensitive to gradients in local soil gas concentra-15

tions. Variations in these local soil gas concentrations (and hence surface–atmosphere
fluxes) can be caused by a range of mechanisms including (i) horizontal and vertical
variations in abiotic and biotic processes (Segers, 1998) and (ii) advection through soil
pore networks of gas mixtures that have different compositions from those they are
replacing.20

Spatial variation in soil trace gas profiles are determined by a complex set of biolog-
ical, chemical and physical processes (Holmen and Jaffe, 2000; Montzka, Reimann et
al., 2010). For instance, CO2 is produced biologically in soils by respiration, contingent
upon the vertical distribution of roots, hyphae and labile organic C, temperature, mois-
ture, redox state and CO2 concentration. Other trace gases, including CH4, are both25

produced and consumed by separate groups of microbes that reside in different loca-
tions (at different depths or different locations at the same depth) within soils. Local gas
concentrations are also dependent upon the residence time of the trace gas in the soil
profile, since first order chemical and biological consumption rates are time and con-
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centration dependent. Sufficiently high local concentrations can either lead to negative
feedbacks (reduced root respiration rates; Qi et al., 1994) or greater consumption of
the gas of interest (CH4; Wuebbles and Hayhoe, 2002). Gas residence time will depend
on the processes transporting gases through and within soils.

Advection may significantly affect local gas residence time. Advection of soil gases5

occurs when there is a pressure gradient between the air in the soil and that in the
overlying atmosphere. Horizontal pressure gradients and horizontal advection may also
occur. Pressure gradients form under a range of circumstances. Variations in wind
speed at the soil surface both over time and spatially can lead to variations in pressure
within the soil profile. Percolation of water through the soil profile and spatial variations10

in soil temperature may also be the cause of within-soil pressure variations.
Empirical and modeling studies have shown that, through their effect on advec-

tion, soil–atmosphere pressure differentials can alter the direction and magnitude of
gas fluxes substantially (± ≤ 1000 %) (Yonemura et al., 2000; Takle et al., 2004; Xu
et al., 2006; Flechard et al., 2007; Reicosky et al., 2008; Bowling and Massman, 2011;15

Schack-Kirchner et al., 2012; Rey et al., 2012). The suggested mechanism for this
process is that localized pressure differentials, driven by spatially and temporally vari-
able winds, create a push-pull mechanism by which soil pore spaces are mixed with
neighboring pores and overlying air (Webster and Taylor, 1992, Massman, 2006). This
mechanism has been shown to be significantly more effective than diffusion alone in20

driving soil–atmosphere fluxes (Massman and Frank, 2006; Bowling and Massman,
2011; Schack-Kirchner et al., 2012) and is particularly affected by abrupt boundary
transitions (e.g. – (1) a stone, or a fence, in a field or (2) the edge of a dense vegeta-
tion patch).

While these published studies note the importance of advective transport in surface–25

atmosphere fluxes, they have not systematically quantified its importance over a broad
range of environments, soil types or wind states. Likewise, the majority of these studies
have only observed one trace gas at a time, reducing our ability to generate broadly ap-
plicable rules for surface–atmosphere trace gas fluxes. Here we close this knowledge
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gap by using a novel nested wind tunnel (Fig. 1) to investigate the role of advection in
regulating soil–atmosphere gas exchange for two different trace gases, each of which is
controlled by very different processes at different depths within the soil. Carbon dioxide,
under dark conditions, is predominantly produced through plant, fungal and bacterial
respiration and will have high soil concentrations (relative to the atmosphere) close to5

the soil surface. In contrast methane, whose biological response in soils is broadly in-
sensitive to sunlight, is often consumed by aerobic soils and therefore has lower than
atmospheric concentrations within the soil column. At greater depths within the soil
profile, in anaerobic regions, methane can be produced by methanogenic archaea but
much of this produced methane is consumed by methylotrophic bacteria in the regions10

directly above the production zone.
Using four sites, we investigated three different ecosystem types: peat bog (two

sites), evergreen coniferous forest, and managed grassland. We use the empirical data
that we collected to build upon the model proposed by Massman (2006) in which dif-
fusive flow is enhanced by pressure-based mixing. Based on our measured flux data15

we propose two modifications, including (i) a “mixed layer” of soil pore spaces near
the soil surface that, depending on wind speed, has a similar gas composition to the
atmosphere immediately above the surface, and (ii) an inherent likelihood of horizontal
gas flow through advective/diffusive mechanisms, which can affect observed trace gas
fluxes.20

2 Methods

2.1 The nested wind tunnel (NWT)

In order to quantify the impact of local (≤ 1 m) and microscale (in the meteorological
sense; 1 m to 1 km) winds on trace gas fluxes from various ecosystem surfaces, we
required an experimental design that allowed us to vary local (≤ 1 m) wind speeds and25

atmospheric pressures concurrently. We resolved this difficulty by nesting an isolated,
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toroidal wind tunnel within a larger, straight-line wind tunnel. By increasing wind speeds
in both wind tunnels we were able to maintain similar pressures in the local space of
the toroidal wind tunnel (1 m2), relative to zero-wind speed conditions, under higher
wind speeds (up to 4 ms−1) (Fig. 1).

Current flux measurement methodology relies, in many cases, on the assumption5

that diffusive flux is dominant within the system. The nested wind tunnel allowed us
to test a number of different natural-world scenarios in which this assumption may not
be valid. For instance, with fast winds both within the toroidal tunnel and externally,
within the straight-line wind tunnel (similar to an entire region experiencing a windy
day) we can examine whether faster winds drive more rapid mixing of air within soil10

pores. Alternately, if we keep the air flow within the toroid at zero and increase the wind
speeds externally, within the straight-line wind tunnel (similar to a sheltered forest/field
edge near open land), we can examine the influence of greater mixing within the soils
external to the toroid and the impact of horizontal mixing within the soil column.

2.1.1 The inner, toroidal wind tunnel15

The inner wind tunnel was a toroid, equipped with internal fans, which can generate
wind speeds up to 6 ms−1. The toroid was constructed from acrylic and was 40 cm
high, 1 m in diameter, and had an internal chamber 30 cm in diameter (Fig. 1). These
dimensions created a tunnel footprint of 1.015 m2, with an internal volume of 428 L.
If the toroid is considered within a compass ordinate system there were two sets of20

three high-speed computer fans (5214 NH, EBM-Papst, Mulfingen, Germany) placed
at North and South, 20 cm above the soil surface as well as two digital anemometers
(ATP Instrumentation; Leicestershire, UK) placed at West and East, 22 cm above the
soil surface. Anemometers were tested in various locations within the toroid, from near
the inner, bottom edge to near the outer, top edge and were found to record similar25

wind speeds in all locations; therefore, the anemometers were ultimately placed for
ease of access.
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Four separate 30 cm diameter removable vents were located at each compass or-
dinate, although in practice only those located over the anemometers were covered
(during measurements) or uncovered (during equilibration periods) (Fig. 1). During gas
flux measurements each vent was covered and pressure sealed with silicone gaskets.
Internal air temperature probes (DT-612, Thermosense, Manchester, UK) and pressure5

differential gauges (264, Setra Systems Inc., Boxborough, MA, USA) were located at
the top of the apparatus above the anemometers and penetrated 15 and 2 cm respec-
tively into the toroidal tunnel.

The installation of the toroid at each site occurred within 48 h of tests being run. At
our forest site, one of the two bog sites (Forsinard – see below) and the managed10

grassland it was sealed at the soil surface using wet sand, while at the second bog
site (Cors Fochno – see below) its weight caused it to sink slightly into the peat so
that its lower edge was below the water table. Sealing of the toroid was required to
maintain/isolate its air mass over the course of each experiment.

2.1.2 The outer wind tunnel15

The straight-line wind tunnel enclosing the toroid comprised a standard aluminium
and wooden agricultural tunnel (FirstTunnels, Lancashire, UK) (3.5mlong×2mwide×
1.5mhigh) with the option to be covered by PAR transparent or opaque plastic sheet-
ing. This option allowed the combined wind tunnel system to be capable of examining
the soil-plant-atmosphere system under either respiration- or photosynthesis-dominant20

conditions (Fig. 1). Only “dark” results are shown here. In terms of soil–atmosphere
CO2 exchanges, diffusion will almost always occur from soil to atmosphere because
soil CO2 concentrations are higher than those in the atmosphere above due to ongo-
ing respiration by plants, fungi and bacteria. By using dark conditions, we were able to
remove photosynthetic uptake of CO2 and its assimilation into plant tissue as a con-25

founding factor. That is, we were able to interpret a decrease in chamber CO2 concen-
trations as due to advective transport processes without having to adjust our data for
CO2 fixation by plants which can vary greatly with small changes in incident irradiance.
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Three high-volume drum fans (DF24S, Prem-I-Air, Manchester, UK) were placed at
one end of the wind tunnel, each capable of moving 235 m3 of air per minute at the
highest speed setting (for a maximum calculated wind speed of ∼ 10 ms−1).

The toroid and outer tunnel were in place at the respective field sites (see below)
for one or two days. Between measurements, which typically took less than 10 min,5

the toroid was unshrouded (the available sunlight between measurements was similar
to that of a regionally cloudy day) and its vents opened. Therefore, the effects of the
apparatus on the soil being studied were kept to a minimum; i.e., gas concentrations
in the air above the soil were not allowed to build over long time periods which would
have affected gas concentrations in the soil and soil biochemical processes.10

2.2 Field sites

To investigate wind and pressure effects on air flow into and out of soils, we selected
four sites offering a broad range of soil porosities, pore water contents, and organic
matter contents. The sites also differed in the processes affecting CO2 and CH4 pro-
duction and consumption.15

2.2.1 Wheldrake Forest

Investigations at Wheldrake Forest (53◦54′36′′N, 0◦59′55′′W) occurred on 20 April and
from 4–6 December 2011. The site was within a lodgepole pine (Pinus contorta Dou-
glas) plantation with a small, scattered population of silver birch (Betula pendula Roth)
with little or no understory. The soil is a well-drained, fine, sandy podzol. CO2 fluxes20

from the soil are likely to be dominated by tree roots and heterotrophic respiration
(Heinemeyer et al., 2011). In contrast, relatively high rates of net CH4 uptake have been
observed previously within these soils, driven by methanotrophic bacteria (Heinemeyer
et al., 2011).
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2.2.2 University of York managed grassland

Investigations of managed grassland on the University of York campus (53◦56′50′′N,
1◦3′26′′W) occurred on 21 April and from 18–19 August 2011. The sample site was
a tended lawn surface. As grasses are not particularly symbiotic with either arbuscular
or ectomycorrhizal fungi we expected limited fungal influence, limiting CO2 produc-5

tion within the soil to primarily roots or bacterial respiration. Rainfall during the August
measurements significantly affected the soil pore water content, and localized pools of
standing water were observed on both sampling days, likely limiting further the biogenic
production and consumption of trace gases.

2.2.3 Cors Fochno peat bog10

Cors Fochno is an estuarine raised bog in west-central Wales (centered on
52◦30′14′′N, 4◦00′47′′W). Measurements at the site took place between 13 and 14
September 2011 on a wet “lawn” (sensu Belyea and Clymo, 2001) dominated by the
moss Sphagnum pulchrum (Lindb. ex Braithw.) Warnst. with a scattering of the sedge
Rhynchospora alba (L.) Vahl. CH4 is produced throughout the soil profile at Cors15

Fochno, including the upper layers (e.g., Green and Baird, 2013; Comas et al., 2013).
Respiration was expected to be primarily from surface peats and mosses, with some
respiration from the sedge, R. alba. The water table across the lawn was at or close
to the surface (within 2–3 cm of the top of the Sphagnum plants). Sections of wooden
boardwalk were placed around the measurement area to minimize compression of the20

peat (soil) profile by observers.
The measurement period followed the landfall of a significant atmospheric depres-

sion. Wind gusts in excess of 50 mph were common on the 11th and 12th, and on
the first day of sampling (the 13th) winds were often in excess of 20 mph. Winds had
slowed considerably by the 14th to between 3.5 and 7 mph (1.5–3.0 ms−1).25
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2.2.4 Forsinard peat bog

Measurements at Forsinard Flows Reserve (58◦21′25′′N, 3◦53′48′′W) took place from
13–14 July 2012. The reserve is a low altitude blanket bog in Caithness and Sutherland
in northern Scotland. It is protected for its nature conservation interest by the Royal So-
ciety for the Protection of Birds (RSPB), and some areas are actively managed having5

previously been damaged by afforestation. Measurements took place in an unmanaged
area of bog containing a mixed assemblage of vascular plants and bryophytes, includ-
ing Trichophorum cespitosum (L.) Hartm., Erica tetralix L., Eriophorum vaginatum L.
and Sphagnum papillosum Lindb. (Bellamy et al., 2012). The water table depths at our
sampling locations in Forsinard were significantly lower than Cors Fochno (> 10 cm).10

2.3 Trace gas flux measurements

Trace gas fluxes from the footprint of the toroid were estimated in the same way as
for a conventional flux chamber; i.e. by measuring gas concentrations within the toroid
over time and using the rate of change in concentration to calculate a flux (cf. Den-
mead, 2008). Fluxes were measured across a 3×3 matrix of local (≤ 1 m radius;15

isolated toroidal wind tunnel) and microscale (≥ 1 m radius; straight line wind tunnel)
wind speeds, denoted “zero”, “mid” and “high” (Table 1). Replicate measurements were
made for each wind state, and the order of tested sample conditions was randomized
to avoid conflating temporal effects.

During the experiments, trace gas concentrations in the toroidal wind tunnel were20

continuously measured using a Los Gatos Research Fast Greenhouse Gas Analyzer
(FGGA; Los Gatos Research, Mountain View, CA, USA). The instrument is capable of
measuring both methane (CH4) and carbon dioxide (CO2) simultaneously. The mea-
surement interval at the forest, the managed grassland, and the Forsinard peat bog
sites was every second (1 Hz) while at Cors Fochno peat bog it was every 5 s (0.2 Hz).25

At these sampling intervals instrumental precision is better than ±0.1 % for both gases.
Air from within the toroid was drawn from the East vent lid, 16 cm above the anemome-
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ters and 38 cm above the soil surface, into the FGGA, where it was analyzed, via off-
axis Integrated Cavity Output Spectroscopy in a non-destructive manner (Baer et al.,
2002), and returned to the toroid at the West vent lid.

For all but the first set of measurements on a given day (the first sampled combi-
nation of wind speeds and pressure), the measurements were only initiated after the5

straight line wind tunnel and toroid gas concentrations returned to approximately ambi-
ent concentrations (1.8–2.0 ppmv for CH4; 385–400 ppmv for CO2). These starting con-
ditions were confirmed through continuous FGGA sampling and analysis of the toroidal
and straight line wind tunnel concentrations between sampling measurements and oc-
curred rapidly, within 2–3 min. Once the next sampling period was ready to begin, the10

fans in the toroid and straight-line tunnel were engaged at the appropriate settings;
zero, mid or high. The toroid was then isolated from external air masses by placing the
toroid’s vent lids on silicone gaskets and weighing them down with lead-shot-filled tub-
ing. The toroid remained isolated from exterior air masses, for ∼ 6 min during sampling,
after which the fans in the toroid and wind tunnel were powered down, the vent lids re-15

moved and the system left to re-equilibrate to ambient conditions. At Forsinard, and
only Forsinard, 90 min gaps were allowed between each faster wind sampling state,
and in these conditions flux measurements at zero-wind speed (both within and with-
out the toroidal wind tunnel) were taken prior to further testing to ensure that fluxes had
returned to their original zero-wind range (as described in the Results section). Care20

was taken at all sites to minimize the amount of pressure placed upon nearby soils
prior to and during sampling.

Pressure differential, soil temperature, ambient air temperature and internal wind
speeds were not measured within the isolated toroid and straight line wind tunnels dur-
ing each measurement period. Wind speeds remained steady during each placement25

(Table 1) but differed significantly between sites. Lab-based wind speeds for the toroid
(as determined by maximum measured wind speeds over smooth aluminum sheeting)
were ∼ 6 ms−1 while estimated maximum wind speeds within the straight-line wind
tunnel were predicted to be ∼ 10 ms−1. In situ wind speeds were significantly reduced,
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due to friction from the ground surface and, in the case of the straight line wind tunnel,
alternative wind paths along the tunnel wall.

2.4 Flux estimates:

Trace gas fluxes in the toroid were calculated using:

F =
∆[G]

∆t
V
A

(1)5

where F is the mass flux per unit area (ML−2 T−1), [G] is mass concentration of CH4 or
CO2 in the toroid (ML−3), t is time (T), V is toroid internal volume (L3), and A is the soil
surface area or footprint of the toroid (L2).

Data retrieved from the FGGA from each 6 min sampling period was manually ana-
lyzed. Up to the first 2 min of data were discarded due to pressure-based fluctuations10

that masked any linear response from the set wind states. The amplitude and duration
of these initial fluctuations were compared to set wind speeds and no correlation was
observed, so this data was discarded.

After the initial disturbance in concentration measurements both CO2 and CH4 pro-
ceeded to increase or decrease in a linear fashion for the duration of the remainder of15

the experiment (< 6 min). We utilized the earliest 120–180 s period during which both
CO2 and CH4 gas concentrations either rose or fell in a linear fashion. A linear re-
gression line was fitted to the data from this 120 to 180 s sampling period to estimate
∆[G]/∆t for use in Eq. (1). In nearly all cases the r2 of the linear regression was greater
than 0.9.20

2.5 Relative flux calculation

Trace gas fluxes are likely to be significantly different for different trace gas species,
both temporally and spatially. To compare trace gas fluxes across different dates and
locations the average of measured fluxes from the zero-wind treatments, where wind
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speeds in both the toroid and straight-line outer wind tunnels were zero, was taken as
a baseline condition, and set to represent a value of 1.0. All other treatments were then
compared relative to this value so that the relative flux for each trace gas was equal to:

FR = FT/F0 (2)

where FR is the relative flux for each gas under each set of conditions, FT is the treat-5

ment flux and F0 is the appropriate average baseline flux. Using these relative mea-
sures, trace gas fluxes can be compared across space (between and within ecosys-
tems) and time.

3 Results

3.1 Wind speed differences vs. pressure differentials10

Our data show that wind speeds were better at predicting trace gas fluxes than pres-
sure differentials (Figs. 2–4). While the physical relationship between pressure and
wind is well established, wind speed is not strongly correlated with pressure differences
measured between the toroidal and straight line wind tunnels (Fig. 2; r2 = 0.63). Of par-
ticular interest to the comparison of wind speed and pressure differential as explana-15

tory variables are measurements taken during the managed grassland measurement
campaign where warming within the toroid (from residual thermal energy from the soil
surface) led to an increase in pressure within the instrument. The observed differences
in pressure (+) were opposite to those expected due to ongoing higher wind speeds
within the toroid (−). When pressure is higher within the toroid one might expect air20

within it to be driven into the soil, reducing gas fluxes from the soil to the atmosphere.
However, CH4 and CO2 fluxes from soil to atmosphere were substantially higher within
these treatments, suggesting that fluxes were more strongly influenced by measurable
wind speed than by measured pressure changes (Tables 1–3).
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3.2 Wind speed effects on trace gas fluxes

Wind speeds internal and external to the toroidal wind tunnel affected CH4 and CO2

fluxes in a planar fashion (r2 = 0.82; Fig. 3a–c). CH4 and CO2 fluxes are enhanced as
wind speeds directly above the soil surface increase (i.e., within the toroid) (+54 % flux
relative to zero-wind conditions per ms−1) but are reduced as wind speeds external5

to the toroid increase (i.e., within the straight line wind tunnel but outside the toroid)
(−11 % flux relative to zero-wind conditions per ms−1). Under open field wind condi-
tions, where internal and external wind speeds are similar, trace gas fluxes increase by
42 % per ms−1 wind speed relative to zero-wind conditions (Fig. 3a). Although fluxes
increased linearly across the range of wind speeds (and wind speed differentials) con-10

sidered here (Fig. 3a), it is important to note that they could exhibit a different functional
form over a wider range of speeds. For example, trace gas fluxes may approach an
asymptote at very high wind speeds.

The relationships identified above are irrespective of the initial flux direction (efflux
or influx). When CH4 is taken up by soils, increased wind speeds in the isolated toroid15

led to greater CH4 uptake while faster wind speeds within the straight line wind tun-
nel reduced CH4 uptake (Fig. 3c; Table 3). The observed wind speed-trace gas flux
correlation was consistent for both gases measured over all ecosystems, and was re-
producible both within and between sampling campaigns (Tables 2 and 3; Fig. 3a–c).

3.3 Abrupt flux transitions driven by high wind speeds20

Data collected from the Forsinard peat bog site provides compelling evidence of abrupt
flux transitions. During this campaign it became clear that, unlike other study sites, it
was impossible to obtain replicable results while randomly selecting toroid and wind
tunnel wind speed conditions. At this location surface soil pore spaces were purged
under short exposure (< 10 min) to “high” wind speed conditions (∼ 2.0 ms−1 within the25

toroid) and required an hour to re-equilibrate to their original zero-wind fluxes (Fig. 5).
The evergreen forest experiment showed a similarly abrupt transition in flux (a 30 %
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reduction in zero-wind fluxes after a single long term exposure to high winds within
both the isolated toroid and the linear wind tunnel).

Increases in fluxes at higher wind speeds, followed by periods of lower fluxes have
previously been reported for eddy correlation measurements (Sachs et al., 2008; Wille
et al., 2008; Schrier-Uijl et al., 2012). Likewise, internal wind-speed effects on instan-5

taneous chamber fluxes have been documented (e.g. – Denmead, 2008; Xu et al.,
2006). These previous studies have allowed these effects to be measured, but mostly
as a by-product of trying to reduce or evaluate poorly-constrained errors in measure-
ment methods. Our study is the first to consider both wind and pressure effects simul-
taneously in a replicated study for realistic ranges of wind speeds and pressure differ-10

entials and is the first to quantify the duration of the wind-driven evacuation effect on
fluxes. It is possible that high fluxes during high winds followed by low fluxes due to soil
evacuation may help to reduce the overall discrepancy between eddy flux and cham-
ber measurements; however, the precise scale of this discrepancy remains unknown
since our empirical quantification of the wind driven pressure fluctuation mechanisms15

affecting trace gas fluxes is still in its early stages.

4 Discussion

4.1 Which is a more effective tool to understand trace gas fluxes, wind speed
or pressure differential?

Our results demonstrate that both wind speed and pressure differential are correlated to20

surface fluxes of trace gases (Figs. 3a–c and 4). Wind speed, however, is consistently
a better predictor than pressure differential. For instance, incursions of air masses from
soils to the local atmosphere have been observed to be much more important to ob-
served trace gas concentrations than incursions of surface air into the soil (Xu et al.,
2006). Furthermore, soil pore spaces buffer, through expansion and contraction of soil25

pore air, local boundary layer air pressures (Xu et al., 2006).
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Our observations support the concept of pressure buffering. One of the aspects of
the system that is not described explicitly by Xu et al. (2006) is the effect of temperature
on the chamber pressure. In our experiments the internal temperature of the isolated
toroid was, at times, 10 ◦C warmer than the air within the linear wind tunnel, due to
transfer of residual heat from the soil surface to the enclosed air within the toroid. Us-5

ing the Ideal Gas law we would expect the pressure differential (straight line wind tunnel
minus isolated toroid) under these conditions to be −34 mbar but the observed pres-
sure differential was much less, −0.18 mbar. To place this in context, it would require
80 ms−1 wind speeds to generate the same pressure differential generated by a 10 ◦C
temperature difference.10

A further complication to common use of pressure differential measurements is the
placement of the pressure gauge. We suggest that an aboveground placement is not
particularly helpful, since it does not address the soil-boundary layer buffering previ-
ously described. However, sub-surface placements become problematic due to prob-
lems associated with standardization of depth and of disturbance. More broadly, the cri-15

teria for pressure differential gauge placement have not been standardized, which has
significant implications for comparing published results from different studies. There-
fore, it may be argued that obtaining data on pressure differentials for the purposes of
trace gas flux measurements is not practical. A more tractable, plausible, measureable
quantity is local wind speed, although some standardization of measurement heights20

and locations will be necessary; most published data to date have utilized measure-
ment heights from 0.2 to 5.0 m from the soil surface.

4.2 Wind speed effects on soil–atmosphere exchange of trace gases: a revised
conceptualization

Measurements taken under realistic surface wind speeds indicate that gas exchange25

rates are considerably influenced by both wind speed and spatial distribution of lo-
cal winds. This implies that the commonly used conceptual model based on simple
1-dimensional diffusion is insufficient, and that a revised model of soil–atmosphere ex-
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change is required. In particular we propose to build upon the Massman model (Mass-
man, 2006), developed for soil and snow surfaces, by the inclusion of a near-surface
mixed layer.

We propose that boundary layers develop at the near surface in soils, similar to that
of plant canopies or the near-surface ocean. This mixed layer develops according to lo-5

cal solar radiation, wind speeds, and wind duration. In the case of soils, the mixed layer
develops due to the interplay between abiotic aspects (i) wind speed: we have demon-
strated that there exist positive correlations between local wind speed and trace gas
fluxes (Fig. 3a), (ii) wind duration: bursts of high winds (maximum-to-zero toroidal wind
conditions, Table 1, at one minute intervals) caused ∼ +40 % increase in CO2 flux rela-10

tive to zero-wind conditions (Table 2; 1.69±0.32 µmolesCO2 m−2 s−1) but was less than
that of consistent high wind exposure (Table 2; 2.55±0.63 µmolesCO2 m−2 s−1), (iii) wa-
ter table depth: our data suggests that, under fully saturated conditions, the proposed
“mixed layer” does not develop (Tables 2 and 3), (iv) soil porosity and biological pro-
cesses (production, consumption). This new model would explain the observed results15

through enhanced mixing of soil pore space air with overlying air and the development
of horizontal concentration gradients within the soil profile.

Previous soil–atmosphere models cannot explain the full range of soil–atmosphere
fluxes that we observed. In the simple diffusive model, CH4 travels 70 % faster than
CO2, (Sahoo and Mayaa, 2010) which conflicts with our observed, similar response of20

CH4 and CO2 to increased winds over multiple soil types. External wind speed effects
are particularly difficult to reconcile with this simple model since diffusion is a relatively
slow process while the patterns we observed occurred rapidly (< 2 min).

Pressure differentials, leading to expansion or contraction of air within soil pores,
leading to greater and more rapid mixing within pores, have been proposed as a mech-25

anism by which air may be mixed between soil pore spaces and the overlying atmo-
sphere (i.e., “pressure-pumping”) (Denmead, 1979; Yonemura et al., 2000; Takle et al.,
2004; Xu et al., 2006; Flechard et al., 2007; Reicosky et al., 2008; Rey et al., 2012).
However, the effects of high external winds within the linear wind tunnel on trace gas
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fluxes from low or moderate wind environments within the isolated toroid (the isolated
toroid in this scenario is similar to the real world scenarios of (i) a forest verge, nearby
an open field, (ii) an open field surrounding a slight depression with deeper grass depth
providing a protected canopy, or (iii) a hedgerow) cannot be explained through this
pressure-pumping model. While pressure waves have been demonstrated to travel up5

to 50 cm within soils (Takle et al., 2004; Flechard et al., 2007; Reicosky et al., 2008)
such waves, under high external wind conditions, would lead to lower relative pressure
in the soil below the toroid. A lower pressure below the toroid would lead to a reduc-
tion in, or neutral impact on, fluxes of CO2 (similar concentrations, but lower pressure,
in soil pores would mean similar diffusive fluxes, but potential for atmosphere-to-soil10

transfer to maintain pressure equilibrium). Similarly, lower pressures in the soil would
likely lead to greater CH4 fluxes. Our observed results show neither an increase in
methane uptake concurrent with decreases in CO2 fluxes, nor do they demonstrate an
overall neutral impact.

Furthermore, the correlation between pressure differential and flux is significantly15

weaker than the correlation observed for wind speeds (Fig. 4; r2 = 0.41 for pressure
differential vs. Fig. 3a; r2 = 0.82 for wind speed). If neither the diffusion gradient model
nor the pressure-pumping model is capable of explaining the available data then a re-
vised model is needed.

Our proposed “mixed layer” conceptualization of the soil–atmosphere interface is20

described below. In the zero-wind condition (where there is no wind inside either the
linear external wind tunnel or the isolated toroidal wind tunnel, and representative of
long term, no-wind conditions on either side of a natural boundary), soil concentration
gradients are identical on either side of the boundary and fulfill the smooth gradient
expectations of the current 1-dimensional gradient diffusive soil model.25

Alternately, when the nested wind tunnel is set so that faster winds are experienced
within the toroid than in the linear wind tunnel (similar to an open soil surface nearby
a rock-covered surface, or an open field near a forest verge), we hypothesize that
a mixed layer develops in local soils under high surface winds (directly under the
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toroidal wind tunnel) while soils, external to the isolated toroid and under zero sur-
face winds, retain their diffusion-controlled soil gradient. In this scenario the develop-
ing mixed layer either “mines” the soil of high concentration gases or delivers higher
concentration, atmospheric gases to consumption zones, leading to enhanced soil–
atmosphere fluxes regardless of whether consumption or production processes domi-5

nate.
Under the opposite condition, where local surface winds are negligible and mi-

croscale surface winds are high (set within the NWT so that there are zero-, or low
winds within the toroid and faster winds within the straight line wind tunnel) the mixed
layer develops away from the site of interest (in this case, below the toroid) creat-10

ing a horizontal concentration gradient within surface soils which competes with the
vertical concentration gradient at the soil surface, lowering observed fluxes relative to
zero-wind conditions.

When fast winds are experienced across an ecosystem equally (as in the case where
both linear and toroidal wind tunnels are exposed to fast winds) fluxes are enhanced15

over zero-wind conditions despite the development of competitive horizontal gradients.
We found two conditions under which the observed relationship between wind

speeds and trace gas fluxes break down, neither of which conflict with our proposed hy-
pothesis that surface wind speeds affect the rate of greenhouse gas exchange between
soils and the atmosphere through the development of a mixed layer. The first occurs20

when there is little or no concentration gradient between the atmosphere and the soil
profile, leading to zero-wind-state fluxes that are essentially zero. In this situation the
development of a mixed layer under elevated wind speeds merely mixes equivalent
concentration fluxes between the soil and atmosphere, leading to zero net transfer.
This condition was observed for CH4 fluxes at the managed grassland and Forsinard25

peat bog sites. The second condition occurs when the water table is very close to the
soil surface (< 2 cm), as occurred at Cors Fochno peat bog, where both CO2 and CH4
fluxes were affected (Tables 2 and 3). In this situation, it is likely that a mixed layer is
unable to develop rapidly due to a combination of water acting as a diffusive barrier
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within near-surface soils as well as increased hydrostatic pressure from the overlying
water column.

The mixed layer model explicitly allows the disruption of smooth concentration gradi-
ents under moderate surface wind conditions and is better able to describe abrupt flux
transitions over short timescales (Fig. 5).5

This new mixed-layer model suggests that estimates of soil–atmosphere fluxes
should be revisited, given that overall fluxes represent the net balance of multiple
small, local fluxes. Indeed, all spatially distributed wind conditions described above
exist in all ecosystems and each state contributes to the overall ecosystem flux. The
concept of flux measurements using traditional techniques as accurate portrayals of10

soil–atmosphere exchange becomes, in this model, more relativistic.
A mixed layer in surface soils changes our understanding of gross budgets for many

trace gases. For instance, up to 90 % of CH4 generated within soils is consumed in situ
(Segers, 1998). The mixed layer model implies that a significantly greater fraction of
microbially-produced CH4 will avoid in situ consumption through rapid mixing with over-15

lying air under windy conditions. This effectively increases soil–atmosphere flux of CH4
relative to no wind conditions, even if production rates are equal within the soil column.
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Table 1. Average chamber wind speed and pressure differential for various inner toroid – outer
wind tunnel treatments. Italiced, top values are for data collected in April 2011(Grassland and
Forest) and July 2012 (Peat Bog) while non-italiced bottom values indicate data collected in
December, August and September 2011 for Forest, Grassland and Peat Bog, respectively. Up-
per values are wind speeds (inner toroid; outer wind tunnel) and are listed in ms−1. No SD are
listed since wind speeds were consistent to ±0.1 ms−1 at each emplacement. Pressure differ-
ential (defined as outer wind tunnel pressure minus inner toroid pressure) is listed below wind
speeds, and is shown in mbar.

Isolated
Toroid
Wind Speed

Linear Wind Tunnel Wind Speed

Forest Soils Managed Grassland Soils Peat Bog

Zero Mid High Zero Mid High Zero Mid High

Zero 0; 0
-0.074
0; 0.2
0.025

0; 2.4
−0.010

0; 3.2
0.001

0; 0
-0.183
0; 0
0.072

0; 2.0
0.038

0; 3.2
0.012

0; 0
0.009
0; 0
0.003

0; 2.0
0.003

Mid

0.9; 0.2
0.070

0.9; 2.4
0.047

0.9; 3.2
0.042

2.0; 0
0.005

2.0; 1.9
0.095

2.0; 3.2
0.064

1.1; 0
0.054
0.8; 0
0.016

High 0; 2.5
0.160
1.7; 0.2
0.187

1.7; 2.4
0.179

1.7; 3.2
0.171

0; 2.6
0.169
3.2; 0
0.151

3.2; 1.9
0.150

3.2; 3.6
0.215

2.0; 0
0.132
1.4; 0
0.049

2.0; 1.4
0.090
1.4; 2.5
0.056
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Table 2. Average carbon dioxide fluxes (in µmolesCO2 m−2 s−1)±SD for each component
of the inner toroid-outer wind tunnel matrix. Italiced, top values are for data collected in
April 2011(Grassland and Forest) and July 2012 (Peat Bog) while non-italiced bottom values
indicate data collected in December, August and September 2011 for Forest, Grassland and
Peat Bog, respectively. By convention positive values indicate efflux of CO2 from the soil surface
into the atmosphere.

Isolated
Toroid
Wind Speed

Linear Wind Tunnel Wind Speed

Forest Soils Managed Grassland Soils Peat Bog

Zero Mid High Zero Mid High Zero Mid High

Zero 0.35±0.10
(n = 3)
1.20±0.33
(n = 6)

0.81±0.42
(n = 6)

0.67±0.31
(n = 6)

2.21±0.36
(n = 3)
2.19±1.17
(n = 3)

1.50±0.67
(n = 3)

1.35±0.59
(n = 3)

1.09±0.27
(n = 3)
0.397±0.160
(n = 3)

1.18
(n = 1)

Mid

2.13±0.26
(n = 5)

1.65±0.33
(n = 6)

1.43±0.51
(n = 6)

4.19±1.24
(n = 3)

3.90±0.26
(n = 3)

3.98±0.75
(n = 3)

1.39±0.40
(n = 2)
0.392±0.102
(n = 5)

High 1.02±0.51
(n = 4)
2.55±0.63
(n = 6)

1.46±0.61
(n = 6)

1.48±0.65
(n = 6)

7.35±0.16
(n = 3)
5.66±0.26
(n = 3)

5.29±0.40
(n = 3)

5.63±0.38
(n = 3)

2.80±0.60
(n = 4)
0.401±0.034
(n = 4)

1.54
(n = 1)
0.357±0.015

(n = 3)
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Table 3. Average methane fluxes (in µg CH4 m−2h−1)±SD for each component of the inner
toroid – outer wind tunnel matrix. Italiced, top values are for data collected in April 2011
(Grassland and Forest) and July 2012 (Peat Bog) while non-italiced bottom values indicate
data collected in December, August and September 2011 for Forest, Grassland and Peat Bog,
respectively. By convention positive values indicate efflux of CH4 from the soil surface into the
atmosphere.

Isolated
Toroid
Wind Speed

Linear Wind Tunnel Wind Speed

Forest Soils Managed Grassland Soils Peat Bog

Zero Mid High Zero Mid High Low Mid High

Zero −103±22
(n = 3)
−402±183
(n = 6)

−226±150
(n = 5)

−271±62
(n = 6)

−29.8±23.0
(n = 3)
−6.0±8.1
(n = 3)

−16.8±7.3
(n = 3)

−24.6±6.9
(n = 3)

−19.8±18.7
(n = 3)
3080±860
(n = 3)

−33.0
(n = 1)

Mid

−498±186
(n = 6)

−404±179
(n = 6)

−381±71
(n = 6)

−17.1±5.0
(n = 3)

−18.7±9.4
(n = 3)

2.6±6.2
(n = 3)

8.3±19.5
(n = 2)
2910±530
(n = 5)

High −256±110
(n = 3)
−624±350
(n = 6)

−616±300
(n = 6)

−514±260
(n = 6)

−53.0±9.8
(n = 3)
−9.0±1.6
(n = 3)

−19.0±4.9
(n = 3)

−4.8±18.1
(n = 3)

30.3±41.6
(n = 4)
3050±60
(n = 4)

4.40
(n = 1)
3040±60
(n = 3)
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Figure 1. The nested wind tunnel system. Note high speed fans within the toroid at East and
West compass points, with anemometers measuring wind speeds at points North and South.
Toroid vents are open at this point and all internal fans are off. Wind tunnel sides are PAR
transparent in this picture and drum fans at the end of the agricultural tunnel are off. Pressure
differential gauges can be seen above fan banks and the PAR sensor is front and center on the
top of the flux chamber.
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Figure 2. The relationship between wind speed and measured pressure differential (outer wind
tunnel minus inner toroid). The planar surface indicates best fit to data (r2 = 0.63, z = −0.03+
0.07× IT WS (ms−1)+0.01×OWT WS (ms−1)). Note insensitivity of pressure to external wind
speeds.
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Figure 3. (a) Relationship between wind speeds internal and external to the toroid and relative
fluxes for the pooled CO2 (n = 27) and CH4 (n = 13). Planar surface indicates best fit to data
(z = 0.98+0.54× IT WS−0.11×OWT WS; r2 = 0.82). The shaded red line represents equal
wind speeds inside and outside the flux chamber, where z = 0.098+0.42× IT/OWT WS (ms−1).
(b) and (c) show disaggregated CO2 and CH4 data, with (b) showing the relationship between
wind speeds internal and external to the toroid and relative CO2 fluxes (n = 27). All details as
shown in Fig. 3a. Planar surface indicates best fit to data (z = 1.021+0.57× IT WS−0.13×OWT
WS; r2 = 0.85). For (c) we show the relationship between wind speeds internal and external
to the toroid and relative CH4 fluxes (n = 13). All details as shown in Fig. 3a. Planar surface
indicates best fit to data (z = 0.94+0.43× Internal WS−0.09×External WS; r2 = 0.80).
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Figure 4. The relationship between measured pressure differential (outer wind tunnel minus
inner toroid, in mbar) and flux relative to zero wind conditions (FR). For direct comparison, only
data included in Fig. 3 have been included in this figure. Solid fill symbols indicate CO2 flux
ratios while open symbols show CH4 flux ratios (Tables 2, 3). Trend line indicates best fit for
data (r2 = 0.41, y = 4.48×Pressure differential (mbar)+1.15).
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Figure 5. Flux recovery from peat soils after high wind events. Open circle (o) represents fluxes
taken under zero wind conditions prior to wind events. Gray closed squares represent fluxes
measured under zero wind conditions conditions after wind events. The logarithmic trend line
indicates best fit to data (y = 0.195×ln(t(min))+0.233; r2 = 0.95). Error bars indicate SD; n ≥ 3.
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