Tellus

PUBLISHED BY THE INTERNATIONAL METEOROLOGICAL INSTITUTE IN STOCKHOLM

Strong similarities between night-time deposition
velocities of carbonyl sulphide and molecular hydrogen
inferred from semi-continuous atmospheric observations

in Gif-sur-Yvette, Paris region

By SAUVEUR BELVISO*, MARTINA SCHMIDT, CAMILLE YVER,
MICHEL RAMONET, VALERIE GROS and THOMAS LAUNOIS,
Laboratoire des Sciences du Climat et de I’Environnement, IPSL, CEA, CNRS, UVSQ,
CE Saclay, Bdt 703 L’'Orme des Merisiers, 91191, Gif-sur-Yvette, France

(Manuscript received 26 February 2013; in final form 24 June 2013)

ABSTRACT

We investigated the diurnal variations of atmospheric carbonyl sulphide (COS) during 2011 at Gif-sur-Yvette,
a suburban atmospheric measurement site in France. These data were collected semi-continuously in parallel
with hydrogen (H,), carbon monoxide (CO) and **Radon (***Rn) measurements. Fluxes and deposition
velocities were calculated for nocturnal situations of low boundary layer height using the Radon-Tracer
Method. Contrary to CO and H,, the diurnal cycles of COS are not impacted by emissions from nearby
automobile traffic. In the absence of local anthropogenic combustion sources, COS and H, mole fractions
generally show similar temporal variations with night-time depletion coinciding with >*Rn accumulation
during stable nocturnal conditions. Nocturnal COS deposition velocities range from 0.07 to 0.40mm s ~ ', with
an annual mean of 0.18+0.12mm s~ ' (n=14). We found strong similarities between COS and H, dry
deposition velocities in terms of annual mean and ranges of variation, and data showed linear correlation
between the two. This study provides new evidence of the loss of COS near the ground via non-photosynthetic
processes. Although the dominant sink of atmospheric H, is diffusion and subsequent destruction in soils, it is
not all certain that COS is taken up at night solely by soils.
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1. Introduction ecosystem respiration, the latter being itself extrapolated
from night-time flux measurements by applying tempera-

Carbonyl sulphide (COS) has almost no net climate impact . . . .
ture corrections (Reichstein et al., 2005). Direct flux

(Briihl et al., 2012). However, it has recently attracted
interest as this trace gas, which is consumed and not
respired by plants at typical atmospheric concentration
levels, could provide a valuable constraint on photosynth-
esis (Montzka et al., 2007; Campbell et al., 2008; Asaf et al.,
2013, and references therein). An additional constraint on
the photosynthetic uptake of CO, (i.e. the gross CO, flux)
is needed because it is impossible to directly measure this
flux at the ecosystem scale. Indeed, in order to assess
canopy gross CO, fluxes, eddy covariance measurements of
canopy net CO, fluxes should be corrected for daytime

measurements of COS may be the alternative to measure
photosynthesis at the ecosystem scale (Asaf et al., 2013),
but the approach is hampered by our present imperfect
understanding of variations of the ratios of COS to CO,
leaf deposition velocities (Seibt et al., 2010; Wohlfahrt
et al., 2012). Moreover, a requirement that should be met
for COS uptake to be used as a proxy of terrestrial photo-
synthesis at the ecosystem scale is that any other COS
fluxes within the ecosystem must be negligible compared to
plant uptake (Blonquist et al., 2011) or the magnitude of
the non-leaf fluxes needs to be known a priori (Wohlfahrt
et al., 2012). The existence of nocturnal deficits of COS

*Corresponding author. near the ground as observed by Mihalopoulos et al. (1989)
email: sauveur.belviso@]sce.ipsl.fr and White et al. (2010) during field experiments carried out
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about 20 yr apart implies that non-photosynthetical pro-
cesses are also important in controlling exchanges of COS
in terrestrial ecosystems. White et al. (2010) were the first to
show that the night-time net ecosystem COS flux estimates
were dominated by nocturnal vegetative uptake not by soil
uptake.

Here, we present the results of a new field study of
COS exchange at the ecosystem level where COS fluxes
were derived using the Radon-Tracer Method. The COS
deposition velocities are compared to those of hydrogen
(H;), which is deposited almost exclusively to soils. The
study benefited from the extensive investigation of H,
sources and sinks carried out by Yver et al. (2009) at the
Gif-sur-Yvette air monitoring station.

2. Methods

The Gif-sur-Yvette sampling site is part of the Laboratory
for Climate and Environmental Sciences (LSCE) and
belongs to the Atmospheric Network for Greenhouse
Gases Monitoring (RAMCES). This semi-urban site is
located 20 km SW of Paris at an altitude of 160 m above the
sea level. The site is surrounded by lawns, agricultural fields
and forests (about 70% of the land surface) and urban
infrastructures including a village (NE), the city of Gif-sur-
Yvette (about 21 000 inhabitants, S), the nuclear research
centre of Saclay (N), two main roads and a motorway (E).
The ambient air inlets for COS, CO and H, measurements
are located on the roof of the laboratory 7m above the
ground level (agl) and 3.5magl for the **Rn measure-
ments. More details on the Gif-sur-Yvette air monitoring
station can be found in Yver et al. (2009) and Lopez et al.
(2012).

A commercial gas chromatograph (Varian 3800) coupled
with a cryogenic preconcentrator (ENTECH P7100) for
sample preparation, and a mass spectrometer detector
(Varian Saturn 2200) for COS detection, were used to
analyse this gas. The first application of the P7100 in-
strument for the preconcentration of COS in air samples
was made by Yi et al. (2007). In short, the instrument is
operated in the extended dehydration mode. Air samples
(400-600ml, 1 atm, 0°C, volume determined by indirect
time-integrated flow measurements, 50 ml min ~!flow rate)
are drawn through two traps mounted in series: an empty
Silonite-coated stainless-steel trap removes humidity at
—25°C and a second trap filled with HayeSep-D adsorbent
(Miller et al., 2008) traps COS at —40°C. Some CO, is
trapped non-quantitatively during this stage. Then the
HayeSep-D trap is heated to 180°C and the thermally
desorbed gases are transferred by helium of highest purity
to a cryo-focusing trap maintained at —165°C. The com-
pounds are then thermally desorbed into a PLOT capillary
column (Porabound-Q, 25 m in length, 250 mm ID, Varian/

Chrompack) maintained at a temperature of 35°C for 3
minutes, followed by a temperature increase to 160°C at a
rate of 15°C min ~'. The mass spectrometer detector is used
in scan mode, and the ionisation method is electron
impacting (EI). For measuring COS, m/z 60 is set as the
target ion. All traps are heated before running a new
gas sample. The sampling time is defined in a sample list
built using the P7100 software. In general, measurements
are carried out on an hourly basis (every 45 minutes in
December 2011) and the sampling autonomy is about
36 hours using a 60-1 reservoir filled with liquid nitrogen for
cryogenic trapping.

A 1.0-ppmv (+5%) COS primary standard prepared in
helium (Air Products) is used for calibration. Fifty to
several hundred micro-litres of this primary standard are
drawn with a gas-tight syringe, equilibrated at room
temperature and pressure, and are further injected through
a septum in a line flushed with pure helium connected to the
preconcentrator inlet. Two hundred millilitres of helium are
sampled at a 50ml min ~' flow rate. The calibration line
(surface area vs. pico-litres of COS) exhibits a significant
positive intercept because helium of highest purity available
commercially is not free of COS. The linear response of the
whole system is also checked by sampling atmospheric air
(150-900 ml at 50 ml min ~' flow rate) from a compressed
cylinder (target gas) provided by the Max Planck Institute
but not calibrated against an international scale. In that
case, the intercept of the six-point regression line (surface
area vs. air volume) is not significantly different from zero.
The diurnal drift of the whole system is also checked using
this target gas and data are, if necessary, corrected for it.
Mole fractions are calculated by dividing pico-litres of COS
(at room temperature and pressure) by volumes of air dried
at —25°C, corrected at room temperature and pressure.
Precision is 1.2% (10 replicates of the target gas analysed
consecutively for 10 hours).

Measurement techniques of H,, CO and Radon-222
(**Rn), as well as precision and flux calculations using
the Radon-Tracer Method are described in detail in Yver
et al. (2009) and Lopez et al. (2012). In short, H, and CO
were analysed using gas chromatography equipped with a
reduction gas detector (RGD, model PP1, Peak Labora-
tories Inc., CA, USA). The mean repeatability for H, is
less than 3 ppb, and that for CO is less than 1.5 ppb (Yver
et al., 2009). H, is used as a tracer of traffic emissions and
atmosphere—soil gas exchange, and CO helps characteris-
ing combustion processes. >*Rn is a natural radioactive
gas emitted by soils. It is a good tracer of the planetary
boundary layer circulation. >*’Rn is measured at Gif-sur-
Yvette station with the active deposit method, that is, via
the radioactive decay of its daughters attached to aerosols.
The radon instrument has a random error of 10%. The
H,/**’Rn correlations have been used by Yver et al. (2009)
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to estimate the H, uptake in the Gif-sur-Yvette area. The
method used in their study is based on parallel measure-
ments of H, and ?*’Rn over 3 yr. Relatively stringent
criteria are then applied to automatically select among
hundreds of nocturnal events those suitable for deducing
H, fluxes using the Radon-Tracer method. Here, the pro-
cess was not performed automatically because, contrary
to H, and ?*?Rn, the diurnal variations of COS were not
measured throughout the year. To calculate the COS
and H, uptake rates, we used eq. (5) in Yver et al. (2009).
This equation takes into account (a) the slope of linear
regression during night-time inversion (COS/**’Rn and
H,/**Rn), (b) estimates of the 2*’Rn exhalation rates
for the study area (52 Bq m 2 h ! with a seasonal cycle
amplitude of +25% in summer and —25% in winter), and
(c) a correction factor of 0.96 which takes into account the
change in 2*?Rn activity as a result of radioactive decay,
offset by fresh emission of this gas from the soil.
Hence, fluxes were calculated as follows:

Feos (nmol m? h™')=52+13 (Bqm=2h')
x COS/*Rn (pmol Bq™") (1)
x 0.96/1000
Fy,(umolm™> h™') =52+13 (Bqm™> h™")
x H,/*”Rn (nmol Bq™') (2
% 0.96/1000
Deposition velocities (v, in units of mm s ~ ') are inferred
from the ratio between fluxes (F, in units of fractions of

mol m 2 h~') and air concentrations at the onset of the
nocturnal depletion. The uncertainties on the deposition

velocities mainly come from the estimation of the *’Rn
flux and from the regressions COS/Rn and H,/Rn. The
coefficients of determination of the regressions were in the
range 0.40-0.93 (Table 1). The overall uncertainty of each
deposition event ranges between 35 and 80%.

A weather station (Vaisala WXT520) provided local
meteorological data (air temperature, wind direction and
speed, and relative humidity). All data are presented in
coordinated universal time (UTC). Sunrise and sunset
times were calculated for the location of Gif-sur-Yvette
(48°42'36"N—-2°08'51"E).

3. Results

A total of 50 diurnal cycles were acquired throughout
2011. The longest time series were carried out in November
and December 2011. They lasted for eight and nine
consecutive days, respectively. Fig. 1 presents the hourly
variations of COS, H, and CO mole fractions together with
222Rn activities and standard meteorological measurements
(temperature and wind speed) at Gif-sur-Yvette from late
November to mid December 2011. The time series shows
night-time and early morning decreases of COS mole
fraction and corresponding ***Rn increases (seven events
during a 13-d period). The seven COS lows coincide with
late night or early morning temperature lows and calm
meteorological conditions with wind velocities lower
than 6km h~'. The amplitude of nocturnal variations is
in the range 30-70 ppt. There are four situations in the
November—December dataset (November 29 and December
1, 8, 10) where nocturnal decreases of COS and H, are very

Table 1. Estimates of COS and H, fluxes (F) and deposition velocities (v) during nocturnal stable conditions (Gif-sur-Yvette, in 2011).
Carbonyl sulphide Hydrogen
Date year COS vs. *’Rn Fcos [COS]  vcos  Havs. ”Rn Fy [Ha] Vi,
2011 (pmol Bq*')* »,n (nmolm 2h~") (ppt) (mm s~ (amol qul)* 2, n (umol m~2h7" (ppb) (mm s;l)
Feb 1-2 217.84+419.3 091, 14 8.15 505 0.10 423.5+42.3 090, 13 15.86 585 0.17
Mar 23-24 263.64+29.3 0.92,9 13.65 540 0.15 nd nd nd nd nd
Mar 25-26 111.5+153 0.84, 12 5.56 533 0.07 138.74+20.8 0.83,11 6.92 535 0.09
Apr 5-6 385.7+100.4 0.40, 11 19.25 515 0.24 355.5+34.7 0.90, 13 17.74 537 0.21
May 24-25 153.74+69.5 0.41,9 7.67 535 0.09 nd nd nd nd nd
May 27-28 245.54+80.1 0.54, 10 12.25 545 0.15 nd nd nd nd nd
Jun 10-11 124.5+44.1 0.61,7 6.21 515 0.08 189.6+43.0 0.79, 7 9.46 545 0.11
Sep 15-16 387.9+49.7 0.79, 18 24.20 445 0.36 nd nd nd nd nd
Nov 28-29 160.4+159 0.93,9 8.01 520 0.10 47.7+47 092,11 2.38 430 0.03
Nov 30-Dec 1 126.8+154 0.92, 8 6.33 525 0.08 157.34+£26.3 0.83,9 7.85 510 0.10
Dec 5-6 569.94+96.7 0.72, 15 28.45 505 0.36 nd nd nd nd nd
Dec 7-8 241.24+49.4 0.66, 14 12.03 505 0.15 nd nd nd nd nd
Dec 9-10 621.2+93.1 0.71, 20 31.01 510 0.39 377.3+65.1 0.61,23 18.83 515 0.24
Dec 10-11 220.14+31.5 0.73, 20 11.03 495 0.14 nd nd nd nd nd

Data collected during turbulent nights were not considered. nd =no data.

*The uncertainty in the best-fit slope is given as +one standard error.
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Fig. 1.

COS, CO and H, mole fractions, and **’Rn activity during November—December 2011 at Gif-sur-Yvette. The vertical red dashed

lines indicate stable atmospheric conditions (radon highs) associated with H, highs and COS lows. The vertical blue dashed lines indicate
stable atmospheric conditions associated with H, and COS lows. Major COS lows are numbered 1-7. The yellow vertical bands correspond
to the sunlit hours from sunrise to sunset. From late November to mid December, the sun rises between 7:17 and 7:35 am and sets between

3:57 and 4:01 pm UTC.

well in line. There are three situations (November 28,
30, and December 11) where sharp peaks of CO and H,
resulting from traffic emission during rush hours are not
associated with increases of COS.

Pronounced increases of >*Rn during stable nocturnal
conditions associated with decreases of COS and H, mole
fraction were observed frequently in Gif-sur-Yvette as well
as CO and H, peaks not associated with peaks of COS.
This is illustrated in Fig. 2 for early February, late March
and early August 2011. However, on March 25, a COS

minimum was observed at noon. Moreover, the summer
measurements recorded two atypical events where radon
highs, H, and CO lows were associated with COS highs.
COS and H, fluxes and deposition velocities were
calculated during stable nocturnal conditions with pro-
nounced increases of 22*Rn, and COS and H, mole fraction
decreases (Table 1). A record of COS and H, measure-
ments plotted against corresponding *?*Rn activities is
displayed in Fig. 3. The corresponding diurnal variations
are presented in left column of Fig. 2. The correlation
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Fig. 2. COS, CO and H, mole fractions, and **’Rn activity during early February (left column), late March (middle column) and early

August 2011 (right column) at Gif-sur-Yvette. The vertical red dashed lines indicate stable atmospheric conditions (radon highs) associated
with H, highs and COS lows. The vertical blue dashed lines indicate stable atmospheric conditions associated with H, and COS lows. The
vertical black dashed lines indicate stable atmospheric conditions associated with H, lows and COS highs. The yellow vertical bands

correspond to the sunlit hours from sunrise to sunset. In early February, the sun rises between 7:14 and 7:19 am and sets between 4:51 and
4:55 pm UTC. In late March, the sun rises between 5:39 and 5:45 am and sets between 6:09 and 6:14 pm. In early August, the sun rises

between 4:23 and 4:27 am and sets between 7:27 and 7:31 pm.

between COS and >*’Rn is negative and the determination
coefficient is 0.91 (n=14). The slope is about 218 pmol
Bq . The flux is 8.1 nmol m > h~! and the correspond-
ing deposition velocity is 0.10mm s ~' using 505 ppt as the
COS mole fraction at the onset of the nocturnal depletion.
H, and **’Rn are also correlated negatively when the four
data points influenced by traffic emissions are removed.
The slope is about 423 nmol Bq ~'. The flux is 15.9 pmol
m~2 h~! and the corresponding deposition velocity is
~! using 585 ppb as the H, mole fraction at the
onset of the nocturnal depletion.

Nocturnal COS deposition velocities ranged from 0.07
1

0.17mm s

to 0.39mm s !, with a mean value of 0.18 +0.12mm s~
(n=14). Those of H, ranged from 0.03 to 0.24mm s~ !,

with a mean value of 0.144+0.07mm s~ ! (n="7). The
difference in the number of significant events results from
the fact that, contrary to H,, the COS signal is not
disturbed by local traffic emissions during stable nocturnal
conditions. When plotted against those of H,, the COS
deposition velocities are roughly distributed around the 1:1
line (Fig. 4).

4. Discussion

Our survey of a series of atmospheric tracers in the lower
layers of the Parisian atmosphere aimed at identifying the
local sources and sinks of COS. We focused on their hourly
variations using those of 2??Rn as an indicator of vertical
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Fig. 3. Correlation of the COS and H, mole fractions to **’Rn

activity during nocturnal stable atmospheric conditions (February
1-2/2011). H, levels recorded during rush hours (5:30-8:30 UTC)
are plotted with open squares.

mixing in the planetary boundary layer. The accumulation
of ?’Rn within the planetary boundary layer results
from a lowering of vertical mixing, during nocturnal inver-
sions, for example. As the surveys lasted for about 50 d in
total during year 2011, data cannot help with the elucida-
tion of the seasonal variations of COS in the Parisian
atmosphere.

Automobile traffic is a well-documented source of H,
and CO in the Parisian area and elsewhere (Yver et al.,
2009, and references therein). It is detected in atmospheric
records in the form of abrupt peaks occurring during late
evening and early morning hours (rush hours). We never
observed peaks of COS associated with peaks of H, and
CO (Figs. 1 and 2). This is highly consistent with cars being
a negligible source of this gas in the atmosphere (Watts,
2000). Accumulation of COS during nocturnal inversions
occurred only twice in 2011 (2-4 August, Fig. 2), but not
during the night of 1 August. It is unlikely that COS
production resulted from combustion processes because the
levels of CO recorded during both events (about 100 ppb)
were close to baseline values (Yver et al., 2009). It is
suggested that the suburban ecosystem can turn from sink
to source during the summer months when averaged
nocturnal temperatures reach the twenties (Fig. 2).

The dry deposition velocities for H, at Gif-sur-Yvette
[0.1440.07mm s~ ' (n=7), year 2011] contrast with the
annual mean value of 0.24+0.13mm s~ from the study
of Yver et al. (2009) carried out from June 2006 to April
2009. However, their time series exhibited clear interannual
variations. Present data agree better with their 2008 than
their 2007 records, and fall in the lower range of deposition
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Fig. 4.
velocities. Error bars represent the overall uncertainty of each
deposition event.

A comparison of the observed COS and H, deposition

velocities classified by ecosystem type by Yver et al. (2009).
It is known that the dominant sink for H, is diffusion in
soils and subsequent uptake by aerobic bacteria and/
or extracellular enzymatic activity (Constant et al., 2010,
and references therein). Moreover, soil consumption ac-
counts for 70-80% of the total sinks of H, (Hammer and
Levin, 2009). The fact that COS and H, display rather
similar temporal variations and deposition velocities during
nocturnal stable conditions when traffic emissions of H, in
the Gif-sur-Yvette area are low is a strong indication that
non-photosynthetical processes are important in control-
ling exchanges of COS in this suburban ecosystem. There is
an abundance of data demonstrating the importance of
soils on COS deposition (e.g. Kuhn et al., 1999; Simmons
et al., 1999; Yi et al., 2007; Van Diest and Kesselmeier,
2008). However, soils in the Gif-sur-Yvette area usually
are vegetated. There are lawns around the sampling site
which, according to Geng and Mu (2004), are capable
of continuously absorbing COS in night-time as well as
in daytime. In fact, as long as stomata are not completely
closed (which they are not in most plant species even during
night-time (Caird et al., 2007), leaves will take up COS, at a
low rate albeit. Hence, nocturnal uptake of COS near
the ground at Gif-sur-Yvette could result from vegetative
and non-vegetative processes. Assuming that COS is taken
up solely by soils, deposition velocities in the range 0.07—
0.39mm s~ ' measured at Gif-sur-Yvette are by far lower
than the optimum values reported by Van Diest and
Kesselmeier (2008) for four boreal soils (0.84-1.54mm s ).
But since none of the known controlling variables in
the COS soil-atmosphere flux (i.e. soil temperature, soil
structure and porosity, water content) were recorded
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during our study, we cannot go further in the discussion of
factors controlling uptake mechanisms of COS (nor about
the nocturnal emissions observed occasionally during
August 2011) in the Gif-sur-Yvette area. This being said,
the relationship between COS and H, deposition velocities
(Fig. 4) may imply some physiological link between the
consumption of both gases, related to enzymatic activities
(B-carbonic anhydrases, carbonyl COS hydrolases, and
hydrogenases) of soil bacteria. We suggest that measure-
ments of hydrogen deposition velocities could provide a
constraint on COS deposition to soils. As the H, deposition
velocities measured in suburban ecosystems fall in the
lower range of deposition velocities classified by ecosystem
type (Yver et al., 2009), there is a potential for higher
deposition of COS to soils in grassland, shrubland,
agricultural land and forests. It is also suggested that
COS global models could benefit from recent improve-
ments in process-based modelling of molecular hydrogen
deposition into the soil (e.g. Morfopoulos et al., 2012).

It is worth noting that previous investigations of
COS fluxes at the ecosystem scale based on relaxed eddy
accumulation or eddy covariance techniques reported
nocturnal emissions instead of uptakes (Xu et al., 2002;
Asaf et al., 2013). The sign and the magnitude of our flux
measurements are much more consistent with those of
Kuhn et al. (1999) estimated by a nocturnal boundary
layer depletion model. Unfortunately, both approaches to
the nocturnal fluxes of COS are incompatible because the
eddy covariance techniques require nocturnal turbulence,
whereas the Radon-Tracer method requires calm meteor-
ological conditions. There is compelling evidence that
terrestrial ecosystems are capable of absorbing COS (Asaf
et al., 2013, and references therein). However, since there
is growing evidence that COS can be taken up in the dark
in such diverse areas as coastal, semi-urban, and agricul-
tural areas and forests (Mihalopoulos et al., 1989; Kuhn
et al., 1999; Geng and Mu, 2004; White et al., 2010; this
work), the use of terrestrial fluxes of COS as a tracer for
gross primary production at continental scale should be
made with caution. We definitely need more direct and
indirect flux measurements of COS to answer the question
of how large the soil COS flux is in comparison to the
canopy flux.

5. Conclusion

Strong similarities were found between the deposition
mechanisms of COS and H, at the Gif-sur-Yvette monitor-
ing site. During the night, when the lower atmosphere is
stratified (***Rn increases) and local traffic emissions of
H, are low (no peaks of H,), COS and H, mole fractions
decrease in parallel. Nocturnal deposition velocities of
COS and H,, calculated at the ecosystem scale using the

222Rn Tracer Method, fall about in the same range and are
roughly proportional. It is well established that the uptake
of H, takes place in soils and is a non-photosynthetic
process. Since COS behaves like H,, this suggests that
the nocturnal loss of COS is also governed by non-
photosynthetic processes. However, since lawns are present
in the vicinity of the monitoring station and are capable of
continuously absorbing COS in night-time, its loss near the
ground is most likely the result of the combined effects
of soil and vegetation. Here, we provide evidence that COS
consumption takes also place by night so when the carbon
fluxes are dominated by respiration.
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