
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

12
:4

9:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Natural greenho
aRdscientic, Newbury, Berkshire RG14 6LH
bSchool of Chemistry, University of Br

petergsimmonds@aol.com
cSchool of Physics, National University of Ire

Cite this: Environ. Sci.: Atmos., 2021, 1,
406

Received 17th May 2021
Accepted 20th July 2021

DOI: 10.1039/d1ea00040c

rsc.li/esatmospheres

406 | Environ. Sci.: Atmos., 2021, 1, 4
use gas and ozone-depleting
substance sources and sinks from the peat bogs of
Connemara, Ireland from 1994–2020

Richard G. Derwent,a Peter G. Simmonds,*b Simon J. O'Doherty,b T. Gerard Spainc

and D. Youngb

The peat bogs of Connemara in the vicinity of the Mace Head Atmospheric Research Station on the Atlantic

Ocean coastline of Ireland act as natural sources and sinks of greenhouse gases and ozone-depleting

substances. Simultaneous emissions of methane and chloroform occur routinely during night-time

inversions and low wind speeds, with concurrent depositions of ozone and hydrogen. The temporally

correlated ozone data were employed with the nocturnal box method to determine the deposition

velocities of hydrogen and the emission rates of methane and chloroform during 502 night-time events

over the study period from 1994–2020. The average hydrogen deposition velocity found was 0.45 �
0.3 mm s�1. Hydrogen deposition velocities appeared to increase with time by about +1.2% per year.

Chloroform emission rates averaged 0.44 ng m�2 s�1 and were somewhat smaller than those we have

reported previously. Methane emission rates averaged 0.37 � 0.2 mg m�2 s�1 in agreement with our

previous studies but this study found an increase with time of +1.3% per year which was statistically

significant. This increase was probably driven by local climate change through the increasing rainfall seen

during the study period.
Environmental signicance

Methane and ozone are the second and third most important man-made greenhouse gases aer carbon dioxide and chloroform is the second most important
natural chlorine carrier to the stratosphere aer methyl chloride. It is important to understand their natural as well as man-made sources and their removal
processes from the atmosphere. The Connemara peat bogs surrounding the Mace Head Atmospheric Research Station exert a local inuence on the night-time
measurements of methane, ozone and chloroform and this allows a quantication of local natural sources and sinks. In addition, our observations have allowed
the quantication of the deposition rate of hydrogen. Hydrogen is a little studied trace gas that may play an important role in future zero-carbon energy systems.
However, it is an indirect greenhouse gas by virtue of its impact on the tropospheric hydroxyl radical distribution and the global distributions of methane and
ozone. Hydrogen deposition is a key process in mitigating this indirect global warming and measurements of hydrogen deposition are required because it is
poorly dened.
1. Introduction

Methane (CH4) is the second most important man-made
greenhouse gas aer carbon dioxide (CO2)1 and has both
natural and man-made sources. Its global atmospheric levels
have been rising rapidly in recent years and there are concerns
that this may be driven by increasing biological sources of CH4

such as wetlands, thawing permafrost, or livestock.2 There is
therefore an interest in the trends over recent years in CH4

sources, both natural and man-made and CH4 sinks.3,4 Natural
sources of CH4 include wetlands and peatlands in the tropics
and mid-to-high latitudes,5 tundra and enteric fermentation in
, UK

istol, Bristol, BS8 1TS, UK. E-mail:

land-Galway, Galway, H91 TK33, Ireland

06–415
animals. Peatlands are the largest natural source of atmo-
spheric CH4 and climatic changes in soil temperature and
precipitation are expected to favour CH4 production, thereby
increasing CH4 emissions. Furthermore, these processes are
regulated by variations in the water table where net CH4 emis-
sions depend on the history of inundation.6 This study
addresses one of these natural CH4 sources, namely the lowland
peat bogs of Connemara on the west coast of Ireland. We
examine the trends in CH4 emissions over the last 25 years by
extending our previous study.7

Peat bogs have important roles in biogeochemical cycles,
besides acting as natural CH4 sources they are signicant
contributors to the global carbon cycle. In addition to emitting
CH4, they also emit halocarbons such as chloroform (CHCl3).8–10

CHCl3 is the second-most important natural chlorine carrier to
the stratosphere.11 Previous studies on the coastal peat bogs of
Ireland conrmed their importance as natural CHCl3 sources.10
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The trends with time of the simultaneous natural sources of
CH4 and CHCl3 should provide a useful check on the inuence,
if any, of climate change on biogeochemical cycling in the
Connemara peat bog ecosystems.

As the policy focus shis away from supporting fossil fuel
use to promoting low- or zero-carbon energy systems, much
attention is being given to understanding the potential future
role of hydrogen (H2).12 Although H2 is not itself a direct
greenhouse gas, it acts as an indirect greenhouse gas because its
atmospheric emissions reduce the oxidation capacity of the
atmosphere, leading to increased methane levels and exacer-
bate the global warming from CH4 and ozone (O3), the second
and third most important man-made greenhouse gases aer
carbon dioxide.13 Methane oxidation is a major source of
tropospheric ozone hence increasing methane levels lead to
increasing ozone levels.13 Key to the assessment of the indirect
global warming consequences of atmospheric H2 emissions is
the biogeochemical life cycle of H2 and, in particular, its surface
uptake by deposition.14 Deposition to land surfaces is the most
important removal process for H2 and causes the observed lat-
itudinal concentration prole in which southern hemisphere
concentrations are higher than those in the northern hemi-
sphere, despite large man-made emission sources in the
northern hemisphere.15 The Connemara peat bogs act as a H2

deposition sink and we report one of the few long-term global
records of H2 deposition to a peat bog ecosystem.

2. Methods
2.1 Mace Head atmospheric research station

The Mace Head atmospheric research station is in the west of
Ireland on the North Atlantic coast (53.327N, 9.904W, 8 m asl).
The site encounters a wide range of airmass types, predomi-
nantly maritime but on occasion, continental. The nominal
clean sector is dened as 180� to 300� and wind speed above
4 m s�1. Analysis of local meteorological data indicates that air
masses arrive within the clean sector approximately 50% of the
Fig. 1 Sketch map showing the location of the Mace Head, Ireland stat
extracted from the website: https://gis.epa.ie/EPAMaps/. The darker brow
in the Connemara region.

© 2021 The Author(s). Published by the Royal Society of Chemistry
time. The variety of airmass types encountered is advantageous
in that it facilitates the study of very different atmospheric
regimes.

The immediate region around the site is classied as Atlantic
blanket bog.16,17 The boggy soil is shallow with granite outcrops
and small lakes. The vegetation is typical of this land type
including, heathers, sedges, rushes, moor grass and gorse.18,19

Fig. 1 presents a sketch map of the area surrounding the Mace
Head station showing the location of the peat bogs, downloaded
from https://gis.epa.ie/EPAMaps/.

There is no signicant industrial activity in the region with
small scale sh farming and inshore shing predominating.
Agricultural activity is generally limited to low intensity grazing
of cattle and there is little or no tillage. The nearest major urban
centre is Galway city �65 km to the east which has a population
of �80 000.20
2.2 Trace gas measurements

Methane (CH4), hydrogen (H2) and chloroform (trichloro-
methane, CHCl3) measurements were made by injecting air
samples into a fully automated, multi-column chromatographic
system (AGAGE-MD) and directed to a variety of detectors. CH4

was detected using a ame ionisation detector, H2 a reduction
gas analyser (RGA3) and CHCl3 an electron capture detector.13,21,22

The analysis sequence consisted of an air sample followed by
a standard to determine and correct for instrumental dri,
resulting in 36 fully calibrated air samples per day. Each sample
was dried prior to separation using a permeation Naon drier
(Permapure, USA). All measured dry mole fractions were
determined relative to a working standard that had been cali-
brated using internationally recognised calibration scales,
TU1987 for CH4,23 MPI-2009 for H2

24 and SIO-98 for CHCl3.23

O3 measurements were acquired with commercial UV spec-
trometers, utilising three separate analysers over the period of
this investigation. The instruments were Model ML8810
(Monitor Labs San Diego, CA) from April 1987 to March 2003.
ion (red cross) in relation to the surrounding peat bogs in Connemara
n and grey shades indicate peat which covers approximately 3000 km2

Environ. Sci.: Atmos., 2021, 1, 406–415 | 407
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Models 49C and 49i (Thermo Electron Inc., Franklin, MA) were
used from March 2003 to April 2016 and April 2016 to date,
respectively. The instruments were operated within the UK
Rural O3 Network, latterly the Automatic Urban Rural Network
(AURN). As part of the quality control used in that network, their
calibration was audited 2–4 times annually against a National
Physical Laboratory-traceable UV photometer transfer stan-
dard.25 Additional audits by the Irish Environmental Protection
Agency and the World Calibration Centre for O3 provide inde-
pendent verication of the measurement quality.26,27 Measure-
ments were recorded as hourly averages from 1978–1995; post-
1995 measurements were recorded as 1 min averages and aer
ltering to remove invalid data, averaged to one hour. Data are
transmitted in near real-time to the AURN network (https://uk-
air,defra.gov.uk/data/) and the Irish EPA (https://www.epa.ie/
air/quality/data/mh/gas/). Aer validation the data are
submitted to both of the above agencies and the Global Atmo-
spheric Watch (GAW) World Data Centre for reactive gases
(WDCRG) (https://www.gaw-wderg.org/). Further details on the
experimental set-up can be found in ref. 28.
Fig. 2 (a–c) Simultaneous time development of the ozone mixing
ratios with (a) hydrogen, (b) methane and (c) chloroform over a fifteen-
day period from 15th June to 30th June 2014. Black bars indicate four
specific events discussed in the text.
2.3 The nocturnal box model

In previous studies, we have reported the occurrence of local,
natural trace gas sources and sinks during night-times under
low windspeed and near-calm conditions at the Mace Head
Atmospheric Research Station. Under these conditions, O3 and
H2 mixing ratios may drop from their baseline levels over the
period of several hours29 and CH4

7 and CHCl3 10 mixing ratios
may rise. This behaviour is caused by natural sources and sinks
involving the peat bogs of Connemara in the vicinity of theMace
Head station.

During low windspeed and near-calm conditions during the
early evening, temperature inversions may form close to the
ground. Whilst turbulent dispersion continues close to the
ground, it is suppressed by the nocturnal inversion at greater
heights. O3 and H2 levels become depleted relative to the levels
alo as they are taken up by surface deposition below the
nocturnal inversion and cannot be replenished because of the
suppression of vertical mixing. In contrast, CH4 and CHCl3
accumulate below the nocturnal inversion relative to the levels
alo because they have surface sources across the Connemara
peat bogs. Aer sunrise on the following morning, the
nocturnal inversion breaks up and vertical mixing replenishes
the O3 and H2 levels close to the surface and disperses the
higher CH4 and H2 concentrations through mixing with the
lower background levels alo. In this way, the night-time O3 and
H2 depletions and the CH4 and CHCl3 enhancements are
dissipated. Sometimes, however, even at night, the night-time
calm conditions break down and a burst of wind breaks up
the inversion and O3 and H2 levels are replenished and CH4 and
CHCl3 return to baseline levels. Under these conditions, our
analysis is terminated for that night, irrespective of whether the
nocturnal inversion reforms or not.

These phenomena are illustrated in Fig. 2a–c which present
an extract from the Mace Head trace gas records covering the
period of June 15th–30th, 2014. Fig. 2a presents the
408 | Environ. Sci.: Atmos., 2021, 1, 406–415
simultaneous records of O3 and H2. Baseline O3 levels at this
time were close to 30 ppb and those of H2, close to 540 ppb. Four
events of calm conditions are marked on the plots occurring on
the nights of 18th–19th, 24th–25th, 26th–27th and 28th–29th June
2014.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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During the rst event, O3 levels halved to about 15 ppb,
whilst H2 levels declined by about 5% to 510 ppb over the period
of a few hours. During this same event, CH4 levels increased by
about 10% from a baseline level of about 1900 ppb to 2060 ppb,
see Fig. 2b. At the same time, CHCl3 levels increased 8-fold,
peaking at about 120 ppb from a baseline levels of about 15 ppb,
see Fig. 2c. During the second event, the O3 and H2 depletions
are clearly evident but the CH4 and CHCl3 emissions are smaller
than in the rst event. The O3 and H2 depletions and CH4 and
CHCl3 enhancements are all evident in the third event.
However, the methane peak is hardly evident during the fourth
event. These differences in trace gas behaviour between the four
events reinforces the inherent variability seen in trace gas
sources and sinks over the een-day period and in the
complete record.

Under the conditions where a nocturnal inversion forms in
the lower atmosphere, we can assume that a box is formed with
its base on the surface of the peat bog and its lid at the level of
the nocturnal inversion at some height, h, above which further
vertical dispersion is inhibited. Assuming the contents of the
box are well-mixed, then the time dependence of the mixing
ratio of a depositing trace gas, c, below the inversion can be
represented by:

dc/dt ¼ D/h ¼ �vc/h

where v is the deposition velocity of the trace gas in m s�1,
dened as the ratio of the deposition ux (D) in mg m�2 s�1 to its
concentration in mg m�3 at some reference height close to the
surface. The term dc/dt represents the time rate of change of the
trace gas concentration in mg m�3 s�1. For two simultaneously
depositing trace gases, i and j, we have:

(1/ci � vi)dci/dt ¼ (1/cj � vj)dc � /dt ¼ 1/h (1)

where 1/ci � dci/dt represents the fractional change in the trace
gas, i, concentration per unit time (s�1). Hence, from the ratio of
the fractional changes per unit time for a reference trace gas, i,
and the other trace gas being studied, j, together with the
deposition velocity for the reference trace gas, vi, it is possible to
derive the deposition velocity for the other trace gas, vj,
assuming only deposition losses for ozone and that H2, CH4 and
CHCl3 behave as inert tracers.

For a trace gas, k, that is being continuously emitted from
the peat bog with an area emission source strength of Ek in mg
m�2 s�1 under the nocturnal inversion, then its time rate of
change of concentration, dck/dt, is given by:

dck/dt ¼ Ek/h

substituting for the nocturnal box height gives:

dck/dt ¼ E(1/vc)dc/dt. (2)

Hence, the trace gas emission rate per unit area per unit
time, Ek, can be estimated from the rate of growth of the trace
gas concentration, dck/dt, and the simultaneous fractional
decline in the concentration of the reference trace gas, 1/ci �
© 2021 The Author(s). Published by the Royal Society of Chemistry
dci/dt. Further details of the nocturnal box model method for
determining trace gas uxes in terrestrial and aquatic systems
are given in ref. 30.
3. Analysis of the Mace Head trace
gas record

The hourly O3 observations and the 40 minute AGAGE CH4, H2

and CHCl3 observations were merged into a single database
with a common hourly time-base. The composite dataset con-
tained 232 513 entries, covering the 27 year period from 20:00 h
on 17th February 1994 to 11:00 h on 30th December 2020, rep-
resenting a data capture of 98.7%. This database was searched
for any hourly O3 record corresponding to times of 18:00, 19:00,
20:00 or 21:00 h with ve consecutive hourly O3 records with
monotonically decreasing O3 mixing ratios. The search was thus
looking for six-hourly time periods of continuously decreasing
O3 mixing ratios starting from 18:00 h. A total of 1622 six-hourly
nocturnal depletion events, between 18:00 and 21:00 h onwards,
were found during the 27 year study period. This search
excluded events where a nocturnal inversion reformed aer the
initial nocturnal inversion had been eroded so that only one
event was studied during each night. Nocturnal depletion
events starting aer 22:00 h were interrupted by such erosions
and so were excluded from the initial search.

Each of the 1622 six-hour nocturnal depletion events was
then selected and the simultaneous behaviour of H2, CH4 and
CHCl3 was investigated. Evidence was found for simultaneous
declines in O3 and H2 and increases in CH4 and CHCl3 in 502
out of the 1622 events. Nocturnal inversion events involving all
four trace gases were identied on 502 out of 9814 nights, that is
on 5% of all nights, during the 27 year study period. Events were
rejected if simultaneous declines in O3 and H2 or emissions of
CH4 or CHCl3 were not detected. There are several reasons why
this is important, for example, declines in O3 due to southerly
transport were easily identied and rejected due to the simul-
taneous increase in H2 mixing ratio due to its inverted lat-
itudinal gradient. For each of the 502 events, the H2 deposition
velocity and the area emission rates of CH4 and CHCl3 could be
estimated using expressions (1) and (2), if the deposition
velocity for the reference trace gas, O3, vi, was known.

In applying the nocturnal box model to the Mace Head data
and the Connemara peat bog, attention has necessarily been
directed to the 18:00–06:00 h period when deposition to land
surfaces is least active and is controlled by the non-stomatal
resistance process.31–33 Diurnal, seasonal and long-term vari-
ability have been reported in the non-stomatal resistance of O3

depositing to a blanket peat bog at Auchencorth Moss in Scot-
land, where the average nocturnal deposition from 1995–1998
was reported to be 2 mm s�1.34 However, a more complete
analysis of the non-stomatal resistance to O3 deposition
recommends 2.6 � 0.2 mm s�1 under the wet conditions
appropriate to the Connemara peat bog, with little or no
temperature sensitivity over the ambient 5–30 �C temperature
range.35 El-Madany et al.,36 performed a careful study of daytime
non-stomatal O3 uptake to the Mittleres Wietingsmoor in north-
Environ. Sci.: Atmos., 2021, 1, 406–415 | 409
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west Germany. However, to our knowledge the only study of
night-time non-stomatal uptake to peat bogs remains the Coyle
et al., study,35 with large uncertainties.

Non-stomatal O3 deposition has been treated historically as
a constant, however O3 deposition varies with radiation,
temperature, and surface water.34 Under nocturnal conditions
radiation is not relevant and diurnal temperature is likely to be
minimal and stable, leaving precipitation as themost important
factor affecting O3 deposition. A major limitation of this present
study is the lack of any observations of temperature, humidity
and other environmental conditions for the Connemara peat
bog and the resistances to O3 deposition and their interannual
variability. In the absence of these local data, we assume 2.6 �
0.2 mm s�1 for vi, which is appropriate for the biome of this
study.

Taking a value of 2.6 � 0.2 mm s�1 for vi, 502 values of the
deposition velocity for H2 and the emission uxes of CH4 and
CHCl3 have been estimated from their time rates of change.
Averaging over the entire study period, the mean H2 deposition
velocity was found to be 0.45 mm s�1 (s.d. � 0.3 mm s�1) which
is signicantly lower by 15% compared to our previous value of
0.53 mm s�1 (s.d. � 0.16 mm s�1),29 though well within the
combined uncertainty range of both studies. The mean CH4

emission ux was found to be 0.37 mg m�2 s�1 (s.d.� 0.2 mg m�2

s�1). This mean CH4 emission ux compares well with the 0.33
mg m�2 s�1 (s.d. � 0.07 mg m�2 s�1)7 reported previously for the
shorter twelve-year period and is well within the combined
uncertainty range for both studies. The mean CHCl3 emission
Table 1 Number of nocturnal inversion events during each year from
deposition velocities and the methane and chloroform emission fluxes

Year Number of events H2 deposition velocity, mm s�1

1994 7 0.27 � 0.16
1995 7 0.34 � 0.20
1996 10 0.34 � 0.16
1997 10 0.33 � 0.15
1998 22 0.38 � 0.24
1999 15 0.32 � 0.32
2000 24 0.43 � 0.40
2001 17 0.53 � 0.61
2002 12 0.47 � 0.23
2003 10 0.41 � 0.24
2004 16 0.47 � 0.25
2005 23 0.55 � 0.42
2006 12 0.46 � 0.36
2007 14 0.33 � 0.22
2008 23 0.44 � 0.42
2009 15 0.48 � 0.31
2010 19 0.49 � 0.59
2011 13 0.75 � 0.46
2012 24 0.54 � 0.39
2013 22 0.40 � 0.21
2014 24 0.37 � 0.31
2015 37 0.45 � 0.32
2016 22 0.39 � 0.37
2017 26 0.54 � 0.37
2018 29 0.41 � 0.20
2019 25 0.49 � 0.31
2020 24 0.46 � 0.25

410 | Environ. Sci.: Atmos., 2021, 1, 406–415
ux was found to be 0.44 ng m�2 s�1 (s.d. � 0.1 ng m�2 s�1)
which is much lower than our previously reported value of 0.81
ng m�2 s�1 (s.d. � 0.6 ng m�2 s�1).10 However, the difference
between these results, +0.37 � 0.6 ng m�2 s�1 is not statistically
signicantly different from zero, showing that there is no
statistical difference between the two datasets, reecting the
huge temporal variability in the CHCl3 emission ux
determinations.

The 502 nocturnal inversion events were sorted into years
between 1994 and 2020 and the annual summaries were
prepared as shown in Table 1. The number of nocturnal inver-
sion events in which O3 and H2 displayed evidence of concur-
rent nocturnal depletion and simultaneous CH4 and CHCl3
emission has increased steadily from around 10 per year at the
start of the study period to over 20 per year at the end as shown
in Fig. 3 (black triangles). This increase was highly statistically
signicant at the 99.9% level of condence, according to the
Mann-Kendall test.37 The annual mean values of the H2 depo-
sition velocity increased from around 0.3 mm s�1, see Fig. 3, to
just under 0.5 mm s�1. This increase of +1.2% per year was
statistically signicant at the 90% level of condence, according
to the Mann-Kendall test.37

Looking at the annual summaries for the emitted trace gases
in Table 1 and Fig. 3, annual mean CH4 emission uxes
increased by about 85% from 0.27 mg m�2 s�1 averaged over the
rst ve years to 0.5 mg m�2 s�1 averaged over the last ve years.
The three consecutive years, 2014–2016, gave anomalously low
CH4 emission uxes, see Fig. 3. If they were removed from the
1994 through to 2020, together with the annual mean hydrogen

CH4 emission ux, mg m�2 s�1 CHCl3 emission ux, ng m�2 s�1

0.37 � 0.16 0.44 � 0.17
0.20 � 0.08 0.33 � 0.20
0.19 � 0.12 0.45 � 0.34
0.31 � 0.19 0.22 � 0.13
0.29 � 0.23 0.40 � 0.28
0.36 � 0.22 0.40 � 0.17
0.52 � 0.32 0.41 � 0.26
0.39 � 0.23 0.48 � 0.37
0.30 � 0.15 0.32 � 0.19
0.43 � 0.17 0.39 � 0.17
0.23 � 0.09 0.41 � 0.29
0.38 � 0.31 0.32 � 0.20
0.46 � 0.27 0.42 � 0.42
0.40 � 0.20 0.48 � 0.36
0.37 � 0.18 0.45 � 0.31
0.47 � 0.27 0.44 � 0.26
0.38 � 0.20 0.35 � 0.30
0.38 � 0.23 0.38 � 0.16
0.37 � 0.25 0.38 � 0.27
0.37 � 0.24 0.55 � 0.40
0.31 � 0.18 0.37 � 0.27
0.30 � 0.16 0.46 � 0.32
0.30 � 0.13 0.40 � 0.18
0.42 � 0.13 0.63 � 0.18
0.35 � 0.20 0.46 � 0.29
0.46 � 0.31 0.45 � 0.27
0.46 � 0.38 0.40 � 0.24

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Number of nocturnal inversion events in each year and the annual mean hydrogen deposition velocities, methane and chloroform (scaled
by 1000) emission fluxes from 1994–2020.
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Mann-Kendall trend analysis, then a statistically signicant
upwards trend of +1.3% per year was found, at the 90% level of
condence. We have no explanation as to why these three years
gave low CH4 emission rates other than the inherent variability
of the peat bog ecosystems around Mace Head. Annual mean
CHCl3 emission uxes increased by about 27% from 0.37 ng
m�2 s�1 averaged over 1994–1998 to 0.47 ng m�2 s�1 over 2016–
2020. However, this trend was not found to be statistically
signicant using the Mann-Kendall test. A lowess-smoother
(RobustFit, https://www.st-andrews.ac.uk/�wjh/robustt/) was
tted through the annual mean CHCl3 emission uxes and the
smoothed data were found to show a highly statistically
signicant upwards trend of +0.5% per year.

Seasonality in the trace gas deposition and emission events
was examined in Table 2 by sorting the 502 nocturnal inversion
events into meteorological seasons: winter DJF (December,
January and February), spring MAM (March, April and May),
summer JJA (June, July and August) and autumn SON
(September, October and November). The number of nocturnal
inversion events was highest during spring and lowest during
winter. Deposition velocities for H2 were highest during autumn
and winter and lowest during spring and summer. CH4 emis-
sion uxes showed little seasonality whereas CHCl3 uxes were
Table 2 Seasonal averages of the number of nocturnal inversion events d
mean hydrogen deposition velocities and the methane and chloroform

Season
Number of
events H2 deposition velocity, mm s�1

Winter DJF 74 0.54 � 0.47
Spring MAM 155 0.38 � 0.24
Summer JJA 136 0.39 � 0.22
Autumn SON 133 0.51 � 0.40

© 2021 The Author(s). Published by the Royal Society of Chemistry
highest in spring and summer and lowest in autumn and
winter, in complete contrast to H2 deposition.
4. Discussion and conclusions

The measured H2 deposition velocities at an urban parkland
site in Finland over a four-year period were in the range 0.13–
0.7 mm s�1, with an average value of 0.43 � 0.04 mm s�1.38 A H2

deposition velocity has been reported of 0.35 mm s�1 to
a marshland ecosystem in an eleven month study in Cal-
ifornia.39 The average deposition velocity measured here of 0.45
� 0.3 mm s�1 is in close agreement with these two literature
studies. We report an increase with time in the annual average
deposition velocity of +1.2% per year. This is consistent with the
observation of higher deposition velocities with higher
temperatures reported in the literature.38

CHCl3 emission estimates from several temperate ecosys-
tems including a coastal peatland in Ireland lie in the range 2–
92 nmol per m2 per day (0.028–0.13 ng m�2 s�1)8 and are much
smaller in comparison with the present study of 320 ng per m2

per day (0.44 ng m�2 s�1). However, the estimates of CHCl3
emission rates estimated here in Table 1 are smaller than those
reported in our previous study of the Connemara peat bogs for
uring each year from 1994 through to 2020, together with the seasonal
emission fluxes

CH4 emission ux, mg m�2 s�1 CHCl3 emission ux, ng m�2 s�1

0.42 � 0.29 0.33 � 0.24
0.34 � 0.23 0.48 � 0.33
0.36 � 0.23 0.48 � 0.31
0.38 � 0.21 0.36 � 0.24

Environ. Sci.: Atmos., 2021, 1, 406–415 | 411
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the overlapping period 1995–2008. Previously we found emis-
sion rates in the range 0.12–3.6 ng m�2 s�1 (0.44–12.94 mg per
m2 per hour) with an average emission rate of 0.40 ng m�2 s�1

(2.91 � 2.2 mg per m2 per hour).10 Over this same period, we
report in Table 1, an average emission rate of 1.42 � 0.3 mg per
m2 per hour (0.40 ng m�2 s�1) for nominally the same events.
However, because of the huge variability in CHCl3 emission
estimates in both studies, the differences are unlikely to be
statistically signicant. In this study, we have been more
selective in the events chosen for emission estimate analysis
and rejected any events that have occurred aer the break-up of
Fig. 4 (a) Annual average rainfall at Mace Head, Ireland (2004–2020). (b

412 | Environ. Sci.: Atmos., 2021, 1, 406–415
the initial nocturnal inversion. This has reduced the overall
uncertainties in our estimates and may have moved their
distribution towards lower emission estimates. In view of the
uncertainties found here and in our previous study, it is difficult
to take further our observation of a statistically signicant
increase in CHCl3 emissions of 0.5% per year with time over the
extended study period from 1995–2020.

The long-term average CH4 emission ux found here of 0.37
� 0.2 mg m�2 s�1 (0.33 � 0.07 mg m�2 s�1 in our previous study)
compares favourably with the emission of 0.3 mg m�2 s�1 (7.1 g
C per m2 per year) reported for northern peatland bog sites.5 A
–e) Seasonal average rainfall for DJF, SON, JJA and MAM, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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CH4 emission of 0.2 mg m�2 s�1 (6.2 g CH4 per m
2 per year) has

been reported for a lowland blanket bog in Ireland40 which is
one third lower than our long-term average ux but well within
our condence interval. However, if account is taken of the time
delay between the literature study37 and this study, together
with the trend with time reported here a higher value would be
expected.

One of the prime motivations for this study was the concern
that CH4 emissions from peat bogs may have been affected by
climate change. A statistically signicant increase in CH4

emissions of +1.3% per year has been observed in this study of
the Connemara peat bogs and it is tempting to associate this
with a local change in climate. For this apparent association to
be causation, there would need to be some further evidence
linking the increased CH4 emissions with changes in the peat
bog ecosystem. Unfortunately, no monitoring of the peat bog
ecosystem was carried out simultaneously with the atmospheric
monitoring. While recognizing that precipitation is only
a rough proxy for actual water table levels, it has been reported
that Ireland's wettest decade was from 2006–2015.41 The average
annual rainfall during this decade was 1990 mm per year
compared with a 300 year decadal average of 1080 mm per year.
These observations are supported by the long-term records of
rainfall in Ireland, which show upward trends in annual average
rainfall.42,43

In Fig. 4a, we show an upwards trend in the annual average
rainfall at Mace Head, compiled from the Met Éireaan data
which commenced in 2004.44 Fig. 4b–e illustrate the trends in
the Mace Head seasonal rainfall. Only DJF shows a highly
statistically signicant positive trend at the 90% level of
signicance, with a slope of 3� 2.4–4.4 per year, where these are
2-sigma condence limits. This is consistent with DJF having
the highest CH4 emission ux as listed in Table 2. We also note
weak positive trends in JJA and SON that are not statistically
signicant, while MAM has a weak negative trend. Feng et al.,6

recently discussed the importance of shiing precipitation
accelerating microbial metabolic pathways benecial for CH4

production. Moreover, independent of soil temperature, any
seasonal hydroclimatic dynamic that increases water avail-
ability from earlier to later in the year is likely to increase annual
CH4 emissions.6

The CH4 emission literature5 points to an exponential rela-
tionship between water table depth and CH4 emissions which,
on its own, would imply a 0.16 cm annual rise in water table
depth to account for a 1.3% annual rise in CH4 emissions for
blanket bogs. A major limitation of this present study is the lack
of any observations of temperature, water table depth and other
environmental conditions for the Connemara peat bog.
However, it would seem plausible for the observed increase in
rainfall to have accounted for the increase in CH4 emissions
and for there to be a causal link to the change in local climate.

Our observed association between increasing natural CH4

emissions from the Connemara peat bogs and increasing
rainfall over the 25 year period may have a wider global
biogeochemical signicance. If this association is causal and
continues into the future, it would represent a positive climate
feedback. A positive climate feedback occurs when an
© 2021 The Author(s). Published by the Royal Society of Chemistry
ecosystem, biological or physical response amplies the driving
climate forcing. Based on this study, we postulate that increased
rainfall may drive increased natural CH4 emissions which lead
to increased global CH4 levels which in turn decrease the CH4

lifetime, further increasing CH4 burdens, increasing radiative
forcing and amplifying the climate change and further
increasing rainfall. There would therefore be the possibility of
a runaway CH4-driven greenhouse effect. Whether this is a likely
future scenario, depends on whether the response seen here in
Connemara to increased rainfall is causal and seen in other
natural wetland ecosystems across the globe and on the accu-
racy and completeness of our understanding of the biogeo-
chemistry of natural wetland ecosystems such as Connemara
peat bogs.
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