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Tropospheric OH and stratospheric OH and Cl concentrations
determined from CH4, CH3Cl, and SF6 measurements
Mengze Li1, Einar Karu 1, Carl Brenninkmeijer1, Horst Fischer1, Jos Lelieveld1 and Jonathan Williams1

The hydroxyl (OH) radical is the key oxidant in the global atmosphere as it controls the concentrations of toxic gases like carbon
monoxide and climate relevant gases like methane. In some regions, oxidation by chlorine (Cl) radical is also important, and in the
stratosphere both OH and Cl radicals impact ozone. An empirical method is presented to determine effective OH concentrations in
the troposphere and lower stratosphere, based on CH4, CH3Cl, and SF6 data from aircraft measurements (IAGOS-CARIBIC) and a
ground-based station (NOAA). Tropospheric OH average values of 10.9 × 105 (σ= 9.6 × 105) molecules cm−3 and stratospheric OH
average values of 1.1 × 105 (σ= 0.8 × 105) molecules cm−3 were derived over mean ages derived from SF6. Using CH4 led to higher
OH estimates due to the temperature dependence of the CH4+OH reaction in the troposphere and due to the presence of Cl in
the stratosphere. Exploiting the difference in effective OH calculated from CH3Cl and CH4 we determine the main altitude for
tropospheric CH4 oxidation to be 4.5 ~ 10.5 km and the average Cl radical concentration in the lower stratosphere to be 1.1 × 104 (σ
= 0.6 × 104) molecules cm−3 (with a 35% measurement uncertainty). Furthermore, the data are used to examine the temporal trend
in annual average stratospheric OH and Cl radical concentrations between 2010 and 2015. The year 2013 showed highest
stratospheric OH and lowest Cl but no clear temporal trend was observed in the data in this period. These data serve as a baseline
for future studies of stratospheric circulation changes.
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INTRODUCTION
The hydroxyl radical (OH) is the most important oxidant in the
troposphere and lower stratosphere. It initiates removal from the
atmosphere of toxic gases such as carbon monoxide (CO),
radiatively active gases such as methane (CH4), tropospheric
ozone precursors such as volatile organic compounds (VOCs), and
NOx (NO+ NO2), and stratospheric ozone-depleting compounds
such as hydrochlorofluorocarbons (HCFCs).1,2 Therefore, it plays a
key role in the atmospheric oxidation capacity, air quality, and
climate.3

One source of atmospheric OH is the reaction of O1D, a minor
product in the photolysis of ozone, with H2O.

4,5 An even larger
source in terms of gross OH formation is recycling from its reaction
products, which maintains the atmospheric oxidation efficiency.6

Despite its low ambient concentration (<1 pptv), and its short
atmospheric lifetime (<1 s), the first valid OH measurements (by
fluorescence assay with gas expansion, FAGE) were reported as
early as the mid-1980s at ground level.7 Measurements were later
extended to the upper troposphere and lower stratosphere with
balloons8 and the high-altitude ER2 research aircraft,9 in parallel
with alternative measurement methods such as differential optical
absorption spectroscopy DOAS,10 mass spectrometry via H2

34SO4

(ref. 11), and 14CO radioactive counting techniques.12 These in-situ
measurements are broadly consistent with regional scale indirect
OH determinations using the depletion of hydrocarbons over
multi-hour timescales13,14, and with empirical assessments based
on the variability-lifetime relationship.15,16

Although OH concentrations at a given point in space and time
can now be measured reliably at high frequency to examine local

photochemistry, it is difficult to relate such OH concentrations that
vary strongly with actinic flux and H2O, to longer lived species
transported zonally in the troposphere and eventually into the
stratosphere. To address this, advanced models have been applied
to make indirect estimates of the global OH concentration based
on methyl chloroform (CH3CCl3) and

14CO data.2,3,6,17–19 However,
such models inevitably contain in-built assumptions, including
uncertain emissions inventories as well as transport and deposi-
tion parameterizations that may differ from real world conditions.
In this study, we have developed and applied an empirical data-

based method to estimate the “effective OH concentration” that
has acted in the troposphere and lower stratosphere over longer
(yearly) timescales between 2008–2015. Our approach uses long-
term measurements of three species (SF6, CH3Cl, and CH4) made at
the ground and monthly at 10–12 km altitude during long
distance commercial aircraft flights. SF6 measurements are used
to derive the mean air age of the airborne samples, i.e., of the
trace compounds contained therein, so that the initial surface
mixing ratios of CH3Cl and CH4, upon emission, can be determined
from the surface network and compared with the OH affected
samples taken at altitude. Knowing the age of the sampled air, the
net change in concentration and the reaction rate coefficient
allows an “effective OH” concentration to be calculated assuming
OH is the only sink. Both CH3Cl and CH4 are predominately
removed from the atmosphere by OH although reaction rates are
relatively slow (atmospheric lifetimes are about 1 year20 and 8–10
years18, respectively). CH3Cl is mostly emitted from tropical
vegetation21 and is the most abundant natural source of
stratospheric chlorine.22,23 The greenhouse gas CH4 is emitted
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from wetlands, ruminants, rice fields, landfills and fossil fuel use,
and atmospheric concentrations have increased strongly over the
past 200 years.24,25 In the context of this study an important
difference between CH3Cl and CH4 is that the rates of reaction
with OH and Cl are much more dependent on temperature in the
case of CH4. Using this data-based approach we may empirically
determine a representative annual “effective OH concentration”
for the troposphere and the lower stratosphere. Furthermore, we
may look for indications of temporal trends in OH and hence
changes in global oxidation capacity. Finally, by exploiting the
reaction rate differences between CH3Cl and CH4 we can even
attempt to determine the height in the troposphere where CH4

oxidation by OH is largest and estimate Cl radical concentration in
the lowermost stratosphere.

RESULTS
OH concentration as a function of mean age
The derived “effective OH concentration” experienced by an air
parcel will be hereafter shortened to OHeff, and depending on the
air age be referred to as tropospheric OHeff (age < 100 days) and
stratospheric OHeff (age > 200 days). The rationale is that an air
sample collected in the upper troposphere—lower stratosphere
(UTLS) region can be regarded as a mixture of two major large-
scale airflows.26–28 The first is the fast transport of air from the
tropical tropopause layer (TTL) to the extra tropics (Fig. 1 blue
lines), which normally takes place within 0.3 years (~ 100 days),
while the second pathway (Fig. 1, red lines) is the slower
downwelling transport from the “overworld” (potential tempera-
ture > 380 K) into the lowermost stratosphere, which is associated
with the lower branch of the Brewer-Dobson circulation (BDC).
Note that the compounds within the lower stratosphere of the
northern hemisphere are predominately influenced by the BDC
and not the northern mid-latitude emissions (~ 10%).29 In order to
simplify interpretation of the results and to apply our analysis to
the region of highest airborne data coverage we use only samples
collected between 30°–60°N in the UTLS region (Fig. 1, box).
Figure 2 shows the OHeff derived from both CH3Cl (black boxes)

and CH4 (red boxes) and OHr (real OH, blue boxes) derived from
OHeff and stratospheric Cl (eq. 4, see Methods) as a function of
mean air age. The tropospheric (mean age < 100 days) mean OHeff

from both species is significantly larger (by a factor of 6 on
average) than the lower stratospheric (mean age > 200 days)
mean OHeff. Air with a mean age of between 100–200 days
appears to be influenced by both troposphere and stratosphere,
and accordingly OHeff for both species in this age range lies
between the younger (tropospheric) and older (stratospheric)
values. Median tropospheric OHeff were 9.93 × 105 and 2.63 ×
106molecules cm−3 for CH3Cl and CH4, respectively, whereas
median stratospheric values from 200–1100 days were 1.69 × 105

and 3.35 × 105molecules cm−3. Tropospheric OHeff values exhibit
a much larger variability than stratospheric values, likely due to
the strong sources and sinks of both molecules in the tropical
troposphere, including weak seasonal variations that impact the
term [A]g− [A]C in Eq.1. Stratospheric OHr exhibits smaller
variation compared to stratospheric OHeff and is rather constant
for samples with mean age between 200 and 700 days with a
median value of 1.0 × 105molecules cm−3, whereas for samples

Fig. 1 a A schematic representation of the major atmospheric transport pathways associated with CARIBIC samples between 30°–60°N. The
blue arrows indicate fast transport from ground to the tropical tropopause, the red arrows indicate downward transport from the stratosphere
into the lowermost stratosphere. The box indicates CARIBIC flight sampling altitude. The NOAA observation station at Mauna Loa (MLO) is
marked in blue. b Scatterplot of all samples’ latitude vs. potential temperature, color-coded with mean age

Fig. 2 OH abundance (OHeff, OHr) derived from CH3Cl and CH4 for
different mean age groups over all years (2008–2015 for OHeff,
2010–2015 for OHr), the inserted figure excludes the troposphere to
expand the concentration scale. Box plots with the median
(horizontal solid line in the box) and the mean (square in the box)
give the 25 and 75% percentiles and whisker in dashed line
indicates one standard deviation. Number of samples > 12 for each
group
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older than 700 days, OHr decreases due to the decrease of ozone,
water vapor, and molecule density in the upper stratosphere.
Median, average, and standard deviation data are given numeri-
cally in Table 1(a).
Interestingly, OHeff calculated using the CH4 data was consis-

tently higher than using CH3Cl data. The tropospheric median
OHeff derived from CH3Cl for years 2008–2015 is 9.9 × 105mole-
cules cm−3, which matches the tropospheric mean OH concentra-
tion of 1.1 × 10 6molecules cm−3 reported from a recent global
modeling study.6 However, the median tropospheric OHeff derived
from CH4, 2.6 × 106molecules cm−3, is between two and three
times larger. Intuitively this seems unreasonable since both
measurements stem from the same air sample and, therefore,
must render the same “effective OH concentration” assuming
there is no additional reagent inputs. One possible explanation for
this apparent discrepancy is that loss processes besides OH
remove CH4 from the atmosphere but are then calculated as OH in
this approach. For example, the reaction with chlorine radicals (Cl)
with CH4 has been shown to be significant in Asian pollution
outflow.30 The aforementioned paper reported the presence of
radicals in the ratio [Cl]:[OH] of 9 ~ 16 Cl:103 OH, and since the
reaction rate of CH4 with Cl is ~ 32 times faster than that with OH
(for CH3Cl it is only ten times faster),31 an apparent overestimation
of OHeff by about 30–50% can ensue. However, such high Cl
radical concentrations have only been seen under very specific
conditions (lofted coastal pollution outflow) and so this cannot
explain the OHeff difference in the global tropospheric data. An
alternative explanation for the discrepancy is the strong
temperature dependence of reaction 2, as CH4 oxidation by OH
occurs much more rapidly in the warmer lower atmosphere.
Assuming that the OHeff from CH3Cl is correct (as it is lower and in
agreement with previous global estimates), we may determine at
which temperature (and therefore which altitude) CH4 oxidation
mainly occurs. By this method, we calculate that most

tropospheric oxidation of CH4 occurs at circa 7 km (4.5 ~
10.5 km, 220 ~ 260 K). OH radical abundance reaches an optimum
just above the boundary layer (2–4 km) where the water
concentration and photon fluxes are high and the flux of reactive
sink species from the surface is decreasing. In addition, a second
OH optimum occurs in the outflow region of clouds (10 km)32

where uplifted and lightning generated NOx enhances OH levels
through the reaction of HO2 with NO. Therefore the 4.5 ~ 10.5 km
height derived in this study likely represents an average of the
effects of both OH maxima regions. This empirical estimate
concurs with the model derived report that OH concentrations are
at maximum in the free troposphere owing to recycling by NOx.

6 A
recent global modeling study using comprehensive chemistry6

suggests that OH is relatively high in the 4.5–10.5 km altitude
range, which was attributed to OH recycling rather than primary
formation. The model derived distribution is supported by this
work.

Stratospheric Cl radical
Figure 3 shows the annual Cl radical concentration derived from
air samples with age larger than 200 days in the stratosphere over
the time period 2010–2015. The average Cl concentration over all
periods is 1.1 (±0.6) × 104molecules cm−3. Even though this result
is five times higher compared to a 24 h average Cl concentration
of 2.40 × 103molecules cm−3 for 14–18.5 km height,33 it is more
comparable to lower stratospheric Cl concentration of 5 × 103–3 ×
104molecules cm−3 estimated by CO/C2H6 ratio.34 Our result is
also in close agreement with a recent model estimation35 based
on isotopic ratios of methane and CO that yielded 1.6 ×
104molecules cm−3 for the lowermost stratosphere. No significant
variation during this timeframe is observed in our dataset,
although in 2013 Cl concentrations were lower than in the other
years. Note that due to other minor loss processes (e.g., reaction

Table 1. Statistical values (median, mean, one standard deviation (STD)) of (a) derived OHeff and stratospheric OHr for different mean age groups; (b)
chlorine radical in the stratosphere during 2010–2015 (unit in 103molecules cm−3); and (c) stratospheric OHr in the stratosphere during 2010–2015
(unit in 104molecules cm−3)

(a)

Mean age [day] 0–100 100–200 200–400 400–500 500–700 700–1100

OHeff derived from CH3Cl ( × 105molecules cm−3) Median 9.9 2.2 1.4 1.8 1.6 2.2

Mean 10.9 2.5 1.6 1.9 1.8 2.1

STD 9.6 2.0 1.2 1.3 1.2 0.6

OHeff derived from CH4 ( × 105molecules cm−3) Median 26.3 4.3 2.5 2.9 3.5 4.5

Mean 31.4 4.5 2.7 3.0 3.5 4.4

STD 14.1 3.4 1.6 1.7 1.4 1.1

Stratospheric OHr ( × 104molecules cm−3) Median 13.0 8.8 9.7 9.0

Mean 12.8 10.3 11.1 9.9

STD 7.6 7.5 8.1 7.0

(b)

2010 2011 2012 2013 2014 2015

Median 10.4 11.6 12.6 6.9 8.2 9.7

Mean 11.7 10.9 12.1 7.3 10.0 11.3

STD 6.9 4.9 6.8 5.1 5.7 6.4

(c)

2010 2011 2012 2013 2014 2015

Median 9.2 8.2 11.9 12.8 5.4 9.3

Mean 11.8 9.5 12.1 12.4 8.5 9.6

STD 7.8 7.9 8.2 7.9 6.9 5.1
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with O1D, photodissociation36) in the stratosphere and meso-
sphere for both molecules, there is a slight overestimation of
stratospheric Cl concentration. Mean, median, and one standard
deviation data are given in Table 1(b).

Stratospheric OH radical
Figure 4 presents the annual average stratospheric OHr as a
function of sampling year rather than the mean air age shown in
Fig. 2. Data are from samples with age larger than 200 days to be
classed as stratospheric. The overall stratospheric OHr of 1.1
(±0.8) × 105molecules cm−3 for the years 2010–2015 is derived.
Median average OH values generally vary within 0.8 – 1.3 ×
105molecules cm−3 with an exceptionally low median value of
5.4 × 104 in the year 2014, statistical details see Table 1(c). No clear

trend is apparent in the dataset, and the highest value was found
for 2013.

DISCUSSION
This study presents a new empirical method of monitoring the
effective OH concentration in the global troposphere and lower
stratosphere over long periods. The method also delivers the
mean altitude range for tropospheric CH4 oxidation and the
effective Cl radical concentration in the lower stratosphere. These
parameters are all useful measures of the overall atmospheric
oxidizing capacity and markers for future circulation changes.
Provided that high quality, long-term monitoring of these three
gases continues, the impact of future global events can be
assessed in these terms. For example, a volcanic eruption, a
change in global CFC emission rates, or a change in stratospheric
circulation patterns can lead to changes in ultraviolet radiation,
stratospheric chlorine loading, and water vapor, all of which can
significantly impact the derived metrics.
This method is built on three key assumptions. The first is that

both CH3Cl and CH4 are predominantly oxidized by OH. While this
is true for the troposphere and the lower stratosphere, over longer
timescales (>500 days) air masses can be expected to also enter
the upper stratosphere as part of the Brewer-Dobson circulation.
At these higher altitudes a minor photolysis sink for CH3Cl and the
reaction of O1D radicals with CH4 could lead to a small
overestimation of the calculated effective OH. Indeed, in Fig. 2 a
tendency to higher OHeff in older air can be seen in the CH4

derived OH results. By only considering data within certain age
ranges (0–100 days troposphere and 200–400 days lower strato-
sphere) the impact of additional loss mechanisms is limited. The
second assumption is that this time segregation does delineate
troposphere (0–100 days), mixed troposphere–stratosphere
(100–200 days) and stratosphere (>200 days). This assumption is
supported by the trend in OH variability measured in the three
categories. The third assumption made here is that the tropo-
spheric effective OH using CH3Cl is correct and CH4 derived OH is
high because of either Cl radicals (in the stratosphere) or the
temperature dependence of the reaction (in the troposphere).
Support for this assumption comes from the fact that the CH3Cl
estimate is lower than that of CH4 (additional chemistry leads to
overestimation), no other significant loss rates are known, and the
CH3Cl estimate more closely matches the most recent global
model studies.
Uncertainties and sensitivities of this method are important to

consider. Different to variations which show statistical distribu-
tions of the results, uncertainties are the differences between the
measured values and the true values, whereas sensitivities
represent how much output values will be affected by the input
values. Firstly, there is an instrumental uncertainty. By considering
the measurement errors of SF6, CH4, CH3Cl measurements at
ground level and by aircraft and reaction rates kOH and kCl,
measurement uncertainties are calculated by error propagation
for mean age, OHeff derived from CH4 and CH3Cl, stratospheric Cl
and stratospheric OHr of 8%, 10%, 22%, 35%, and 37%,
respectively. Secondly the choice of the source region could
influence the calculation. An ideal tracer for the mean age
calculation should be well mixed in the source region so that its
mixing ratio time series can be used to derive initial concentra-
tions. Since SF6 is not perfectly well mixed globally (i.e., there is a
weak NH/SH gradient and a slight latitude dependence in each
hemisphere), an average mixing ratio should be applied to
represent the source region. Therefore, we chose the average SF6
mixing ratio in the northern hemisphere (NH) as determined by
the NOAA network since our samples were collected in northern
mid-latitudes. The mean age results were also derived from
individual source regions, namely Mauna Loa (MLO, 19.5°N), Cape
Matatula (SMO, 14.3°S), Niwot Ridge (NWR, 40.052°N), Pt. Barrow

Fig. 3 Annual trend (2010–2015) of stratospheric chlorine radical
concentration derived from samples with mean age larger than
200 days. Box plots with the median (horizontal solid line in the box)
and the mean (square in the box) give the 25 and 75% percentiles
and whisker in dashed line indicates one standard deviation.
Number of samples > 12 for each group

Fig. 4 Annual trend (2010–2015) of stratospheric OHr concentration
derived from samples with mean age larger than 200 days. Box plots
with the median (horizontal solid line in the box) and the mean
(square in the box) give the 25 and 75% percentiles and whisker in
dashed line indicates one standard deviation. Number of samples >
12 for each group
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(BRW, 71.3°N), Mace Head (MHD, 53°N) and 20°S to 20°N region,
but the overall average NH SF6 observation gave the most positive
mean age values for our aircraft measurements. A ± 0.05 ppt
difference of SF6 mixing ratios in different tropospheric source
regions corresponds to 0.17 years difference for the derived mean
age. Thirdly, we consider the sensitivity of calculation to the
temperature-dependent reaction rates. We use two temperatures
(216 and 250 K) to represent the average temperatures in the
troposphere and stratosphere. By varying these temperatures by
±5 K, the reaction rate of the reaction CH3Cl+OH is less sensitive
(variation of −14 ~ 11%) than that of the reaction CH4+OH
(variation of −17 ~ 33%) (see Table S1 in the Supplementary
Material). Fourthly, sensitivity of seasonal cycles of CH4, CH3Cl in
source region. Both CH4, CH3Cl have seasonal cycles in the
troposphere with amplitudes of ca. 1% and 5%, respectively.
When examining their temporal concentration in the lowermost
stratosphere (Fig.S2 in the Supplementary Material) with the N2O
concentration,37 seasonal variations of CH4 have been damped
out (linear correlation in each N2O group) while those of CH3Cl are
attenuated but still visible. By varying ±5% of CH3Cl in the source
region, the OHeff of samples with age ~ 70 days and larger than
700 days change ~ 80% and ~ 25%, respectively. Finally, in this
study OH is calculated as a second-order reaction (see Eqs. 2 and 3
in Method). Alternatively one can use the pseudo first order
approach in which OH is assumed to be constant Ac= Ag*exp( –
Γ*k*OH) (6) and this produces fractionally higher values (<1%).
It should be noted that the now well established methyl

chloroform (MCF)-derived global mean OH requires several
important assumptions, for example, concerning MCF emissions
(at least before 2000), ocean uptake and stratospheric loss.
Furthermore, MCF is declining rapidly as emissions have stopped,
and it does not provide height information, nor indications about
Cl abundance. Other relatively long-lived halocarbons have been
considered to complement the MCF method, but these OH
estimates are also dependent on the source estimates. Therefore,
our new, independent method should be acknowledged as an
important complementary source of information on OH and Cl.
The radical abundances derived here represent multiday

average effective concentrations that are derived directly from
long lived atmospheric gas measurements. Therefore, this work
provides an important ground truth dataset for comparison with
modeling approaches, and oxidant levels that can be used in
conjunction with rate coefficients to derive lifetime estimates for
other atmospheric species. This valuable information is obtained
from relatively inaccessible regions using measurements of only
three molecules. Provided the aircraft and ground-based mea-
surements continue, then future OH and Cl oxidant changes
induced by major volcanos or stratospheric circulation changes
should be captured by applying this method. This work provides
the empirical methodological approach and the baseline for
future studies.

METHODS
Dataset
Whole air samples of IAGOS-CARIBIC (In-service Aircraft for a Global
Observing System-Civil Aircraft for the Regular Investigation of the
atmosphere Based on an Instrument Container) were collected at
10–12 km in canisters during four flights monthly since 2008 and non-
methane hydrocarbons and greenhouse gases were analyzed in laboratory
at the Max Planck Institute for Chemistry, Mainz, Germany.38 Flight paths
are shown in Fig. 1(b). SF6, CH4, and CH3Cl data of CARIBIC project were
analyzed23,38–40 using GC-ECD (for SF6) and GC-FID (for CH4 and CH3Cl)
with measurement precisions of 1.5%, 0.17%, and 1%, respectively. Ground
station SF6 data was taken from the monthly northern hemispheric NOAA/
ESRL halocarbons flask program. CH4 data is from the hourly NOAA ESRL
Carbon Cycle Cooperative Global Air Sampling Network at Mauna Loa41

and CH3Cl data from the daily NOAA/ESRL halocarbons in situ program.

NOAA used GC-FID for CH4 and GC-ECD for SF6 with precisions of 0.5%
(SF6),

42 0.2% (CH4),
43 respectively.

Mean age calculation
SF6 is a long-lived industrial tracer with estimated global emissions of 7.4 ±
0.6 Gg/year44 and has negligible sinks in the troposphere and stratosphere.
Consequently, the atmospheric mixing ratio of SF6 has been observed to
increase steadily for the past three decades45 with a growth rate of
0.27 ppt/year. In several previous studies, this species has been used to
determine the “mean age” of air samples collected at altitude.27,46–48 This
“mean age” is the term given to the time since the SF6 mixing ratio
measured from the aircraft is equivalent to the SF6 measured in the surface
source region, or in other words it indicates the average transit time
between air leaving the surface until it is measured. We used the monthly
northern hemispheric SF6 observations from NOAA/ESRL halocarbons flask
program as the initial SF6 concentrations and a second-order polynomial
fitting was applied for the time series (years 2005–2016) of SF6 mixing
ratio. Then we applied SF6 mixing ratios by aircraft measurements to the
fitting and found out the initial emission time. The difference of sampling
time and initial emission time is the mean age. We excluded samples with
calculated age less than 0 day (2.3% of total samples) that arise due to the
higher mixing ratios of SF6 in extratropical troposphere than that in the
tropics.26 The spatial distribution of mean age can be found in Fig. 1(b).
Absolute counts for each mean age group are shown in Fig. S1 in the
Supplementary Material.

Effective OH calculation
The effective OH concentration [OH]eff was calculated according to
equation (1).

½OH�eff¼
½A�g�½A�c

Γ � kOHþA � ½A�g
(1)

Where Γ is the mean age, [A]c is the mixing ratio of a compound A (in this
case either CH4 or CH3Cl) sampled aloft by the CARIBIC aircraft at time t,
and [A]g is the mixing ratio of A observed from the ground station at time
t – Γ. Thus, [A]g−[A]C equates to the average loss of A during a time period
of Γ, and kOH+A is the second-order reaction rate of compound A with the
OH radical, which is calculated for two temperatures (216 K for Γ < 100 days
and 250 K for Γ > 100 days) corresponding to 11 km and 40 km height.49 In
this calculation we assume that air with Γ < 100 days has experienced
predominately tropospheric conditions (average temperature of 216 K),
whereas air with Γ > 100 days will have been transported to the
stratosphere (average temperature of 250 K).
The reactions and associated rates31,50,51 are as follows:

CH4þOH ! CH3þH2O (2)

(kOHþCH4 ; 216K ¼ 6:9 ´ 10�16 cm3s�1; kOHþCH4 ; 250K = 2:06´ 10�15 cm3s�1)

CH3Clþ OH ! CH2Clþ H2O (3)

(kOHþCH3Cl; 216K ¼ 6:13 ´ 10�15 cm3s�1; kOHþCH3Cl; 250K = 1:48´ 10�14 cm3s�1)

Stratospheric Cl and OH radical calculation
Effective OH concentrations for the lower stratosphere, see Fig. 1, were
consistently higher when calculated from CH4, similar to the tropospheric
values described above. However, in the stratosphere, the differential
reaction rate of Cl with CH4 and CH3Cl is a viable explanation for the
relatively constant offset in calculated OHeff as chlorine radical production
at high altitudes (>10 km) occurs over wide areas due to photolysis of
chlorine containing compounds. For this calculation, we assume loss of
CH4 (or CH3Cl):

kOHþA � ½OH�r þ kClþA � ½Cl� ¼kOHþA � ½OH�eff�A (4)

where [OH]r is the real OH concentration in the stratosphere, [Cl] is the
chlorine radical concentration, [OH]eff-A is the effective OH derived from
compound A in this study. Applying Eq. 4 for CH4 and CH3Cl, then [Cl] can
be expressed as:

½Cl� ¼ ½OH�eff�CH4
� ½OH�eff�CH3Cl

kClþCH4
kOHþCH4

� kClþCH3Cl

kOHþCH3Cl

(5)

The ratios of k(Cl)/k(OH) are taken as 24 and 10 for CH4 and CH3Cl at
250 K, respectively.
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Data availability
The CARIBIC dataset that support the findings of this study are available
from the corresponding author upon reasonable request. Ground station
data can be found under URL: ftp://ftp.cmdl.noaa.gov/hats/sf6/combined/
HATS_global_SF6.txt (for SF6), ftp://aftp.cmdl.noaa.gov/data/trace_gases/
ch4/in-situ/surface/mlo/ch4_mlo_surface-insitu_1_ccgg_HourlyData.txt
(for CH4), and ftp://aftp.cmdl.noaa.gov/data/hats/methylhalides/ch3cl/insi-
tuGCs/CATS/hourly/mlo_CH3Cl_All.dat (for CH3Cl).
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