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Abstract Methyl chloroform (MCF) is an ozone‐depleting substance used as an industrial solvent. Its
primary sink is oxidation by the hydroxyl radical (OH), making it a key tracer for estimating atmospheric
oxidative capacity. Following Montreal Protocol regulations, MCF emissions declined rapidly after the 1990s.
However, the recent atmospheric MCF decay suggests persistent emissions and/or declining OH (contradicting
chemistry‐climate models projecting increasing or stable OH). The air‐sea exchange of MCF has been poorly
constrained due to limited observations and simplified ocean representations. We simulate oceanic MCF fluxes
using a modern ocean reanalysis and validate with depth‐resolved observations. Results suggest the ocean has
shifted from a net sink to a net source around 2005, outgassing 0.5 Gg yr− 1 in the 2010s (up to 30% of inferred
MCF emissions). This ocean outgassing is an order of magnitude larger than previous estimates, and accounts
for up to a third of the model‐observation discrepancy in OH.

Plain Language Summary Methyl chloroform (MCF) is a human‐made compound that depletes
stratospheric ozone, and its production has been phased out under the Montreal Protocol. However, recent
observations show that atmospheric MCF is declining more slowly than expected, suggesting the presence of
unexplained emissions and/or a decrease in hydroxyl radical (OH) levels (at odds with chemistry‐climate
models that suggest OH should have remained stable or increased). As anthropogenic MCF emissions have
declined, the role of the ocean in both uptake and outgassing of MCF has grown more significant, but this
component has been largely overlooked in previous studies. Here, we simulate ocean uptake and outgassing of
MCF as accurately as current constraints allow. We find that the global ocean likely shifted to a net source of
emission around 2005, releasing MCF at levels substantially higher than previously thought. Global OH levels
are typically inferred from measurements of atmospheric MCF, which is primarily removed through reactions
with OH, so changes in the MCF source strength in turn imply changes in inferred atmospheric OH. These
results highlight the importance of accurately representing air‐sea exchange in atmospheric trace gas budgets
and inferences of OH levels.

1. Introduction
The hydroxyl radical (OH) is the primary atmospheric oxidant (Levy, 1971). OH governs the lifetimes of key
greenhouse gases including methane (McNorton et al., 2016; Prather et al., 2012; Prather & Spivakovsky, 1990;
Rigby et al., 2017; Turner et al., 2017) and various halocarbons (Liang et al., 2017; Prather & Spivakovsky, 1990;
Rigby et al., 2013) (e.g., hydrochlorofluorocarbons [HCFCs] and hydrofluorocarbons [HFCs]), and it also in-
fluences air pollution through its role in tropospheric ozone chemistry (Levy, 1971; Singh et al., 1995). Therefore,
accurately characterizing atmospheric OH is crucial for estimating greenhouse gas emissions as well as informing
air pollution mitigation efforts. However, due to its extremely short atmospheric lifetime of about 1 s, OH cannot
be directly measured on a global scale. Instead, global mean OH concentrations are most commonly inferred
indirectly, from observations of atmospheric methyl chloroform (CH3CCl3; MCF) (e.g., M. Krol & Lelie-
veld, 2003; Montzka et al., 2011; Naus et al., 2019; Patra et al., 2014; Prather et al., 2012; Prinn et al., 1992;
Spivakovsky et al., 2000)—a relatively long‐lived synthetic compound that has been globally monitored since
1978 (Prinn et al., 2018) and is predominantly removed by reaction with OH.
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However, critical yet unresolved discrepancies remain between OH levels inferred from MCF using inverse
modeling approaches and those simulated directly by process‐based chemistry‐climate models based on known
OH chemistry. Process‐based chemistry‐climate models tend to overestimate absolute OH levels inferred from
MCF by 10%–15% (Naik et al., 2013; Prather et al., 2012; Prinn et al., 2005). Chemistry‐climate models also
suggest stable or slightly increasing OH (Stevenson et al., 2020; Zhu et al., 2024), which conflicts with someMCF
inverse modeling studies indicating a post‐2005 decline (Rigby et al., 2017; Turner et al., 2017). Although
process‐based OH levels show substantial spread across models (Murray et al., 2021; Naik et al., 2013), MCF‐
based estimates can also carry large uncertainties and show differences between studies, raising concerns
about their continued reliability for the inference of global OH (Nicely et al., 2020; Patra et al., 2021).

Inferring OH fromMCF relies on knowledge of its source and sink terms. MCF is a stratospheric ozone‐depleting
substance and its anthropogenic emissions have declined rapidly due to controls of the Montreal Protocol (Laube
& Tegtmeier, 2022). While bottom‐up inventories provide well‐constrained MCF production and emission es-
timates prior to 2000 (McCulloch & Midgley, 2001), they have been poorly characterized in the years since. To
address this issue in quantifying OH, recent studies seek to simultaneously optimize both anthropogenic MCF
emissions and OH concentrations in adjoint inversions (e.g., Naus et al., 2021; Rigby et al., 2017; Turner
et al., 2017). However, other potential natural source and sink terms for MCF (i.e., from ocean uptake and
outgassing) are proportionally increasing their significance as anthropogenic emissions have declined, intro-
ducing biases if these processes are poorly represented or overlooked in the inversion. Studies have suggested
unexplained emissions occurring at least since 2013 (Naus et al., 2021; Rigby et al., 2017; Turner et al., 2017),
when global MCF consumption should have ceased (Rigby et al., 2017). Based on atmospheric MCF mea-
surements and a three‐dimensional model inversion, a recent study attributed these unexplained emissions pri-
marily to high latitudes and hypothesized that they could result from ocean outgassing, at a magnitude
significantly larger than previous estimates (Naus et al., 2021). Those findings underscore the importance of
quantitatively estimating oceanic MCF fluxes to assess their contributions to the atmospheric MCF budget and
their impact on inferred global OH levels.

Oceanic uptake and outgassing of MCF have been rather ambiguously represented in previous OH inversions.
MCF can dissolve in seawater and undergo further degradation through hydrolysis (Butler et al., 1991; Gerkens &
Franklin, 1989; Yvon‐Lewis & Butler, 2002). Earlier studies either neglect this process altogether or treat the
ocean as a simple first‐order loss term (Patra et al., 2011, 2014; Prather et al., 2012; Turner et al., 2017). A more
complex, time‐varying ocean uptake of MCF using an ocean general circulation model (Wennberg et al., 2004;
hereafter W04) has only been incorporated in OH inversion studies recently (Patra et al., 2021; Rigby et al., 2017),
and this oceanic term has been shown to be a dominant sensitivity factor for inferred OH (Rigby et al., 2017).
However, W04 extends their projections of MCF air‐sea fluxes beyond the 2000s, when atmospheric MCF
observations were not available to constrain their model. Moreover, W04 uses the freshwater solubility of MCF,
which may overestimate seawater uptake. Combined with limited ocean observations, their air‐sea flux remains
highly uncertain (Naus et al., 2021; Wennberg et al., 2004) and appears insufficient to account for the high‐
latitude source inferred in recent inversions (Naus et al., 2021; Rigby et al., 2017).

In this study, we simulate the ocean uptake and outgassing of MCF from 1992 to 2019 using the Estimating the
Circulation and Climate of the Ocean (ECCO) framework (Forget, Campin, et al., 2015), which provides a
physically consistent, observationally‐constrained reconstruction of the global ocean. And by prescribing
observedMCF atmospheric mole fractions from the Advanced Global Atmospheric Gases Experiment (AGAGE)
network (Prinn et al., 2018), the model enables a realistic simulation of the oceanic uptake of MCF. A key strength
of our study is the validation of simulated MCF distributions using an extensive set of depth‐resolved ocean
profile observations from a North Atlantic cruise conducted in July 2003 (A16N2003). We then evaluate the
magnitude of ECCO‐simulated MCF ocean outgassing relative to inferred total emissions, compare it with
previous estimates, and discuss its potential implications for inferred OH abundances.

2. Materials and Methods
2.1. Sampling During the A16N2003 Cruise

Depth‐resolved observations of CFC‐11 and MCF were collected during the A16N2003 cruise aboard the Na-
tional Oceanic and Atmospheric Administration (NOAA) R/V Ronald H. Brown, during June–August in 2003.
Nearly all simultaneous measurements of CFC‐11 andMCF were taken in July, spanning 44 stations from 45.5°N
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to 2°S along longitudes 20°W to 29°W. The cruise track is shown in Figure 1a insert panel with the red line.
During this cruise, over 600 data points were collected for each tracer, with maximum depth at ∼5,900 m.
Detailed descriptions of the measurement and sampling techniques are provided in Bullister and Gruber (2012)
and Yvon‐Lewis et al. (2004).

2.2. Ocean State Estimate and Atmospheric Forcing

The ocean state is represented by ECCO Version 4 Release 5 (Forget, Campin, et al., 2015), which assimilates
satellite and in situ observations using the Massachusetts Institute of Technology General Circulation Model
(MITgcm; Marshall, Adcroft, et al., 1997; Marshall, Hill, et al., 1997) to produce a physically consistent ocean
reanalysis from 1992 to 2019. The ECCO simulation is run on the Lat‐Lon‐Cap 90 (LLC90) grid, with a hori-
zontal resolution of approximately 1°, 50 vertical layers extending to ∼6,100 m depth, and a time step of 1 hr.
Modeled tracer concentrations and air‐sea fluxes outputs are archived as monthly means, gridded on a regular
1° × 1° horizontal grid from the LLC90 grid.

We couple the ECCO ocean with monthly values of atmospheric mole fractions of CFC‐11 and MCF from the
AGAGE 12‐box model output (Rigby et al., 2013). This 12‐box model uses prior emission estimates for CFC‐11
and MCF before 1978, and posterior emissions constrained by AGAGE observations thereafter. As a result, it

Figure 1. Validation of ECCO‐simulated tracer distributions against observations. Panels (a and b) show vertical sections of
CFC‐11 and MCF concentrations along the A16N2003 cruise track. Observations are shown as colored dots and the cruise
path is indicated by the red line in the map inset in panel (a). ECCO July monthly mean concentrations in 2003 are shown as
colored shading, averaged longitudinally from 20°W to 29°W. Data below 2.5 km are omitted in (a, b) due to near‐zero
concentrations. Tracer‐tracer scatter plots of observed and modeled CFC‐11 versus MCF are shown in three depth ranges:
above 0.5 km (c), 0.5–1 km (d), and 1–6 km (e). Black dots represent observations; red dots show ECCO output sampled at
the nearest horizontal grid point and vertically interpolated to the observed depth. The strong agreement between ECCO and
observed values indicates that the model realistically captures ocean tracer uptake and distributions for both CFC‐11
and MCF.
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provides continuous monthly mole fractions for both species starting from a time when their atmospheric con-
centrations were effectively zero, allowing ocean accumulation to begin, and closely matches observations after
1978 (see Figures S1 and S2 in Supporting Information S1 for CFC‐11 and MCF, respectively). The lower
tropospheric mole fractions are provided across four latitude bands: 30°N–90°N, 30°N–equator, equator–30°S,
and 30°S–90°S. To estimate spatially continuous air‐sea fluxes, we linearly interpolate the atmospheric mole
fractions every 10° of latitude across the boundaries of adjacent latitude bands (i.e., linearly interpolate from 35°N
to 25°N, 5°N to 5°S, and 25°S to 35°S).

Because ECCO simulates time‐varying ocean states that closely reflect observations only after 1992, we use the
1992 ocean state as a fixed boundary condition to estimate the initial distributions of CFC‐11 and MCF. Spe-
cifically, we repeat the 1992 forcing fields in ECCO while prescribing time‐varying atmospheric mole fractions
starting from 1951 for both CFC‐11 and MCF, allowing for tracer uptake and accumulation over time. This
approach yields a reasonable estimate of the initial tracer distribution in the ocean by 1992. All results presented in
this study focus on the period from 1992 onward.

Detailed descriptions of MCF solubility and hydrolysis, as well as air‐sea exchange parameterizations, are
provided in Texts S1 and S2 in Supporting Information S1.

2.3. Quantifying Changes in Inferred OH Associated With MCF Air‐Sea Fluxes

We estimate the amount of inferred OH required to account for the air‐sea MCF fluxes using the following
equation:

dB
dt

⃒
⃒
⃒
⃒
ocn
= − k ·ΔOH · B (1)

where B is the total atmospheric burden of MCF (in Gg, derived from observed atmospheric mole fractions [in
parts per trillion; ppt] by applying a scaling factor of 23.57 Gg ppt− 1). This factor reflects the total atmospheric
mass (5.1 × 1018 kg), along with the molar masses of air (28.96 g mol− 1) and MCF (133.4 g mol− 1). dBdt

⃒
⃒
ocn

represents the rate of change in atmospheric MCF burden (in Gg yr− 1) due solely to air‐sea exchange and is
equivalent to the ocean uptake or outgassing of MCF. The reaction rate k corresponds to the temperature‐
dependent loss rate of MCF due to its reaction with OH, taken from Burkholder et al. (2019), assuming a
mean tropospheric temperature of 266 K (as in Rigby et al., 2017). ΔOH measures how much the inferred global
mean OH abundance would need to account for the variations in atmospheric MCF burden caused by ocean‐
atmosphere exchange. This approach requires only the total atmospheric MCF burden (can be derived from
observations) and the air‐sea fluxes. Notably, it does not rely on MCF emission estimates, which are highly
uncertain after 2000 (McCulloch & Midgley, 2001).

3. Results
We first validate the ECCO simulation of ocean tracer uptake using CFC‐11, which is a well‐characterized and
nearly conserved compound that has long served as a passive tracer for studying ocean circulation (e.g., Beismann
& Redler, 2003; L. Bullister & Weiss, 1983; Dutay et al., 2002; England et al., 1994; Ito et al., 2004; Romanou
et al., 2017; Wanninkhof, 1992, 2014; Waugh, 2014). In this context, measured CFC‐11, whose thermodynamic
properties are well known for estimating ocean physical uptake and was not used in the ECCO state estimation,
serves as independent evidence to test ECCO tracer uptake and distribution (Forget, Ferreira, & Liang, 2015).
Importantly, both MCF and CFC‐11 were measured simultaneously along the A16N2003 cruise, enabling a
consistent tracer‐tracer comparison. Figure 1 presents both the absolute concentrations and tracer‐tracer scatter
plots of CFC‐11 and MCF from the ECCO simulation and the A16N2003 observation. The model broadly
captures the observed latitudinal and depth distributions of both tracers, showing higher concentrations at high
latitudes and in deeper waters, where surface solubility is elevated (due to lower temperatures) and where deep‐
water forms, facilitating tracer penetration.

The MCF results shown in Figure 1 represent our best estimate from the ECCO simulation after updating two key
parameters from W04: solubility and hydrolysis rate (see Texts S1, S2 and Figure S4 in Supporting Informa-
tion S1). Using the same freshwater solubility and hydrolysis rate for MCF as in W04 would lead to an
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overestimation of ocean concentrations in the model (Figure S4 in Supporting
Information S1 top row). However, updating the solubility based on a
laboratory‐measured salting‐out coefficient (Gossett, 1987), while keeping
the hydrolysis rate unchanged, shifts the modeledMCF concentrations toward
the lower end of the observed range (Figure S4 in Supporting Information S1
middle row). However, we note that these hydrolysis losses of MCF were
primarily extracted from rates measured at temperatures between 25°C and
120°C (Gerkens & Franklin, 1989), introducing substantial uncertainties in
colder extratropical ocean waters (Naus et al., 2021; Wennberg et al., 2004).
We find better agreement between the model and observations when the
hydrolysis rate is reduced (i.e., slowed down), particularly at colder tem-
peratures. Note this adjusted hydrolysis rate remains well within the reported
uncertainty range (Gerkens & Franklin, 1989) (see Figure S3 in Supporting
Information S1).

Figure 2 shows ECCO‐simulated spatial distributions of air‐sea MCF fluxes
over the past three decades successively. In the 1990s, the global ocean acted
predominantly as a sink for MCF across most regions. Since the 2000s,
however, the tropics have remained a sink while the extratropical oceans are
expected to have begun outgassingMCF. Intriguingly, this spatial flux pattern
is opposite to that of many other trace gases, such as CFC‐11, HCFCs, HFCs,
and CO2, which are typically taken up by the ocean at high latitudes and
released to the atmosphere in the tropics (DeVries et al., 2017; Gruber
et al., 2009; Wang et al., 2021, 2023). This distinct pattern for MCF is pri-
marily driven by its strong temperature‐dependent hydrolysis in the ocean.
Based on the hydrolysis parameters used in our simulation, MCF has a half‐
life on the order of less than a year in warm tropical waters (∼25°C), but this
extends to several decades in extratropical oceans where sea surface tem-
perature drops below 10°C. As atmospheric MCF concentrations have
declined rapidly under the Montreal Protocol, the tropical ocean remains
undersaturated and continues to uptake MCF, due to rapid in situ degradation.
In contrast, the extratropics become oversaturated and outgas MCF because
of much slower chemical loss in the surface ocean.

To place our simulation in the context of earlier ocean representations,
Figure 3a shows the globally integrated air‐sea MCF flux for various ocean
assumptions. Prior studies have often represented ocean uptake as a simple
first‐order loss process (e.g., assuming a constant oceanic partial lifetime of
197 years; Patra et al., 2011, 2014). Under this assumption, the oceanic loss in
each year is calculated by simply dividing the atmospheric MCF burden by
the ocean partial lifetime. This approach provides a reasonable approximation
in the 1990s, when the global ocean acted as a net sink for MCF, and uptake
was largely driven by high atmospheric MCF burden due to large anthro-
pogenic emissions. However, as emissions declined rapidly after the 1990s,

the first‐order loss assumption becomes increasingly inadequate, particularly in later years, because it assumes the
ocean is always a net sink and does not account for the possibility of outgassing.

The ECCO‐simulated air‐sea MCF flux, based on a time‐varying ocean state, closely matches the W04 model,
which uses a climatological ocean state, when the same freshwater solubility and hydrolysis rate parameters are
applied (compare the blue solid and dashed lines in Figure 3a). This suggests that the oceanic MCF uptake is not
strongly sensitive to the choice of ocean physical state. However, after accounting for seawater solubility and
adopting a slower cold‐temperature hydrolysis rate, the ocean acts as a significantly smaller reservoir for MCF—
ocean uptake in the 1990s is reduced by more than 50%, and the onset of net outgassing occurs approximately
5 years in advance. This reduced ocean MCF uptake is driven primarily by the correction to seawater solubility,
rather than adopting a slower hydrolysis rate, as demonstrated by additional sensitivity tests in Figure S7 in
Supporting Information S1.

Figure 2. Spatial patterns of air‐sea fluxes of MCF are shown as decadal
averages for three time periods: 1992–1999 (a), 2000–2009 (b), and 2010–
2019 (c). Positive values (blue) indicate ocean uptake; negative values (red)
indicate ocean outgassing.
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Figure 3b compares the relative magnitude of various air‐sea flux estimates to the top‐down MCF emissions
inferred in the World Meteorological Organization (WMO) 2022 Ozone Assessment report (Laube & Tegtme-
ier, 2022). In the 2010s, the inferred total MCF emissions were approximately 2.9 Gg yr− 1, even though reported

Figure 3. Time series of spatially integrated MCF air‐sea fluxes and their impacts on inferred emissions and OH levels. Panel
(a) shows comparison of global MCF air‐sea fluxes from different ocean representations: first‐order loss with an ocean
partial lifetime of 197 years (yellow), an ocean general circulation model used in W04 (blue), and ECCO simulations in this
study. The ECCO run using the same freshwater solubility and hydrolysis rate as W04 is shown as the blue dashed line. The
best estimate from ECCO—corrected for seawater solubility and with a slower cold‐temperature hydrolysis rate—is shown
as the red solid line. The inset panel in (a) shows the ECCO best estimate air‐sea fluxes of MCF separately integrated over
four latitude bands: 30°N–90°N, 30°N–equator, equator–30°S, and 30°S–90°S. Positive values indicate ocean uptake, and
negative values indicate ocean outgassing. Panel (b) shows the same air‐sea fluxes data in (a) but relative to top‐down MCF
emissions inferred in the WMO 2022 Ozone Assessment report (Laube & Tegtmeier, 2022). Panel (c) shows the change in
inferred OH that would be required to account for the air‐sea MCF fluxes, if assuming the fluxes reflect changes in
atmospheric MCF due to OH variations rather than atmosphere‐ocean exchange (see Section 2.3 for details). The left y‐axis
indicates the absolute OH concentration (in radicals cm− 3), and the right y‐axis shows the corresponding relative change with
respect to the global mean OH level of 1.16 × 106 radicals cm− 3 (Spivakovsky et al., 2000).
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consumption had dropped to zero (Rigby et al., 2017). While this estimated MCF emission relies on a clima-
tological OH field (Rigby et al., 2013; Spivakovsky et al., 2000)—and the values may vary somewhat depending
on the assumed OH levels—the ECCO simulation estimates suggest that the global ocean outgasses about
0.5 Gg yr− 1 of MCF back to the atmosphere, accounting for ∼20% (and in some years up to 30%) of the inferred
total emissions during the same period. It is also important to note that the top‐down estimates in Figure 3b are
based on a first‐order ocean loss with a partial lifetime of 94 years (Laube & Tegtmeier, 2022; Yvon‐Lewis &
Butler, 2002), which assumes the ocean continued to act as a net sink for MCF in the 2010s (at ∼1.0 Gg yr− 1),
despite the possibility that it had already become a net source. As a result, this inferred land‐based MCF emission
(Laube & Tegtmeier, 2022) can be largely overestimated (by up to 1.5 Gg yr− 1 in the 2010s).

Estimates of contributions to MCF‐inferred OH due to different ocean representations are shown in Figure 3c.
When the ocean acts as a net sink for MCF, accounting for air‐sea fluxes lowers the inferred OH concentration
because ocean uptake competes with OH as a sink for atmospheric MCF, reducing the amount of OH needed to
balance the MCF mass budget. In contrast, when the ocean is a net source of MCF, including ocean outgassing
increases the inferred OH level, since more OH is required to remove the additional MCF released from the ocean.
To assess potential changes in inferred OHwhen using ECCO fluxes compared to earlier ocean representations, if
one assumes that the ocean uptakes moreMCF or only weakly outgasses MCF (e.g., W04 and first‐order loss), but
in reality the ocean uptakes less MCF before 2005 and outgasses more after 2005 (as simulated by ECCO), then
the inferred OH levels would be higher when using ECCO fluxes than when using W04 or first‐order loss as-
sumptions (by as much as about 6% in recent years). This increase in inferred absolute OH abundance helps
reduce the mismatch in which chemistry‐climate models tend to overestimate OH by 10%–15% (Naik et al., 2013;
Prather et al., 2012; Prinn et al., 2005). Similarly, ECCO indicates that the increasing ocean outgassing of MCF
after 2005 would require the global mean OH trend to rise by about 3.5%/decade from 2005 to 2014. This boost in
inferred OH due to consideration of ECCO‐simulated ocean outgassing could partially reconcile the conflicting
trends from previous MCF inversions (decreasing by about 6%/decade) versus chemistry‐climate models
(remaining stable or increasing) over the same period from 2005 to 2014 (Stevenson et al., 2020; Zhu et al., 2024).
Note that this estimated impact of switching ocean representations on global mean OH assumes fixed emissions;
part of the change in air‐sea fluxes could instead offset MCF emissions if emissions and OH were jointly
optimized.

4. Summary and Discussion
We simulate MCF ocean uptake as accurately as current constraints allow—using an ocean state estimate from
ECCO and prescribed observed atmospheric MCF mole fractions. In particular, by correcting for MCF seawater
solubility as well as a slower cold‐temperature hydrolysis rate, our modeled ocean MCF concentrations show
good agreement with depth‐resolved observations across a wide range of latitudes from a 2003 North Atlantic
cruise. We find that in the 2010s, ocean outgassing of MCF from ECCO (∼0.5 Gg yr− 1) is substantially larger
than previous estimates, based either on simple first‐order loss assumptions (which suggest continued ocean
uptake of up to ∼1 Gg yr− 1) or on a time‐varying ocean flux from W04 (which estimates outgassing at
∼0.03 Gg yr− 1). This is qualitatively consistent with a recent inversion study (Naus et al., 2021), which suggested
that a much larger high‐latitude ocean source than W04 is needed to explain the observed intra‐hemispheric
gradient in atmospheric MCF mole fractions. Although the global ocean does not become a net source of
MCF until after around 2005, the extratropical ocean appears to have begun outgassing as early as the late 1990s
(Figure 3a, insert panel). This raises the possibility that changes in atmospheric MCF mole fractions previously
attributed to European landfill emissions around the 2000s (Krol et al., 2003; Reimann et al., 2005) may instead
reflect contributions from the ocean, particularly given that the subpolar North Atlantic emerges as a hot spot for
ocean outgassing (Figures 2b and 2c).

As the observed decline in atmospheric MCF mole fractions slowed, previous inversion models that relied on
smaller ocean outgassing estimates compensated for this bias by adjusting emissions to higher values, or invoking
a decrease in atmospheric OH, or both, to balance the MCF mass budget. In contrast, ECCO indicates a large
ocean source of MCF, potentially helping to explain the observed slowdown in the decay of atmospheric MCF
mole fractions without invoking a substantial OH decrease or persistent emissions. Most importantly, our study
suggests that the large MCF ocean source could account for as much as about 6% of the 10%–15% discrepancy
between modeled and estimated absolute OH levels in recent years (Naik et al., 2013; Prather et al., 2012; Prinn
et al., 2005).
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Future inversion studies—particularly with three‐dimensional atmospheric models (Naus et al., 2021; Patra
et al., 2021) that incorporate spatially and temporally resolved MCF air‐sea fluxes from ECCO or other ocean
reanalyses—could offer additional insights into the spatiotemporal variability of OH. Such an approach would
better disentangle oceanic and anthropogenic MCF sources and provide estimates of absolute OH concentrations
across latitudes. Notably, process‐based chemistry‐climate models tend to produce larger hemispheric OH ratios
than those inferred from MCF‐based inversions (Naik et al., 2013; Patra et al., 2014; Stevenson et al., 2020). Our
results show that the Southern Hemisphere outgasses roughly twice as much MCF as the Northern Hemisphere,
indicating that accounting for hemispheric asymmetries in ocean fluxes of MCF may substantially affect inferred
interhemispheric OH distributions. Although estimates of Southern Ocean outgassing can carry large un-
certainties due to both the challenges of modeling its complex ventilation (Dutay et al., 2002) and the paucity of
direct oceanic MCF measurements in this region. Frequent low‐pressure storms over the Southern Ocean can
further complicate estimates by altering total barometric pressure and, in turn, influencing air‐sea gas exchange
(Kelly et al., 2025). Additionally, our study adjusted the MCF hydrolysis rate at cold temperatures beyond the
range of existing laboratory measurements to improve agreement between the model and observations. Future
work that directly measures MCF hydrolysis rates under ocean‐relevant conditions would help reduce these
uncertainties, particularly for high latitudes.

With the rapid decline inMCF emissions, which have become poorly constrained in recent decades, OH inversion
studies are also exploring alternative tracers, such as HCFCs and HFCs (Liang et al., 2017), CO (Chen
et al., 2025) and CO isotope (Krol et al., 2008; Morgenstern et al., 2025), formaldehyde (Wells et al., 2020; Wolfe
et al., 2019), and methane (Penn et al., 2025). While promising, these substitutes face several limitations: shorter
observational records than MCF, more complex source and sink processes beyond OH, and some methods offer
only regional rather than global constraints on OH. Given these challenges, accurately characterizing OH levels
inferred from MCF remains important, as it can provide a valuable benchmark for evaluating OH estimates
derived from alternative tracers. Accounting for air‐sea exchange of MCF is critical for improving the fidelity of
OH inversions—especially in recent years, when ocean outgassing may constitute a substantial fraction of the
total source and thus introduce biases in top‐down estimates if this process is neglected or highly simplified.
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