
1.  Introduction
Methyl bromide is a halogenated trace gas emitted by both natural and anthropogenic sources. It is present in the 
troposphere at a global mean mole fraction of 6.6 ppt (2019 global mean; parts per trillion or pmol mol−1) and 
has an atmospheric lifetime estimated at 0.8 years (Engel & Rigby, 2018). The atmospheric transport of methyl 
bromide to the stratosphere and the subsequent photochemical destruction contributes to the catalytic loss of 
stratospheric ozone. Methyl bromide is considered an ozone depleting substance and a multiyear phase-out was 
initiated in 1999 under the Copenhagen Amendments and subsequent Adjustments to the Montreal Protocol. 
Global industrial production of methyl bromide declined from over 70 Gg y−1 in 1995 to roughly 10 Gg y−1 in 
2018 (UNEP, 2019). Some critical use exemptions and quarantine pre-shipment (QPS) uses for methyl bromide 
remain in effect today and account for this continued production (UNEP, 2014).

The major sources of atmospheric methyl bromide are biomass and biofuel burning, oceanic emissions, fumiga-
tion, and vegetation (Butler & Rodriguez, 1996; Deventer et al., 2018; Hardacre and Heal, 2013; Jiao et al., 2020; 
Lee-Taylor et al., 1998; Montzka et al., 2003; Rhew et al., 2010; Yvon-Lewis & Butler, 2002, 1996; Yvon-Lewis 
et at., 2009). The main sink of methyl bromide is via hydroxyl radical with a partial lifetime of 1.8 years (Engel & 
Rigby, 2018). Other sinks occur via soils, the ocean, and loss to the stratospheric with partial lifetimes of roughly 
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3.4 years, 2.7 years, and 26.3 years, respectively (Hu et al., 2012; Montzka & Reimann, 2011; Orkin et al., 2013; 
Yvon-Lewis & Butler, 1997). Numerous studies noted an imbalance between the known sources and estimated 
losses of methyl bromide from the atmosphere (Butler & Rodriguez, 1996; Lee-Taylor et al., 1998; Montzka 
et al., 2003; Yvon-Lewis & Butler, 1996, 2002; Yvon-Lewis et al., 2009). Using best estimates of sources and 
sinks for the late 1990s, more than 30 Gg of unknown sources were required in order to balance the global budget 
(Yvon-Lewis et al., 2009). The methyl bromide levels in preindustrial Antarctic ice cores show a similar budget 
gap, assuming that the natural components of the preindustrial budget (sources and sinks) were similar to the 
present day (Saltzman et al., 2004). It has generally been assumed that the budget gap is due to unaccounted for 
biogenic terrestrial emissions, but sources of sufficient magnitude have never been identified. This budget gap 
has been referred to in the literature as a “missing source” (Lee-Taylor et al., 1998; Yvon-Lewis et al., 2009).

The phase-out of anthropogenic production of methyl bromide and the subsequent atmospheric response consti-
tutes a remarkable natural experiment that can be used to improve our understanding of the global budget and 
atmospheric lifetime of methyl bromide. As anthropogenic emissions were reduced, atmospheric methyl bromide 
mole fraction has declined and gradually approached a new steady state. Yvon-Lewis et al. (2009) showed that 
the decline in atmospheric methyl bromide from 1999 to 2005 was likely influenced by a perturbation in biomass 
burning emissions due to the 1997/1998 strong El Niño but was otherwise consistent with the prescribed phase-
out. Hu et al. (2012) updated this analysis, extending the analysis from 1995 to 2010, and showed the atmospheric 
abundance would reach steady state around 2013 barring further reductions in anthropogenic emissions.

The oceans play a complex role in the global biogeochemical cycle of methyl bromide, with both production and 
destruction occurring in the surface oceans. As a result, the oceans can act as both a source and sink of methyl 
bromide to/from the atmosphere (Butler, 1994; Yvon-Lewis & Butler, 1996). Models predicted that the oceans 
would shift from a net sink during the 1990s to a net source after phase-out and this was confirmed by subsequent 
shipboard measurements (Hu et al., 2012; Yvon-Lewis et al., 2009). These changes in ocean saturation state pres-
ent an opportunity to better assess the budget uncertainties in methyl bromide global models. This opportunity 
arises because as the saturation state of the oceans approached zero, ocean/atmosphere fluxes became negligible 
and the global budget became insensitive to the large uncertainties associated with parameterizations of air/sea 
gas exchange.

In this study, we examine the global biogeochemical cycle of methyl bromide using a 25-year record of atmos-
pheric methyl bromide from the National Oceanic and Atmospheric Adminstration Global Monitoring Laborato-
ry (NOAA GML) flask air network and an updated global model of atmosphere/ocean cycling. Implications for 
the magnitude and spatial/temporal variability of the methyl bromide budget gap between estimated sources and 
losses are discussed.

2.  The NOAA GML Global Flask Air Data Set
The Halocarbons and other Atmospheric Trace Species Division of NOAA's Global Monitoring Laboratory 
(GML) has measured atmospheric methyl bromide at several sites across the globe for the past 25 years. Whole 
air samples from each site are obtained on average two to four times each month and analyzed by GC/MS at the 
Boulder, Colorado laboratory (Montzka et al., 2003). These data are updated regularly and available online (ftp://
aftp.cmdl.noaa.gov/data/hats/methylhalides/ch3br/flasks). For this study, the data from each site were averaged 
to generate monthly mean methyl bromide abundances. These monthly means were averaged in 30° latitude zonal 
bands corresponding to the tropospheric model boxes described below.

Atmospheric samples are pressurized simultaneously in duplicate pairs of flasks. At most sites, the air is collected 
primarily in stainless steel flasks. Samples from South Pole and Summit, Greenland are stored in glass flasks 
because methyl bromide degrades in dry stainless steel flasks (Montzka et al., 2003). Several other sites include 
samples collected in glass (Palmer Station, Antarctica) or a combination of glass and stainless steel flasks (Cape 
Grim, Australia and South Pole). Flask pairs with relative differences above a threshold are excluded from the 
monthly mean calculation (roughly 12% of all flask pair measurements). The threshold has declined from 4% 
to 1.5% from 1995 to 2018 to reflect improvements in analytical precision over time. Flasks pairs with methyl 
bromide concentrations significantly higher or lower than expected for given times of year are also subjectively 
excluded from the monthly mean calculation.

ftp://aftp.cmdl.noaa.gov/data/hats/methylhalides/ch3br/flasks
ftp://aftp.cmdl.noaa.gov/data/hats/methylhalides/ch3br/flasks
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The methyl bromide standard scale is developed at NOAA GML using gravi-
metric and static dilution techniques (Montzka et  al.,  2003). The scale is 
based on parts per million-level standards made in 1995, 2001, and 2002. 
More information about the methyl bromide standard can be found at: https://
www.esrl.noaa.gov/gmd/ccl/scales/CH3Br_tree.jpg. The stability of the cali-
bration scale over time is assessed with archived air stored in high pressure 
stainless-steel (humid air) and aluminum (dry air) cylinders.

The monthly mean latitudinal methyl bromide mixing ratios (Figure 1) were 
calculated by averaging monthly mean methyl bromide from sites located 
in the the same 30° bin. Three sites were used for the 90°–60°N bin: Alert, 
Canada, Summit, Greenland, and Utqiagvik (Barrow), Alaska. Five sites 
were used for the 60°–30°N bin: Mace Head, Ireland, Park Falls, Wiscon-
sin, Harvard Forest, Massachussetts, Trinidad Head, California, and Niwot 
Ridge, Colorado. Two sites were used for the 0°–30°N bin: Cape Kumakahi 
and Mauna Loa, Hawaii. One site was used for the 0°–30°S bin: Samoa, 
American Samoa. Two sites were used for the 30–60°S bin: Cape Grim, Aus-
tralia, and Palmer Station, Antarctica. One site was used for the 60°–90°S 
bin: South Pole, Antarctica. More details about each specific site is found 
at: https://www.esrl.noaa.gov/gmd/hats/flask/flasks.html. For a given site, 
missing observations were filled in with linear interpolation between nearest 
months. The standard deviation of the monthly mean methyl bromide value 
for each latitudinal bin was calculated by taking the square root of the sum of 
the individual site's monthly standard deviation squared. Monthly standard 

deviations are generally larger earlier in the record (i.e., 1995–2000) in part because of larger atmospheric gradi-
ents during those years, and because of subsequent improvements in measurement precision. For the full length 
of the record (1995–2019), the average monthy standard deviation for the latitudinal bins from north to south are 
0.43, 0.68, 0.31, 0.21, 0.19, and 0.31 ppt, respectively.

3.  Model
The modeling strategy employed in this study is to develop a global biogeochemical model of methyl bromide 
with an explicit parameterization of oceanic cycling and ocean/atmosphere exchange. The model is run in the 
following modes:

1.	 �Inverse mode–In inverse mode, terrestrial methyl bromide sources are calculated to optimize a weighted least 
squares deviation between the atmospheric abundance of methyl bromide in the model and the NOAA GML 
network flask measurements at monthly time resolution. The optimized terrestrial emissions are compared to 
estimates of the known natural and anthropogenic sources in order to assess the magnitude and spatial/tempo-
ral variations of the “budget gap” or “missing source” identified in many prior studies.

2.	 �Forward mode–In forward mode, terrestrial emissions are specified and the atmospheric abundance of methyl 
bromide is calculated on a monthly basis for a specified number of years. Forward model runs can utilize the 
optimized terrestrial emissions from an inverse run or other emission scenarios.

3.1.  Model Description

The model computes the mass balance for tropospheric methyl bromide incorporating terrestrial emissions (natu-
ral and anthropogenic), ocean/atmosphere invasion and evasion, and atmospheric losses to photochemistry, soils, 
vegetation, and stratospheric transport (Table S1 in Supporting Information S1). The atmosphere is represented 
with six zonal tropospheric boxes, each 30° wide in latitude. Transport between the boxes is parameterized by 
seasonally varying exchange coefficients based on the global budget of SF6 (Marik, 1998; Mitchell et al., 2013). 
Transport is specified to be the same for all years.

The surface ocean is represented in the model as a 2 × 2° grid of cells with prescribed monthly mixed layer 
depth, sea surface temperature, wind speed, and salinity based on climatological and satellite-derived products 
given in Table S1 in Supporting Information S1. Oceanic losses include chemical degradation, mixing through 

Figure 1.  Monthly mean atmospheric methyl bromide levels averaged 
into 30° latitude zonal bands from 1995 to 2019 measured by the National 
Oceanographic and Atmospheric Administration Global Monitoring 
Laboratory global flask air network.

https://www.esrl.noaa.gov/gmd/ccl/scales/CH3Br_tree.jpg
https://www.esrl.noaa.gov/gmd/ccl/scales/CH3Br_tree.jpg
https://www.esrl.noaa.gov/gmd/hats/flask/flasks.html
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the thermocline, and evasion to the atmosphere (Butler, 1994: Yvon-Lewis & Butler, 1996, 1997). Oceanic inputs 
are biological production and atmospheric input (invasion). Biological production is set at 1999 levels based on 
King et al. (2002) with coastal production rates from Hu et al. (2012). Each ocean box exchanges methyl bromide 
with the overlying atmosphere with no lateral ocean transport. Earlier methyl bromide modeling studies were 
conducted with a similar ocean model using a 1 × 1° grid and a two box troposphere (N and S hemispheres; 
Saltzman et al., 2004; Yvon-Lewis & Butler, 2002; Yvon-Lewis et al., 2009). The current model is coded in 
MATLAB (Mathworks, Inc.). The model is integrated using the MATLAB ODE45 variable time step ODE solver 
and inversions were carried out using MATLAB fmincon function. All inputs used in the model calculation are 
specified as monthly average values.

Model inversions were carried out to determine the total terrestrial emissions required to achieve optimal agree-
ment between the model and the NOAA GML atmospheric methyl bromide data. The MATLAB function fmin-
con was used to optimize the monthly emissions in each box by minimizing the following cost function:

cost =
1

masstrop

∑

box

∑

month

𝑤𝑤 ∗ massbox(𝑌𝑌box − 𝑌𝑌NOAA)
2

� (1)

where Ybox and YNOAA are the modeled and observed monthly mixing ratios of methyl bromide in each 30° wide 
zonal model tropospheric box and w is a weighting factor for the six atmospheric boxes (weight = [1 4 4 4 4 1]). 
The model inversion was carried out on overlapping 2 year segments in which the atmosphere is initialized by 
atmospheric observations, and the cost function is calculated based on a 2 year model run. Only the second year's 
optimized results are used. The starting time is then incremented by 1 year and the process is repeated. This in-
version process results in a 25 year record of optimized emissions in each model box. Those emissions are used 
in a forward mode run to compute the final time series, which reproduces the monthly atmospheric observations 
to within 3% across all years and boxes. This procedure was computationally much more efficient than attempting 
to simultaneously optimize the entire 25 years record.

3.2.  Methyl Bromide Atmospheric Losses in the Model

Atmospheric losses in the model are scaled to achieve e-folding lifetimes consistent with the literature. Photo-
chemical losses are defined by monthly OH and temperature fields from Spivakovsky et al. (2000) and the tem-
perature-dependent rate constant from Burkholder et al. (2015). The OH fields are scaled by a factor of 0.72 to 
give a global photochemical methane lifetime of 10.4 years (Prather et al., 2012). This yields a tropospheric me-
thyl bromide lifetime with respect to OH oxidation of 1.8 years. The loss of atmospheric methyl bromide to soils 
is scaled to a tropospheric lifetime of 3.4 years (Montzka & Reimann, 2011) with a spatial/temporal distribution 
scaled to the ISLSCP II MODIS land cover product (Friedl et al., 2010) and seasonality from Shorter et al. (1995) 
with no interannual variability. Loss to the stratosphere is scaled to give a constant partial tropospheric lifetime 
of 26.3 years (Orkin et al., 2013). The oceans are both a source and sink for methyl bromide in the model, as 
discussed in Section 3.3.

3.3.  Oceanic Cycling and Air/Sea Exchange of Methyl Bromide

Methyl bromide in each 2 × 2°ocean cell is computed dynamically from the mass balance of production and 
loss. The approach and terminology used here are based on Yvon-Lewis & Butler (1996, 2002). The mass of 
methyl bromide in each ocean cell reflects a balance between the sources (biological production and atmospheric 
input) and the losses (hydrolysis, chloride substitution, biological degradation, downward mixing through the 
thermocline, and loss to the atmosphere). Oceanic losses consist of chemical loss via hydrolysis and chloride 
substitution, biological uptake, vertical mixing through the thermocline, and loss to the atmosphere (see Table S1 
in Supporting Information S1).

There are no direct measurements of biological production of methyl bromide in the oceans. Instead, the rate of 
biological production in each ocean cell is calculated in order to achieve agreement with the observed sea surface 
saturation state during the 1990s using the saturation versus sea surface temperature relationship developed by 
King et al. (2002) and described in Saltzman et al. (2004). Production rates for coastal waters (<200 m depth) 
were modified as recommended by Hu et al. (2012) using seafloor topography from Smith and Sandwell (1997).
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Air/sea gas fluxes are computed in the model as follows:

𝐹𝐹evasion = 𝑘𝑘gas ∗ 𝐶𝐶seawater� (2)

𝐹𝐹invasion = − 𝑘𝑘gas ∗ 𝑝𝑝atm ∗ 𝐻𝐻� (3)

𝐹𝐹net = 𝐹𝐹evasion − 𝐹𝐹invasion� (4)

where Fevasion and Finvasion are the fluxes of methyl bromide out of and into the ocean (moles m−2 day−1), Cseawater 
is the concentration of methyl bromide in surface seawater (moles m−3), H is the solubility of methyl bromide in 
seawater at a given temperature and salinity (mol m−3 atm−1; De Bruyn & Saltzman, 1997b), ρatm is the partial 
pressure of methyl bromide over the sea surface, and kgas is the gas transfer coefficient (m day−1) expressed in 
water-side units.

Temperature-dependent properties and processes for the ocean model were calculated using monthly mean sea 
surface temperatures from the NOAA Optimum Interpolation (V2; Reynolds et al., 2002). Cross Calibrated Mul-
ti-Platform ocean surface winds (CCMP; 0.25 × 0.25°, 6 hourly) were used either as monthly means of <U> or 
<U2> in the gas transfer parameterizations described below (Wentz et al., 2015).

Three parameterizations for the gas transfer coefficient (kgas) were used in this study in order to capture the un-
certainty associated with ocean/atmosphere exchange. These are:

W14–The Wanninkhof (2014) parameterization is derived from the long-term average gas transfer of 14CO2 esti-
mated from natural 14C disequilibrium and the ocean inventory of bomb 14C using an inverse global ocean mode-
ling approach (Atlas et al., 2011; Naegler & Levin, 2006; Naegler, 2009; Sweeney et al., 2007). This parameteri-
zation assumes a quadratic dependence of gas transfer coefficient on wind speed and was developed using CCMP 
winds and an updated inventory of 14C in the oceans (Wentz et al., 2015). The W14 parameterization is as follows:

𝑘𝑘gas W14 = 0.251 ∗< 𝑈𝑈
2
>∗ (Scgas∕660)

−0.5� (5)

Scgas is the temperature-dependent Schmidt number of methyl bromide (De Bruyn & Saltzman, 1997b; Table S1 
in Supporting Information S1) and <U2> is the monthly mean of the squared 6-hourly winds. This parameteri-
zation does not discriminate between gas transfer by turbulent and bubble-mediated mechanisms. Consequently, 
methyl bromide solubility does not influence the gas transfer coefficient.

N00–The Nightingale et al. (2000) parameterization is a second order regression to deliberate dual tracer (3He/
SF6) experiments conducted at sea:

𝑘𝑘gas N00 = (0.333 ∗< 𝑈𝑈 𝑈 + 0.222 ∗ < 𝑈𝑈 𝑈
2) ∗ (Scgas∕660)

−0.5� (6)

The N00 parameterization gives good agreement with all dual tracer experiments to date (Ho et al., 2011). Like 
W14, this parameterization does not distinguish between turbulent and bubble-mediated mechanisms and is in-
sensitive to trace gas solubility.

COAREG 3.6–Fairall et  al.  (2000,  2011) developed this physically based gas transfer model coupled to the 
NOAA COARE micrometeorological model for sensible heat, latent heat, and momentum fluxes. The gas trans-
fer coefficient is parameterized as the inverse of the sum of water side and air side resistance, as follows:

𝑘𝑘 =
𝑢𝑢∗

𝑟𝑟water + 𝛼𝛼 ∗ 𝑟𝑟air

� (7)

where u* is friction velocity and α is dimensionless solubility. The water side resistance (rwater) in COAREG is 
separated into two components, turbulent/molecular diffusion (denoted as rt) and bubble-mediated transfer (de-
noted as rb or 1/kb) and the overall transfer velocity becomes:

� =
[

�∗
�water_turbulent

+ ��

] [

1
1 + � ∗ �air∕�water

]

� (8)

The model describes turbulent/molecular resistance using a “law of the wall” approach, with diffusion domi-
nating transport near the interface, and surface wind stress driving mixing on both sides of the air/sea interface. 
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The turbulent resistance is scaled by Sc−0.5 A separate term represents the 
transfer due to the equilibration of bubbles generated from wave breaking 
(Woolf, 1997). Gas solubility (α) influences both (a) the relative magnitude 
of air side and water side resistance, and (b) bubble transfer. Friction velocity 
is partitioned into two components, a tangential component (u*t) and a wave 
component (u*g), used to scale the turbulent/molecular and bubble terms, re-
spectively. In this study, tunable constants of A = 1.6, B = 1.8 were used 
with the Woolf parameterization for bubble transfer. The explicit inclusion of 
bubble-mediated gas transfer in COAREG3.6 means that gas transfer coeffi-
cients are influenced by seawater temperature through its influence on both 
Schmidt number (as Sc−0.5) and gas solubility.

Note that although the methyl bromide model runs with a 2 × 2° ocean grid, 
the gas transfer parameterizations are nonlinear and sensitive to the wind 
speed variance. The gas transfer coefficients were computed using the full 
resolution grid (0.25 × 0.25°, 6 hourly) CCMP wind fields and averaged to 
create the 2 × 2° grid.

There are significant differences between the various gas transfer parameter-
izations in terms of both magnitude and wind speed-dependence (Figure 2). 
W14 and N00 are quadratic functions of wind speed, leading to very strong 
(nonphysical) gas transfer rates at very high wind speeds. Both are also forced 
to zero gas transfer at zero winds, while COAREG3.6 allows some gas trans-
fer due to buoyancy and gustiness. All of the parameterizations are relatively 
similar at moderate winds. The global area-weighted mean for three param-
eterizations ranges by roughly 20%. For example, the 1990 area-weighted 
mean kgas values are 2.72, 3.38, and 3.04 m d−1 for COAREG 3.6, W14, and 
N00.

The Sc numbers of methyl bromide and CO2 in seawater are nearly identical (Figure 3). However, the solubility of 
methyl bromide in seawater is about five fold greater than that of CO2 (Figure 3; De Bruyn & Saltzman, 1997b; 
Wanninkhof, 1992). This affects two aspects of gas transfer: (a) the relative importance of water side and air side 
resistance, and (b) bubble-mediated gas transfer. Air side resistance is small for methyl bromide, comprising 
less than 5% of the total resistance even at low temperatures. This is illustrated using the air gradient fraction as 
defined by McGillis et al. (2000):

� = 1
(

1 + �water
�∗�air

)

� (9)

where α is dimensionless solubility and r is the resistance to gas transfer on the air and water side, respectively.

Bubble-mediated gas transfer scales exponentially with wind speed and linearly with solubility. Consequently, at 
high wind speeds Sc-corrected tracer-based parameterizations likely overestimate the gas transfer coefficient for 
methyl bromide. The physically based COAREG3.6 parameterization partitions gas transfer between turbulent 
and bubble–mediated exchange and therefore explicitly takes solubility into account. As a result, gas transfer 
velocities are lower at high winds for methyl bromide than they would for a less soluble gas like CO2. Figure 4 
shows the relative contributions of turbulent/molecular and bubble-mediated processes to the total air/sea gas 
transfer velocity of CH3Br. Uncertainties in modeling bubble generation and bubble distributions remains a major 
uncertainty in gas transfer and a subject of active research (Wanninkhof et al., 2009).

The net ocean/atmosphere exchange of methyl bromide is computed as the sum of invasion (from atmosphere to 
ocean) and evasion (from ocean to atmosphere; Yvon-Lewis & Butler, 1997). Invasion refers to the air/sea flux 
into each ocean cell computed as if the ocean concentration of methyl bromide was zero, and integrated globally, 
as follows:

invasion =
∑

ocean cells

𝐻𝐻 ∗ 𝑘𝑘gas ∗ 𝑥𝑥mebr ∗ 𝜌𝜌air ∗ 𝑚𝑚𝑤𝑤 ∗ 𝐴𝐴cell� (10)

Figure 2.  Gas transfer coefficients (kgas) for methyl bromide as a 
function of wind speed, computed using the 2 × 2° ocean model, Cross 
Calibrated Multi-Platform winds and the following parameterizations: W14 
(Wanninkhof, 2014), N00 (Nightingale et al., 2000); COAREG 3.6 (Fairall 
et al., 2011). kgas is given at in situ temperatures for all ocean cells for the year 
1990.
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where invasion (given here in mol y−1 but referred to elsewhere in Gg y−1), H 
is solubility (mol m−3 atm−1), kgas is the gas transfer coefficient (m yr−1), xmebr 
is the mixing ratio (mole fraction) of methyl bromide in air, ρ is the density 
of surface air (atm), mw is molecular weight, and Acell is the surface area of 
each ocean cell (m2).

Evasion is the sea to air transfer computed as if the atmospheric abundance 
of methyl bromide was zero, computed as follows:

evasion =
∑

ocean cells

𝑘𝑘gas ∗ 𝐶𝐶mebr_sw ∗ 𝐴𝐴cell� (11)

where evasion (given here in mol y−1, but referred to elsewhere in Gg y−1), 
Cmebr_sw is the concentration of methyl bromide in seawater (mol m−3), and 
kgas and Acell are as above. The concentration of methyl bromide in the sur-
face ocean is a function of biological production, chemical and biological 
loss, and gas transfer. The fraction of methyl bromide destroyed in the water 
column is a useful parameter to assess the importance of internal oceanic 
cycling relative to air/sea gas transfer. This fraction was defined as follows 
by Butler (1994):

𝑅𝑅𝑜𝑜 =
𝑘𝑘𝑜𝑜

𝑘𝑘𝑜𝑜 + 𝑘𝑘1

=
𝑘𝑘𝑜𝑜

𝑘𝑘𝑜𝑜 + 𝑘𝑘gas∕𝑧𝑧
� (12)

where ko is the sum of the first order rate constants for chemical loss, biolog-
ical loss, and downward mixing, and k1 is the first order rate constant for gas 
exchange (kgas/z, where z is mixed layer depth). At the limiting condition of 
Ro = 1, essentially all of the methyl bromide (derived from either biological 
production or air/sea exchange) is destroyed in the ocean. In that case, the 
oceanic concentration of methyl bromide (Cmebr_sw) would be insensitive to 
changes in atmospheric levels induced by external factors such as terrestrial 
emissions. By contrast, Ro <<1 means that Cmebr_sw would be strongly influ-
enced by changes in atmospheric methyl bromide levels.

4.  Results and Discussion
The methyl bromide global model inversion was carried out using each of 
the three air/sea gas transfer parameterizations (W14, N00, and COAREG 
3.6). For each gas transfer parameterization, oceanic production of methyl 
bromide is adjusted to achieve agreement with ocean saturation anomalies 
during the late 1990s (King et  al.,  2002). Ocean evasion and invasion are 

determined dynamically. The model inversions yield estimates of total terrestrial emissions (sum of anthropogen-
ic + natural) required to optimize agreement with observed atmospheric methyl bromide levels from the NOAA 
GML network. No a priori assumptions are made about the origin (natural vs. anthropogenic), seasonality, or 
latitudinal distributions of the emissions.

Model results are discussed in the following order:

1.	 �Model simulations using different gas transfer parameterization are compared for four years, spanning the 
25-year record (Figure 5). Here we assess the sensitivity of the methyl bromide budget to gas transfer param-
eterization and compare the results of this model to prior published models.

2.	 �The full 25-year model inversion is discussed in detail using one of the three gas transfer parameterizations 
(COAREG 3.6; Figures 5 and 6). Results from the other two parameterizations (N00 and W14) are shown in 
Figures S1 and S2 in Supporting Information S1). The history of terrestrial emissions is estimated from the 
model inversion and compared to bottom-up emissions estimates. The budget gap between bottom-up emis-
sions and emissions is examined and various modifications to the emissions are proposed to minimize the gap 
and understand its origin.

Figure 3.  Physical properties of CH3Br and CO2 relevant to gas transfer 
shown as a function of temperature at a salinity of 35‰. From top: 1) 
Schmidt (Sc)-number in seawater, 2) seawater solubility, and 3) air gradient 
fraction (McGillis et al., 2000), defined as the fraction of air/sea concentration 
difference on the atmospheric side of the interface, computed using COAREG 
3.6. Sc and solubility data from De Bruyn & Saltzman (1997a,b) and 
Wanninkhof (1992).
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3.	 �A forward model run is presented to simulate a possible future emissions 
scenario with zero anthropogenic emissions of methyl bromide.

4.1.  Influence of Gas Transfer Parameterization on the Methyl 
Bromide Budget

Model results using the three different gas transfer parameterizations gave 
broadly similar results with some subtle differences. To illustrate the differ-
ences, we extracted budget data from four periods (1995, 2005, 2010, and 
2018; Figure 5; Table S2 in Supporting Information S1). The four time peri-
ods selected are:

Pre phase-out (1995)—This case represents the atmosphere just prior to 
initiation of methyl bromide phase-out under the Montreal Protocol and its 
Amendments. This represents the period of maximum anthropogenic emis-
sions. Conditions for 1995 were used for comparison with Yvon-Lewis 
et al. (2009). Because of the high anthropogenic emissions, the atmospheric 
burden and total sources are the largest of the four simulations. Under this 
condition, the oceans are undersaturated and there is a large net flux of me-
thyl bromide from the atmosphere into the ocean.

Mid phase-out (2005)—This case represents conditions six years after phase-
out began. Based on the UNEP inventory data, anthropogenic production of 

methyl bromide had declined to about 40% below of pre phase-out production (UNEP, 2019). The atmospheric 
burden and total sources are reduced by more than 50% relative to pre phase-out conditions. This is a particularly 
interesting control case because the oceans were near equilibrium with respect to the atmosphere and the net air/
sea flux is near zero. As a result, the global budget is relatively insensitive to gas transfer parameterization.

Late phase-out (2010)—This case is several years farther into phase-out. At this point, the oceans have become 
supersaturated in methyl bromide with respect to the atmosphere.

Modern (2018)—This case represents the near modern case where atmospheric methyl bromide levels have 
nearly stabilized at post phase-out levels. Some anthropogenic usage continues, but at much lower levels than 
prior to phase-out. The total sources in this case are the smallest of the four cases because of the continued de-
cline in anthropogenic emissions. The oceans remain supersaturated, and the net air/sea flux is from the ocean 
to atmosphere.

The inversions including three gas transfer parameterizations yield a decrease in total terrestrial emissions (called 
“optimized emissions”) from roughly 120 to 80 Gg y−1 between pre- and post phase-out periods (Figure 5). The 
sensitivity to gas transfer parameterizations is highest in the pre phase-out period (1995) when atmospheric 
methyl bromide levels were large and the oceans were a strong net sink. For example, net ocean exchange (emis-
sions–uptake) for this period using the W14 and N00 parameterizations are −6.5 and −7.2 Gg y−1, respectively. 
COAREG3.6 yields a smaller net ocean exchange of −4.6 Gg y−1. This makes sense because ocean exchange 
scales roughly linearly with the gas transfer coefficient and the COAREG3.6 gas transfer coefficients are slightly 
smaller than those of the other two parameterizations. By 2005, the net ocean gas exchange is close to zero (−1.4 
to 1 Gg y−1 for the various gas transfer parameterizations) because the surface ocean is near equilibrium with the 
troposphere. The net ocean gas exchange continues to increase after 2005, reaching 4–6 Gg y−1 in 2018.

As in previous studies, the known sources of methyl bromide are insufficient to balance the estimated losses. The 
budget gap is quantified by subtracting a bottom-up estimate of terrestrial emissions from the optimized terrestri-
al emissions required by each model inversion result. The four model inversions exhibit budget gaps ranging from 
20 to 23 Gg y−1 in 1995 to about 15–17 Gg y−1 in 2018.

The gas transfer coefficient also has a significant effect on how the modeled saturation state of the ocean evolves 
during phase-out. The fraction Ro of methyl bromide lost in the water column due to hydrolysis, biological de-
struction, downward mixing, is useful in diagnosing this effect (Equation 12; Figure S3 in Supporting Informa-
tion S1; Butler, 1994). In the limiting case of Ro approaching zero (rapid gas transfer, slow oceanic destruction), 
all methyl bromide produced or entering the ocean is emitted to the atmosphere. For Ro approaching unity (slow 

Figure 4.  Relative contributions of turbulent/molecular and bubble-mediated 
processes to the total air/sea gas transfer velocity of CH3Br. Calculated for 
20°C and 35‰ salinity using COAREG 3.6.
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gas transfer, rapid oceanic destruction), ocean methyl bromide levels are independent of atmospheric levels and 
ocean methyl bromide levels are less sensitive to externally imposed changes in atmospheric methyl bromide lev-
els. This explains why the W14 parameterization with the largest kgas and smallest Ro exhibits the largest changes 
in oceanic concentrations as phase-out progresses and atmospheric levels decline. Net ocean evasion for W14 
changes from nearly −7.2 Gg y−1 prior to phase-out to +4.2 Gg y−1 after phase-out. By contrast, the COAREG 
3.6 parameterization (smaller kgas, larger R) exhibits more symmetrical change in saturation state, from roughly 
−4.5 to +6.2 Gg y−1.

Figure 5.  Methyl bromide global model inversion results from four time periods: pre phase-out (1995), 2005, 2010, 
and 2018. All quantities are global, area-weighted annual averages. Results are shown using three different gas transfer 
parameterizations with identical symbols and colors in all panels. Left side from top: 1) Optimized terrestrial emissions–
emissions required to obtain agreement between model and National Oceanographic and Atmospheric Administration Global 
Monitoring Laboratory data set, 2) net ocean emissions (emissions–uptake; see text), 3) total emissions (terrestrial + net 
ocean), 4) budget gap–optimized terrestrial emissions minus the best estimate of known terrestrial sources. Right side from 
top: 1) globally averaged saturation anomaly, 2) methyl bromide surface ocean concentrations, 3) ocean uptake, and 4) ocean 
emissions.
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4.2.  Partitioning the Budget Gap Into Time-Dependent and Persistent 
Components

In this section, we examine the time dependence and latitudinal distribution 
of the methyl bromide budget gap using results from a model inversion of 
the full 1995–2019 record with the COAREG 3.6 gas transfer parameteri-
zation. As above, the budget gap is calculated as the difference between the 
bottom-up emission inventory and the total sources required by the model 
inversion. Figure 6

A bottom up base case inventory of terrestrial sources is defined based on 
the following:

Anthropogenic QPS, non-QPS, and leaded gasoline uses–QPS (quarantine 
and preshipment) and non-QPS emissions based on the UNEP national inven-
tory reporting of methyl bromide consumption (production + import – ex-
port; ozone.unep.org). Emission factors of 0.84 and 0.65 are used to estimate 
emissions to the atmosphere from consumption data for QPS and non-QPS 
uses, respectively (Montzka & Reimann, 2011). Leaded gasoline emissions 
are based on Ozone Assessment Reports.

Biofuels–—based on the magnitude, seasonal variability, and latitudinal dis-
tribution of biofuel burning in Yevich & Logan (2003), with updated methyl 
bromide emission factors from this type of burning given in Andreae (2019). 
Yearly changes are scaled to the biofuels and waste energy utilization history 
compiled by the International Energy Agency (IEA; www.iea.org/data).

Biomass burning—based on the Global Fire Emission Database (GFED4s) 
inventory of dry matter burned (van der Werf et  al.,  2017) as a function 
of year, month, and latitude with methyl bromide emission factors from 
Andreae (2019).

Vegetation emissions—fixed annual emissions of 28.5  Gg y-1 (Gan 
et  al.,  1998; Lee-Taylor & Holland, 2000; Rhew et  al.,  2000, 2001; Varn-
er et  al.,  1999; Yvon-Lewis et  al.,  2009) scaled to latitudinal and season-
al variations of ISLSCP II, MODIS collection 4, IGPB Land Cover (Friedl 
et al., 2010).

Subtracting the sum of the bottom-up base case emissions from the total 
emissions required by the model to match the observations yields a miss-

ing source that declines from about 20 to 25 Gg y−1 during the late 1990s to 15–17 Gg y−1 in the 2015–2019 
period (Figure 7). The decline in total emissions is clearly dominated by the temporal change in anthropogenic 
emissions, but partially offset by increasing net ocean emissions and the slight increase in biofuel emissions. On 
interannual time scales, there is also some evidence of anticorrelation between the missing source and biomass 
burning emissions, particularly around the 1997 and 2015 strong El Niño events. This perhaps suggests that burn-
ing emissions of methyl bromide may be underestimated in years following those major ENSO's.

The spatial distribution of the base case budget gap was obtained by subtracting the bottom-up emissions in 
each 30° zonal box from the total terrestrial emissions required by the model inversion in each box (Figure 7). A 
striking feature of the distribution is that the northern hemisphere mid-latitudes (30°–60°N) has a negative budget 
gap indicating the bottom-up, base case emissions were overestimated in that region. This signal is strongly 
anticorrelated with the positive budget gap in the adjacent northern hemisphere tropics/subtropic (0°–30°N). 
This could suggest that the bottom-up emissions were apportioned incorrectly between the two regions or that 
the very simple transport parameterization in the zonal model does an inadequate job of distributing agricultural 
emissions in the lower latitude regions of the midlatitude box such as California and Florida.

Based on UNEP methyl bromide consumption data, the agricultural non-QPS contribution to the methyl bromide 
budget after 2015 should be small and the uncertainty in this term should be negligible in comparison to the 
missing source. The budget gap (missing source) at this time is roughly 15 Gg y−1. We assume these emissions 

Figure 6.  Results from global model inversion based on 1995–2019 
National Oceanographic and Atmospheric Administration Global Monitoring 
Laboratory monthly observations using the COAREG 3.6 gas transfer 
parameterization. Upper panel: Model-generated tropospheric monthly methyl 
bromide mole fractions in the six zonal model boxes. Lower panel: Optimized 
total terrestrial emissions (blue), net ocean emissions (emissions–uptake; 
pink). Negative values for the ocean source from 1995 to 2000 indicate that the 
oceans were a net sink during that period.

http://www.iea.org/data
http://www.iea.org/data
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must be comprised of one or more unknown or underestimated sources other than agricultural non-QPS sources. 
We call these “persistent natural” sources and provisionally assume that they have been present throughout the 
record. The latitudinal distribution of the missing source from 2015 to 2019 shows that it is predominantly in the 
tropics with a distribution similar to that of tropical vegetation emissions (45% in 0°–30°N, 40% in 0°–30°S, and 
15% in 30°–60°S).

If we include a persistent tropical source of about 15 Gg y−1 during all years, the residual budget gap exhibits 
a time dependent decline from 15 to 20 Gg y−1 during the late 1990s to essentially zero from 2015 to 2019 
(slope = −0.25 Gg y−1, p < 0.01). The latitudinal distribution of the residual budget gap after subtraction of the 
persistent natural source is shown in Figure 7, and referred to as the persistent natural case. This decline is similar 
in timing to the scheduled phaseout of agricultural non-QPS use of methyl bromide. We therefore propose that the 
remaining, time-dependent part of the budget gap could reflect an underestimation of the agricultural non- QPS 
contribution.

The final scenario involves increasing the agricultural non-QPS source to reduce the magnitude of the time-de-
pendent missing source and to reduce the anticorrelation between the northern midlatitudes and northern tropical 
regions (Figure 7). Two adjustments were made: (a) the fraction of methyl bromide that escapes to the atmosphere 
during agricultural fumigation was increased from 0.65 to 0.76, and (b) the spatial distribution of these emissions 

Figure 7.  Results from the model inversion showing temporal and spatial characteristics of methyl bromide sources for three cases: base case (left column), persistent 
natural case (middle column), and adjusted agriculture case (right column). See text for description of cases. Top row: bottom-up inventory of global sources including 
the inferred budget gap (or missing source) based on the model inversion, middle row: latitudinal distribution of the budget gap, bottom row: budget gap between 
optimized emissions and estimated sources shown as annual mean (black) and 5-year running average (gray). See legends for color key.
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was shifted from a NH midlatitude:NH tropics ratio of 50:40 to 20:55. These 
adjustments to the fractional emission rate are within the uncertainty in bot-
tom-up estimates for this source (Montzka & Riemann, 2011). The need to 
adjust the spatial distribution of the emissions are likely not due to reporting 
issues, but rather may be due to the overly simple transport parameterizations 
used in this box model. Simulations using a 3-D chemical transport model 
would be needed to fully understand why this geographic shift is required. 
This adjusted agricultural scenario has the expected effect of reducing the 
time-dependence of the missing source, reducing the apparent negative miss-
ing emissions in the northern midlatitudes, and reducing the overall magni-
tude of the missing source to 0.4 ± 3.1 Gg y−1 or essentially zero over the 
1995–2019 period.

The proposed modifications to the methyl bromide budget alter the ratio of 
anthropogenic emissions to total emissions (optimized emissions  +  ocean 
emissions) compared to prior estimates (Figure S4 in Supporting Informa-
tion S1). Anthropogenic emissions during 1996–1998 in the base case aver-
aged 53 Gg yr−1, or roughly 33% of total emissions. This is near the midpoint 
of the range of 22%–40% estimated for that period (Carpenter et al., 2014). 
With the adjusted agricultural scenario, the anthropogenic emissions com-
prise roughly 36% of total emissions for this period, near the upper end of 
the reported range.

4.3.  A Simulation With Zero Anthropogenic Methyl Bromide Usage

As a final application of the model, atmospheric methyl bromide levels are simulated in a possible future scenario 
in which there is no intentional anthropogenic utilization of methyl bromide. This is done by conducting two for-
ward model runs: (a) a control case using bottom-up emissions for 2018 (including the persistent natural source 
and adjusted agricultural sources), and (b) a zero anthropogenic case (with no emissions from agricultural, QPS, 
and leaded gasoline) with all other emissions as in the control case (Table S3 in Supporting Information S1). Bi-
ofuel, biomass burning, and terrestrial emissions were unchanged. The budgets and results from these simulations 
are summarized in the Supplemental Information (Table S3 in Supporting Information S1).

The zero anthropogenic case resulted in a reduction of the tropospheric methyl bromide burden by about 10% and 
a reduction in the total emissions (total terrestrial plus net ocean emissions) of about 9% relative to the 2018 con-
trol case. The N/S interhemispheric difference is 1.05 ppt in the zero anthropogenic case, reduced from 1.33 ppt 
in the 2018 control case. The reductions in anthropogenic emissions are partially offset by the compensating 
effect of ocean/atmosphere exchange, which involves several coupled responses to the lowering of total terrestrial 
emissions. The main ocean response is decreased invasion and uptake, resulting from the decrease in atmospheric 
methyl bromide levels. Surface ocean concentrations change very little (less than 2%) because they are largely 
controlled by ocean production/loss (Ro = 0.83) so emissions and evasion remain nearly constant. As a result, 
there is a significant increase in the air/sea concentration difference and the area-weighted mean surface ocean 
supersaturation anomaly increases from 12.3% to 18.6%. The net effect of these changes is to increase the net air/
sea exchange by 2.59 Gg yr−1, offsetting some of the reduction in anthropogenic emissions.

The zero anthropogenic simulation generates an annual mean methyl bromide level of 4.6 ppt for the high lati-
tude southern hemisphere and 4.9 ppt for the southern hemispheric mean (Figure 8). By comparison, Antarctic 
ice core measurements give a mean methyl bromide level of about 5.8 ppt for the late Holocene preindustrial 
(Saltzman et al., 2004, 2008). It is interesting the model estimate is below preindustrial, as the model includes 
modern biofuel and biomass burning emissions, which are generally believed to be elevated above late Holocene 
preindustrial values. There is also no basis for assuming that terrestrial vegetation or the persistant natural sources 
are constant. Such variability will likely determine future trends in atmospheric methyl bromide.

Figure 8.  Atmospheric methyl bromide from model simulations based on 
2018 budget with and without quarantine pre-shipments emissions. Data from 
simulations using the COAREG 3.6 gas transfer parameterization.
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4.4.  Assessing Uncertainties

Uncertainty in estimating the methyl bromide budget and budget gap reflects the propagated uncertainty in the 
atmospheric lifetime, terrestrial sources (vegetation, biomass burning, biofuels, and anthropogenic), and in oce-
anic methyl bromide production, cycling, and air/sea exchange. Uncertainties in transport coefficients or inad-
equacies in the parameterization of transport with a simple box model contribute to uncertainty in the spatial/
temporal variability of the budget gap. A full discussion of uncertainties in the methyl bromide budget is beyond 
the scope of this paper, but many aspects have been discussed previously (Butler & Rodriguez, 1996; Montzka & 
Riemann, 2011; Yvon-Lewis et al., 2009). Here, we discuss a few of the uncertainties that were quantified during 
the course of this study.

The rate constant for methyl bromide reaction with OH has an estimated global weighted average uncertainty of 
about 9% (Burkholder et al., 2015). As a perturbation test, we reran the methyl bromide inversions for 1996 and 
2019 with OH rate constants decreased by 10%. The methyl bromide emissions required to satisfy atmospheric 
observations were reduced by roughly 7 Gg y−1 in 1996 and 5 Gg  y−1 in 2019 (Figure S5 in Supporting Infor-
mation S1), with most of the reduction occurring in the tropics. The 10% reduction in OH rate constant results 
in a 6% reduction in total emissions (terrestrial plus net ocean) since OH is responsible for about half of the total 
atmospheric losses. This increase in atmospheric lifetime would not change our inference that the budget gap is 
comprised of both persistent and time-dependent sources. The reduction in OH loss would reduce the persistent 
missing source by about 30% (from 15 to 10 Gg y−1) and slightly increase the agricultural adjustment (by about 
2 Gg y−1 in 1996).

Stratospheric loss was parameterized in our simulations as a first order loss applied to all atmospheric boxes, rath-
er than assigned predominantly to the tropics. Assigning the stratospheric loss to the tropics caused the optimized 
emissions in those regions to increase by about 1 Gg/yr (3%), with a corresponding decrease distributed across 
the other regions. The model also utilizes a very simple parameterization of atmospheric transport between the 
six atmospheric boxes. Varying the transport coefficients by 10% yielded a change of only 0.06 Gg y−1 in 1996 
(0.3% of the missing source) and 0.08 Gg y−1 in 2019 (0.5% of the missing source). Such changes also alter the 
geographic/temporal assignment of the budget gap among the various boxes.

Uncertainty in the global budget due to gas transfer parameterization is estimated by comparing the differences 
between the three parameterizations. As shown in Figure 5, the differences in net ocean/atmosphere exchange 
between the various parameterizations ranged from 2 to 2.6 Gg/yr across the various years simulated. This rep-
resents only about 2% of total emissions in the various years. This uncertainty is small because the gas transfer 
parameterizations affect both ocean emissions and uptake, and only the net difference impacts the atmospheric 
budget. This is not the case when calculating atmospheric lifetimes, where only the uptake rate is important (Yv-
on-Lewis & Butler, 2002).

Temporal changes in sea surface temperature and winds occurred during the 1995–2019 time period. Nicewonger 
et al. (2022) showed that the effect of these changes on net ocean/atmosphere exchange (via solubility, hydrol-
ysis, and gas transfer coefficient) were negligible. That study also examined the possible sensitivity of oceanic 
production to changes in sea surface temperature. The production rate used in this study (assumed constant) is 
observationally constrained by sea surface saturation anomaly measurements for the late 1990s and 2010 (Hu 
et al., 2012; King et al., 2002). Assuming the spatial relationship between methyl bromide production and sea 
surface temperature relationship also applies to temporal changes in temperature, they estimated that changes in 
sea surface temperature alone changed ocean production by less than 2%. This calculation does not account for 
possible changes in the biological state of the ocean resulting from changes in ocean circulation or nutrient dis-
tributions. Detecting such changes would require additional observational efforts to survey sea surface saturation 
state.

5.  Conclusions
The NOAA GML flask air network provides a continuous global record of the changes in atmospheric me-
thyl bromide prior to and during phase-out of anthropogenic emissions under the Montreal Protocol. The latest 
five years of this record are of particular interest because reported agricultural use has been fairly constant and 
has declined to a point where the uncertainty in those emissions are a very small fraction of the total terrestrial 
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emissions. The data suggest that the post phase-out atmospheric methyl bromide mole fraction has been roughly 
stable since 2015. As previously shown, the phase-out decline led to a continuous increase in ocean saturation 
state, shifting the oceans from a net sink to a net source. This model analysis shows that the differences between 
various parameterizations of gas transfer are a minor source of uncertainty in the global budget.

The use of updated gas transfer parameterizations and scatterometer-based ocean wind fields in this study results 
in total terrestrial methyl bromide emissions of about 128 Gg y−1 during the late 1990s at the peak of agricultural 
use. This is about 10% less than prior estimates using earlier gas transfer parameterizations, wind speed fields, 
and sea surface temperatures (Saltzman et al., 2004; Yvon-Lewis et al., 2009). The late 1990s “budget gap” is es-
timated at about 20 Gg y−1, roughly 35% smaller than prior studies. For 2018, after atmospheric methyl bromide 
mole fraction stabilized post-phase-out, this study yields a budget gap of around 15 Gg y−1, or 19% of the total 
terrestrial emissions.

The evolution of the budget gap before, during, and after phase-out provides some insight. The fact that a budget 
gap remains after phase-out suggests that unaccounted-for natural sources are important and likely persist 
throughout the 25 year observational record. Spatial analysis of this budget gap suggests it occurs primarily in the 
tropics and sub-tropics. The source may be related to terrestrial ecosystem emissions as previously speculated, 
but a specific source of sufficient magnitude remains to be identified.

The fact that the budget gap declines during phase-out as anthropogenic emissions decline, suggests that at least 
part of the gap results from underestimation of past anthropogenic emissions. We account for the time varying 
component of the budget gap by slightly increasing the estimated fraction of methyl bromide emitted during 
agricultural application and shifting the geographic location of agricultural emissions to be predominantly in the 
tropics for all years. We stress that the shifting of geographic location of agricultural emissions may be a non-
physical artifact resulting from the highly simplified box model atmospheric transport. The proposed increase in 
past agricultural methyl bromide emissions from our analysis are within the estimated uncertainties associated 
with bottom-up estimates.

In summary, stabilization of post-phase-out atmospheric methyl bromide has provided an opportunity to revisit 
our understanding of the global methyl bromide cycle. Our results highlight the fact that even in a world with 
small anthropogenic emissions, significant uncertainties remain in the budget. Expanded observations to better 
detect meridional variability in atmospheric methyl bromide levels (particularly in the tropics) would provide 
improved constraints on major budget terms, and perhaps reveal the cause of the post-phase-out budget gap.

Data Availability Statement
Input data, model codes, and output data are publicly available through the Dryad (datadryad.org) and Zeno-
do (zenodo.org) repositories (Nicewonger and Saltzman, 2021). Input and output data are archived at https://
doi.org/10.7280/D14979 and model code is archived at https://doi.org/10.5281/zenodo.4776409. The work is 
licensed under a CC0 1.0 Universal Public Domain Dedication license.
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