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Cover.  Map of the global distribution of the rate constant for the irreversible uptake of atmospheric methyl bromide (CH3Br) by the ocean (kocean,i = 1/(ocean,i; global (o = 2.7 y).  This rate constant is computed with data from COADS for each cell on a 2( x 2( grid.  Note that higher loss rates are found in the northern hemisphere in regions containing both high wind speeds and SST’s.  (See the article by Yvon and Butler in this issue.)
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Abstract.  Previous estimates of the partial atmospheric lifetime of CH3Br with respect to degradation in the ocean have not fully accounted for co-variation of sea-surface and boundary layer properties.  Here we substantially reduce uncertainty in this calculation by using a coupled, ocean-atmosphere box model and a tightly gridded data set of oceanic and atmospheric properties.  The best estimate of the partial atmospheric lifetime of CH3Br with respect to the ocean is 2.7 y with a possible range, due mainly to the choice of computational procedures for critical terms, of 2.4 to 6.5 y.  This range  is about one-third of that estimated previously.  The total atmospheric lifetime, based upon oceanic, atmospheric, and proposed soil losses with all of their uncertainties, is 0.8 (0.6 to 1.4) y.  Only  28% of this total uncertainty is attributable to the uncertainty in oceanic loss.


Introduction


	Methyl bromide (CH3Br) is an atmospheric trace gas with both natural and anthropogenic sources.  It has become of interest recently because of its ability to deplete stratospheric ozone by delivering bromine to the stratosphere.  At ~10 parts per trillion (ppt) in the troposphere [Lobert et al., 1995], CH3Br  is presently believed to be the largest contributor of stratospheric Br [WMO, 1995].  The remainder would come from the anthropogenic halons (7 ppt as Br) and other naturally occurring, brominated compounds (2-6 ppt as Br) [Butler et al., 1992; Schauffler et al., 1993].  Once in the stratosphere, Br is estimated to be about 50 times more effective in depleting stratospheric O3 than is Cl [WMO, 1995].  Synergistic reactions between Br and Cl species have been reported to account for ~20% of polar stratospheric O3 depletion [Anderson et al., 1989].


	Unlike chlorofluorcarbons (CFC’s), which are ozone-depleting compounds of entirely anthropogenic origin, and which are destroyed only in the stratosphere, CH3Br is cycled naturally through a number of chemical and biological processes.  Until recently, reaction with OH throughout the atmosphere and photochemical losses at higher altitudes were considered the only significant sinks for atmospheric CH3Br.  The possibility of an oceanic sink was acknowledged, but considered insignificant because the ocean was believed to be supersaturated everywhere with CH3Br [Singh et al., 1983; Singh and Kanakidou, 1993; Khalil et al., 1993].  However, lifetime calculations for atmospheric CH3Br must include the oceanic sink, regardless of the degree of saturation, because sinks and sources must be treated separately.
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�	Butler [1994] estimated the lifetime of CH3Br from weighted, global averages of surface mixed layer depth (z), sea-surface temperature (SST), wind speed, thermocline diffusivity (Dz), solubility (H), and degradation rate coefficient (kd).  The calculated best estimate was 3.7 y, with a possible range of 1.4 to 14 y.  Much of the uncertainty in this estimate stemmed from spatial co-variation of oceanic physical properties, which could not be addressed in a simple 2-box model with global averages.


	In this paper, we calculate a robust lifetime of atmospheric CH3Br with respect to the ocean, evaluating the disagreement among computational procedures for critical terms, while substantially reducing uncertainty due to spatial co-variation of the physical properties of the ocean. We selected data critical to this calculation (SST, wind speed, salinity, relative humidity, and air temperature) from the Comprehensive Ocean-Atmosphere Data Set (COADS) [Woodruff et al., 1987].  The selected data represent at least 15 y of shipboard observations, compiled as monthly means over a 2(x2( grid of the global ocean, and cover >98% of the total surface area of the ocean.


Model Description


	The constraints for this model are essentially the same as those used in Butler [1994] with a couple of revisions.  We begin with the same general equations for a coupled ocean-atmosphere:


� EMBED Equation.2  ���                            (1)


� EMBED Equation.2  ���                              (2)


where na and no are the number of moles of CH3Br in the atmosphere and ocean, SA is the anthropogenic source flux (moles y-1), Fl is the non-anthropogenic land-based source flux (moles y-1), Foa is the net ocean-atmosphere flux (moles y-1), Fa is the loss due to in situ atmospheric sinks (moles y-1), Fs is the loss to soils or plant canopies (moles y-1), Po is production in the surface ocean (moles y-1), Fd is the aquatic degradation rate (moles y-1), and Fed is the loss from degradation during downward mixing through the thermocline (moles y-1).  To account for the vertical distribution of CH3Br,  the atmospheric burden of CH3Br (na) is calculated from the tropospheric mole fraction with the following equation:


� EMBED Equation.2  ���                                   (3)


where (a is the sea-level mole fraction of CH3Br, ntr is the number of moles of the troposphere (1.46 x 1020 moles), and r is the fraction of the total amount of atmospheric CH3Br that resides in the troposphere (0.95) [Lal et al., 1994].  Equations 1 and 2 can then be expanded to accommodate a cell-by-cell computational scheme as follows:


� EMBED Equation.2  ���  (4)�� EMBED Equation.2  ���              (5)
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where J is the number of cells covering the ocean for a given month.  For each 2(x2( cell, Ai is the surface area, Dz,i is the thermocline diffusivity (m2 y-1) [Li et al., 1984], and zi is the mixed layer depth (m) [Li et al., 1984].  Specific to CH3Br within each cell are Kw,i, the gas transfer velocity (m y-1); Ai, the surface area (m2); Hi, the solubility (m3 atm mol-1); pw,i, the mean partial pressure (atm) in the surface ocean; kd,i, the aquatic degradation rate constant (y-1); no,i, the number of moles in the surface layer, (Dz,ikz,i)0.5; the term for chemical removal during downward mixing from the surface mixed layer [Johnson et al., 1981; Butler et al., 1991]; and kz,i, the aquatic degradation rate constant (y-1) at the mean thermocline temperature.  Global terms include pa, the sea level partial pressure in the atmosphere; ka, the pseudo-first order rate constant (y-1) for atmospheric sinks alone (1/(a); and ks, the pseudo-first order rate constant (y-1) for the loss to soils (1/(s).  Solving equations 4 and 5 at steady state yields the following equation for the reciprocal partial atmospheric lifetime with respect to oceanic losses (1/(o).


� EMBED Equation.2  ���      (6)


Model Results


	The model is used to examine the effects that different approaches to calculating or selecting KW,i, Hi, kd,i, kz,i, zi, and the diffusion coefficient (Di) can have on the computed value for (o.  These five variables account for virtually all of the uncertainty and variability in the calculated lifetime.  Variability in Dz and the inter-hemispheric ratio of atmospheric CH3Br produce negligible effects.  The critical terms (KW,i, Di, Hi, kd,i, and kz,i) are calculated with the following physical properties from COADS: SST, wind speed, salinity, and, in one case, relative humidity and air temperature.  For this study, a (30% range is assigned to the critical property zi [Li et al., 1984].


	Although the source data for COADS lacks sophisticated intercalibration among participants, the large number of measurements taken and the large number of ships participating make it a robust data set.  Greater than 97% global ocean coverage is assured within any 15-year segment of data.  Further, within most 2(x2( cells, cumulative mean values for variables such as SST and wind speed converge within 15 y, with an error of (1-3%.  The cumulative global means for SST (Fig. 1), air temperature, and relative humidity reach a constant value within ~25 y.  The global value takes longer to converge because of the increase in ocean coverage that comes with including more years of data in the calculated mean.  The mean global wind speed actually may have been increasing slowly between 1954 and 1969 (Fig. 1a); but the average increase is only about 1.6 cm s-1 y-1.  Dramatic increases in COADS wind speeds since 1974 (3.5 cm s-1 y-1) coincide with increasing use of anemometers and container ships for which anemometers are elevated to as high as 80 m [Cardone et al., 1990].  This period of dramatically increasing wind speeds can affect the calculation of (o slightly �� EMBED StanfordGraphics  ���


Figure 1.  Plots of the individual yearly global means (open symbols) and the cumulative global means (filled symbols): a) wind speed (() and SST ((), and b) (o (() and the percent of the total ocean surface area included in that year’s calculations (().








(Fig. 1b).  To avoid this systematic error and any bias due to poorer global coverage in early years, we selected the interval between 1954 and 1969 for wind speeds used in our calculations.  This period also has the advantage of consisting primarily of observations made with the same Beaufort force wind speed equivalency-scale established in 1946, which is based on wind speeds at 10 m height [Cardone et al., 1990].


	Estimates of gas transfer relationships are disparate and computational approaches yield results that can differ by a factor of two.  Uncertainty in the determination of this coefficient is demonstrated by four possible choices for its calculation.  Liss and Merlivat [1986] employ a series of linear relationships between wind speed and gas transfer velocity.  Smethie et al. [1985] also apply a linear wind speed dependence but assume no transfer below a wind speed of 2.7 m s-1.  Wanninkhof [1992] suggests that the gas transfer velocity is best approximated by a quadratic relationship to wind speed.  (In this study, we adjusted the fit of the data to account for the difference between the COADS areally-weighted, global mean wind speed of ~6.5 m s-1 and the 7.4 m s-1 cited by Wanninkhof [1992] based on maps published by Esbensen and Kushnir [1981].)  Erickson [1993] relates the gas transfer velocity to the amount of whitecap coverage as determined from the thermal stability and wind speed dependence of the drag coefficient.  (An adjustment similar to that made for Wanninkhof [1992] was also made for this relationship.)  All of these approaches are supported to some extent by field and laboratory data, but disagreement among their interpretations is large and almost bimodal.  Both the Liss and Merlivat [1986] and the Smethie et al. [1985] relationships were generated using short term wind data.  We adjusted both of these, slightly, for application to climatological winds [e.g., Wanninkhof, 1992].  The Liss and Merlivat [1986] relationship generates the lowest gas transfer velocity, hence the longest partial lifetime (Table 1).  Conversely, the Wanninkhof [1992] relationship produces the fastest gas transfer velocity and the shortest lifetime.  We selected the Wanninkhof [1992] approach as a reference for subsequent calculations because it addresses non-linearity in the relationship between wind speed and gas transfer velocity, is normalized to global measurements of 14CO2, and is reconciled, in part, with���
Table 1.  Calculated Annual, Area-Weighted, Global Mean Values for the Critical Terms and the Corresponding (o.


Critical  Term�
Study�
Area-Weighted Global Mean �
Diff. in critical term from reference case*     (%)�
(o 


(y)�
Diff. in (o from reference case*                  (%)�
�
KW�
Liss and Merlivat [1986]�
2.1 m d-1�
-56%�
4.8�
+78%�
�
�
Smethie et al. [1985]�
4.6 m d-1�
-4%�
2.7�
0%�
�
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�
Wanninkhof [1992]*�
4.8 m d-1�
--�
2.7�
--�
�
�
Erickson [1993]�
4.8 m d-1�
0%�
2.8�
+4%�
�
D�
Wilke and Chang [1955]�
10.6 x 10-5 m2 d-1�
-18%�
2.9�
+7%�
�
�
Hayduk and Laudie [1976]�
9.7 x 10-5 m2 d-1�
-26%�
2.9�
+7%�
�
�
De Bruyn and Saltzman [1995]*�
12.9 x 10-5 m2 d-1�
--�
2.7�
--�
�
H�
Singh et al. [1983]�
6.2 x 10-3 m3 atm mol-1�
+15%�
3.1�
+15%�
�
�
Elliott and Rowland [1993]*�
5.4 x 10-3 m3 atm mol-1�
--�
2.7�
--�
�
�
De Bruyn and Saltzman [unpublished data, 1995] with Glew and Moelwyn-Hughes [1953]�
5.7 x 10-3 m3 atm mol-1�
+6%�
2.8�
+4%�
�
kdeg†�
Elliott and Rowland [1993]�
0.150 d-1�
-6%�
2.6�
-4%�
�
�
King et al. [1995]*�
0.159 d-1�
--�
2.7�
--�
�
z�
Li et al. [1984]*‡�
  85.3 m�
--�
2.7�
--�
�
�
+ 30%�
110.9 m�
+30%�
2.5�
-7%�
�
�
- 30%�
 59.7 m�
-30%�
3.0�
+11%�
�
* estimate used in the reference case.


‡ the mixed layer depth was calculated independently using the data of Li et al. [1984]


† � EMBED Equation.2  ���.


�
global 222Rn data.


	The diffusion coefficient (Di) is used in converting the reference gas transfer velocity, as determined by the relationships discussed above, to a KW,i for CH3Br [e.g., Ledwell, 1984].  Until recently, the only way to obtain the CH3Br diffusion coefficient was by calculation from one of two semi-empirical formulas.  Both Wilke and Chang [1955] and Hayduk and Laudie [1974] calculate D from the molar volume of a gas and the temperature and viscosity of the surface seawater.  Recently, De Bruyn and Saltzman [1995] measured the diffusion coefficient for CH3Br, and fit a curve to the temperature dependence.  We selected the diffusion coefficient from De Bruyn and Saltzman [1995] for reference, because their equation is based upon measured values.  Using Wilke and Chang [1955] results in a 18% smaller value for D, whereas using Hayduk and Laudie [1974] decreases D by 26%.  However, this large uncertainty in D results in only a small (7%) uncertainty in (o (Table 1).


	The two choices for calculating the aquatic degradation rate constant in seawater are both based upon laboratory measurements.  Elliott and Rowland [1993] measured this rate constant in seawater at two temperatures and determined an Arrhenius expression for the reaction of CH3Br with Cl-.  The sum of this rate constant and that for neutral hydrolysis as determined by Moelwyn-Hughes [1938] is taken as the total chemical degradation rate constant in seawater.  Recently, King et al. [1995] measured the combined rate constant in filtered seawater over a wider range of temperatures, also generating an Arrhenius expression.  The difference in kdeg calculated with the two rate constants is -6% (Table 1).  The effect on (o is even smaller (<4% decrease).  The global average is in the opposite direction of that expected for a decrease in the degradation rate because the temperature dependencies are different.


	In the absence of laboratory measurements spanning the full range of seawater temperatures and salinities, we have chosen to evaluate three approaches for calculating the solubility of CH3Br in seawater.  Singh et al. [1983] applied a constant salt-out coefficient to the data of Wilhelm et al. [1977].  Elliott and �Rowland [1993] measured the solubility in seawater at two temperatures and reported a temperature dependent form for the solubility.  Recently, De Bruyn and Saltzman [unpublished data, 1995] measured the salt-out coefficient as a function of temperature for five temperatures (0-22 (C).  This salt-out coefficient is applied to the pure water solubility of Glew and Moelwyn-Hughes [1953].  We selected the solubility from Elliott and Rowland [1993] as reference, because this was a direct measurement of solubility in seawater rather than the application of a salt-out coefficient to pure water results. Using the equation from Singh et al. [1983] results in a 15% higher value for H (i.e. a decrease in the solubility) of CH3Br.  This uncertainty translates to a 15% increase in (o (Table 1).  Use of the salt-out coefficient from De Bruyn and Saltzman [unpublished data, 1995] with the pure water data from Glew and Moelwyn-Hughes [1953] results in a 6% decrease in solubility with a corresponding 4% increase in (o (Table 1).


	The oceanic property of surface mixed layer depth in each cell is given a range of (30% for this discussion [Li et al., 1984].  Thickening this layer by 30% decreases (o (-7%) by increasing the amount of CH3Br that can be destroyed in the mixed layer (Table 1).  Conversely, decreasing the mixed layer thickness by 30% increases (o (11%) by allowing less CH3Br to be destroyed in the mixed layer (Table 1).


Atmospheric Lifetime


	The best estimate for the  mean value of (o is 2.7 y, calculated from the values chosen for the reference case, with a full, possible range of 2.4 to 6.5 y.  The results of this study reduce the range in (o by 67% from that given by Butler [1994] because spatial co-variation of the critical terms has been accounted for by the use of data from COADS.  Further reduction in this range is likely only through resolution of the different approaches selected for the calculation; disparity among the different expressions for air-sea exchange generates by far the largest uncertainty in (o.


	The uncertainty in the total atmospheric lifetime of CH3Br is �less than that for each of the individual partial lifetimes, owing to the summing of reciprocals, e.g.:


56 								YVON AND BUTLER: OCEANIC LIFETIME OF ATMOSPHERIC CH3Br


� EMBED Equation.2  ���                                     (7)


where (a and (s are the partial lifetimes of CH3Br with respect to atmospheric and soil losses alone.  The previously accepted value for (a was 2.0 y [WMO, 1995].  However, recent results from Prinn et al. [1995] indicate that the atmospheric burden of methyl chloroform, which is used to calculate global OH concentrations, is lower than previously reported.  This results in higher calculated OH concentrations, and subsequently shorter lifetimes for species like CH3Br that react with OH in the atmosphere.  The new (a for CH3Br thus becomes 1.7 (1.5 to 1.9) y, assuming a 10% uncertainty in the rate constant, ka.  The loss of CH3Br to soils is a highly uncertain sink for atmospheric CH3Br .  Shorter et al. [1995] reported that atmospheric CH3Br may be lost to soils at a rate of 42 ( 32 Gg (109 g)  y-1 (0.44 ( 0.34 Gmoles y-1), representing a partial atmospheric lifetime of 3.4 y. Combining all three sinks yields a best estimate for ( of 0.8 y (Eq. 7).  The possible range in ( due to oceanic uncertainties alone is 0.8 to 1.0 y; including uncertainties in (a increases the range to 0.7 to 1.0 y; adding the large uncertainty in the soil sink increases the range to 0.6 to 1.4 y.


	Large discrepancies among critical terms used in computing the atmospheric lifetime of CH3Br with respect to oceanic loss do not translate directly to a large range in the calculated atmospheric lifetime of CH3Br.  With this model, we have demonstrated that much of the uncertainty in previous calculations of (o resulted mainly from co-variation of critical terms, which could not be accounted for in models using globally averaged values.  This study is consistent with previous estimates of the annual mean (o for CH3Br [Butler, 1994; Lobert et al., 1995], but it has provided a lower global estimate and a much narrower and more certain range for this value.
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