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Circulation of Na, C1, and Br in the Tropical Marine Atmosphere

.013. The results of a steady state analysis suggest a ,-,3-day mean residence time for the marine aerosol during the period of our observations, a ,-,667 pg m -2 d -• loss rate of C1 (probably as HC1) from the marine aerosol, and a subsequent ,-,2¬-day mean residence time in the marine atmosphere. A similar analysis for gaseous inorganic Br gave a ,-,2«/•g m -2 d -• mean loss rate from the marine aerosol and a ,-,7-day mean residence time. Computed dry deposition coefficients were (in centimeters per second) --,0.4 for the marine aerosol, ,-,0.77 for gaseous inorganic C1, and --,0.24 for gaseous inorganic Br. about 0.5 pg m -3 as Br) and has been attributed to a loss of Br2(g) from the marine aerosol following a photochemical oxidation [Duce et al., 1965]. Moyers and Duce [1972b] estimated the mean residence time of 'total' gaseous Br in the Hawaiian marine atmosphere to be 2-3 weeks; however, this figure was

INTRODUCTION

Over the open ocean the halogen budget of the marine atmosphere is dominated by oceanic sources and sinks. For CI and Br the primary source is the marine aerosol, which is produced by the formation of small (< 100/•m) seawater droplets accompanying the bursting of air bubbles at the sea surface [START_REF] Woodcock | Salt nuclei in marine air as a function of altitude and wind force[END_REF][START_REF] Kientzler | Photographic investigation of the projection of droplets by bubbles bursting at a water surface[END_REF][START_REF] Blanchard | Electrification of the atmosphere by particles from bubbles in the sea[END_REF]. While the CI/Na ratio of these newly formed particles is that of seawater (1.8) [START_REF] Buat-Menard | Contribution a l'etude du cycle g6ochimique du chlore d'origine marine, th•se de troisi•me cycle[END_REF][START_REF] Wilkness | Fractionation of the elements F, Cl, Na, and K at the sea-air interface[END_REF][START_REF] Duce | Chemical fractionation at the air/sea interface[END_REF], measured values of this ratio in the marine aerosol are typically in the range 1.0-1.7 [START_REF] Cauer | Some problems of atmospheric chemistry[END_REF][START_REF] Chesselet | Some aspects of the geochemistry of marine aerosols[END_REF][START_REF] Martens | Chlofine loss from Puerto Rican and San Francisco Bay area marine aerosols[END_REF]. This difference is generally attributed to the loss of a gaseous, Cl-bearing inorganic species (probably HCI) from the marine aerosol following its dehydration or acidification [START_REF] Eriksson | The yearly circulation of chloride and sulfur in nature; meteorological, geochemical and pedological implications[END_REF][START_REF] Robbins | The conversion of sodium chloride to hydrogen chloride in the atmosphere[END_REF][START_REF] Duce | On the source of gaseous chlorine in the marine atmosphere[END_REF], which in turn is believed to account for the •1-3 pg m -3 concentrations of gaseous inorganic CI observed in the marine atmosphere by [START_REF] Junge | Chemical analysis of aerosols particles and of trace gases on the island of Hawaii[END_REF], [START_REF] Duce | Iodine, bromine, and chlorine in the Hawaiian marine atmosphere[END_REF], [START_REF] Chesselet | Some aspects of the geochemistry of marine aerosols[END_REF], and others. There have been only two quantitative estimates of the mean residence time of this gaseous inorganic CI in the troposphere: those of [START_REF] Rahn | Tropospheric halogen gases: Inorganic and organic components[END_REF], who estimated a value of 21 days for continental air, and [START_REF] Chesselet | Some aspects of the geochemistry of marine aerosols[END_REF], who estimated a haft-life of about 8 hours for gaseous inorganic CI in marine air which had been blown inland. For the marine atmosphere there exist only the qualitative estimates of [START_REF] Duce | On the source of gaseous chlorine in the marine atmosphere[END_REF], who discussed the factors governing the relative residence times of particulate and gaseous CI and concluded that the mean residence time of the gaseous component of CI was 'considerably longer' than that of the particulate form.

The Br/Na ratio in the newly formed particles of the marine aerosol is also believed to be that of seawater (6.2 x 10 -3) [START_REF] Duce | Chemical fractionation at the air/sea interface[END_REF]. A gaseous form of Br has also been observed in the marine atmosphere (in concentrations of for the organic and inorganic forms taken together and thus is greater than that expected for the inorganic form(s) alone. [START_REF] Rahn | Tropospheric halogen gases: Inorganic and organic components[END_REF] estimated an 8-day mean residence time for gaseous inorganic Br in the continental troposphere. The behavior of I in the marine atmosphere appears to be substantially different from that outlined above for Br and CI. Measured I/Na ratios in the marine aerosol are typically 100-1000 times greater than the seawater value [START_REF] Miyake | Evaporation of iodine from the ocean[END_REF][START_REF] Duce | Atmospheric iodine, bromine, and chlorine[END_REF]. Two tentative explanations have been advanced for this behavior: (1) a direct enrichment of I on the aerosol occurring during the bubble-bursting-aerosol-forming process [START_REF] Bolin | Note on the exchange of iodine between the atmosphere, land and sea[END_REF] and/or (2) an uptake of a gaseous I-bearing species by the aerosol subsequent to its formation [START_REF] Miyake | Evaporation of iodine from the ocean[END_REF]. [START_REF] Lovelock | Halogenated hydrocarbons in and over the Atlantic[END_REF] [START_REF] Lovelock | Halogenated hydrocarbons in and over the Atlantic[END_REF] or an oxidation or photooxidation at the sea surface, resulting in the liberation of I,(g) [START_REF] Miyake | Evaporation of iodine from the ocean[END_REF][START_REF] Martens | Mechanisms of iodine injection from the sea surface in precipitation scavenging[END_REF]$eto and Duce, 1972]. Further discussion of these possibilities is found in the work of [START_REF] Duce | Chemical fractionation at the air/sea interface[END_REF]. Photochemistry almost certainly plays an important role in the cycle of I (as well as Br) in the marine atmosphere, as was discussed by [START_REF] Zafiriou | Photochemistry of halogens in the marine atmosphere[END_REF].

SAMPLING AND ANALYTICAL PROCEDURES

The sampling apparatus consisted of a two-stage filter holder containing, first, a 47-mm-diameter Nuclepore membrane (0.8-/m• hole diameter), which trapped the particles of the marine aerosol, followed by three 47-mm-diameter Whatman 41 cellulose filters in series, which had been impregnated with a 0.1 N LiOH solution. This has been shown to trap effectively the inorganic halogen gases (such as HCl, HBr, Br:, etc.) which were of primary interest here, while passing the organic forms (such as CH3CI, CCIn, the Freons, etc.). The tech- The first 10 days of the voyage (May 30 to June 8, corresponding to samples 1-20) were characterized by steady winds from the SSE sector, low radon daughter concentrations, and a complete lack of precipitation. This period ended with a brief rain shower on the afternoon of June 9, accompanied by a shift of the prevailing winds to the S-SSW sector and a marked rise in radon daughter concentrations. This occurred as the ship approached within 500 km of the coast and is interpreted as marking a transition from the stable, near-ideal marine situation prevailing during the first 10 days of the voyage to one which, while still basically marine, was subject to a significant continental influence.

Because of this behavior we have based our analysis on the 8-day period June 1-8 (samples 5-20), which we will refer to as the marine period. (Because night samples 2 and 4 were contaminated by seawater spray, the corresponding day samples (1 and 3) were also dropped from the analysis to preserve day-night symmetry.) All data obtained during the voyage appear in Table 1; however, the average concentrations listed in Table 2 are the arithmetic average of samples 5-20, taken during the marine period. Table 2 also contains the average particulate halogen/Na and the Cltot/Clth and Brtot/Brth ratios observed during the marine period. Here Cltot and Brtot are simply the sum of the average particulate and gaseous inorganic concentrations, while Cl•h and Brth are obtained by multiplying the mean particulate Na concentration by the seawater C1/Na and Br/Na ratios and thus are indicative of the quantity of C1 and Br entering the marine atmosphere in conjunction with the formation of the marine aerosol. As is seen in the table, both the C1/Na and the Br/Na ratios are less than the corresponding seawater values, reflecting the expected loss of C1 and Br from the marine aerosol. However, the clear and systematic difference between the Cltot/Clth (0.88) and the Brtot/Brth (1.17) ratios was not anticipated and seemed to suggest that the residence time of the gaseous inorganic C1 in the marine atmosphere was less than that of particulate C1, with the opposite situation holding for Br. In an effort to understand quantitatively this aspect and other aspects of our data we formulated the model described below. [START_REF] Toba | On the giant sea-salt particles in the atmosphere, 1, General features of the distribution[END_REF] show the vertical distribution of the marine aerosol to be quasi-exponential, concentrations at 2000 m (the nominal height of the inversion and upper limit of the marine atmosphere) being typically less than 10% of those at sea level, and exchange with the overlying free atmosphere to be negligible. In view of this fact and the stable, unchanging meteorological conditions and absence of precipitation during the marine period of the voyage, we have approximated the marine atmosphere as a closed, steady state system, in which the mean local rates of production of the various constituents of interest are taken to be equal to their mean rate of removal (by dry deposition) at the sea surface.

PRESENTATION OF THE MODEL

The observations of Woodcock [1953], Durbin and White [1961], Morelli et al. [1974], and Gordon et al. [1977] and the theoretical analysis of

For such a steady state system the throughput q•, mean residence time ,, and total quantity Q of any given constituent are related as follows:

= QI,

(1) The results are tabulated in Table 3.

Given the form of (3), it is evident that the magnitudes of the production rates, residence times, and deposition velocities computed above are directly dependent on the values assumed for the mean residence time and effective height of the reservoirs. However, as is clear from the discussion which follows, these values cannot be varied arbitrarily without adversely affecting the external agreement and internal serf-consistency of the results.

DISCUSSION

Production rate of the marine aerosol. The most thorough discussion and analysis of the production rate of the marine The analysis was based on the assumption of a 3-day mean residence time and 1000-m effective height for the marine aerosol and 1500 m for gaseous inorganic CI and Br (see text) and was made by using the arithmetic average of data observed during the marine portion of the observations, as given in Table 2. Mean wind speed during this period was 12 kn (6 m s-•).

aerosol is probably that of [START_REF] Blanchard | Electrification of the atmosphere by particles from bubbles in the sea[END_REF] Deposition velocity of gaseous inorganic CI and Br. As was mentioned earlier, it is generally assumed that the gaseous inorganic C1 in the marine atmosphere is present in the form of HC1. While there have been no experimental studies of the rate of exchange of HC1 across the air-sea interface, it is possible to estimate a deposition velocity by extrapolation from the results available for other gases.

For gases which are highly soluble in seawater the rate-limiting step in the aft-sea exchange is thought to be molecular diffusion in a thin (• 1 ram) layer of stagnant air just above the ocean surface (H. U. Sverdrup, quoted by [START_REF] Defant | Physical Oceanography[END_REF]). By following the treatment of [START_REF] Bolin | On the exchange of carbon dioxide between the atmosphere and the sea[END_REF] and [START_REF] Liss | Flux of gases across the air-sea interface[END_REF] the coefficient governing the exchange across this stagnant layer (the deposition velocity) may be expressed as the ratio D/z, where D is the coefficient of molecular diffusion (in air) of the gas in question and z is the thickness of the stagnant layer. Thus if the deposition velocity is known for one soluble gas, its value for a second will be directly proportional to their relative coefficients of molecular diffusion in air or, if these coefficients are not known, approximately inversely proportional to the ratio of the square root of their respective molecular weights.

Using this technique, [START_REF] Liss | Flux of gases across the air-sea interface[END_REF] estimated the deposition velocities across the air-sea interface for a number of soluble gases, keying their computation to the experimental results of $chooley [1969] for water vapor. In this way a deposition velocity of •0.6 cm -• is obtained for HCI(g), in reasonable agreement with the •0.77 cm s -• value for gaseous inorganic C1 resulting from our data and analysis.

In a similar manner a valuable check on both the internal consistency of the model and our results can be obtained by an intercomparison of the deposition velocities that we obtained for gaseous inorganic C1 and Br. While experimental values of these velocities are not yet available, it is possible, by using the theoretical approximations outlined above, to determine the ratio of the theoretically estimated deposition velocities for gaseous inorganic C1 and Br. The molecular weight of the most probable form of gaseous inorganic C1 in the marine atmosphere, HC1, is 36.5. While the identity of the corresponding species of gaseous inorganic Br is not known, its molecular weight probably falls between that of HBr (81) and Br: (160), so that the theoretical ratio of the deposition velocity for gaseous inorganic C1 and Br is expected to be between about 0.5 and 0.7. Given this range and the theoretical estimate derived above for the deposition velocity of HCI(g), the corresponding range of theoretically estimated values for the deposition velocity of gaseous inorganic Br is seen to be 0.3-0.4 cm s -•.

As is seen from Table 3, our result for the deposition velocity of gaseous inorganic Br is •0.24 cm s -!, somewhat outside the expected range of 0.3-0.4 cm s -•. However, this may be an artifact of the large diurnal variations, mentioned earlier, in the concentrations of particulate and gaseous inorganic Br or may be indicative of the existence of a significant liquid phase transfer resistance for the gaseous Br species at the sea surface.

Deposition velocity of the marine aerosol In considering the removal of particles at the sea surface by dry deposition the stagnant boundary layer concept is still valid, but in addition to Brownian diffusion of the particles in the layer (corresponding to the molecular diffusion of gas molecules), inertial effects and gravitational sedimentation are also important, so that the variables of particle size and density must also enter the analysis. While much excellent work has been done [c.f. $ehmel and Sutter, 1974], the theoretical and experimental problems are more complex and difficult, and our knowledge is less advanced, than in the analogous case for soluble gases. For these reasons we have not attempted to compare our results with the limited information available but instead present the aerosol deposition velocities derived from our analysis for whatever value they may have to those primarily concerned with this aspect of the problem. (The aerosol particle size distribution determined during the voyage is given in Table 4.)

Residence times of gaseous inorganic Cl and Br. Given the 3-day mean residence time for the marine aerosol used thus far in our analysis and the absence of precipitation during the marine period of the voyage, the mean residence time of gaseous inorganic C1 in the tropical marine atmosphere was found to be •-2¬ days, while that of gaseous inorganic Br was ~7 days. Thus (for the condition obtaining at the time) the mean residence time of gaseous inorganic C1 was found to be approximately equal to (or perhaps slightly less than) that of the marine aerosol, while that of gaseous inorganic Br was approximately twice as long.

As was mentioned earlier, [START_REF] Duce | On the source of gaseous chlorine in the marine atmosphere[END_REF] suggested that the mean residence time of gaseous (inorganic) C1 in the marine atmosphere was 'considerably greater' than that of particulate C1. The apparent discrepancy between this suggestion and the present results may arise from the fact that many of the observations [START_REF] Junge | Chemical analysis of aerosols particles and of trace gases on the island of Hawaii[END_REF][START_REF] Duce | Iodine, bromine, and chlorine in the Hawaiian marine atmosphere[END_REF] on which [START_REF] Duce | On the source of gaseous chlorine in the marine atmosphere[END_REF] estimate was based were made in Hawaii, in locations where locally produced marine aerosols (in the surf zone) were a recognized problem. In addition, unlike the present data set (which was obtained on a ship, in a stable, purely marine situation), many of these earlier data show a high degree of dayto-day variation, reflecting the variable conditions obtaining at the time. Thus while [START_REF] Duce | On the source of gaseous chlorine in the marine atmosphere[END_REF] estimate was warranted for the data available at the time (or perhaps is in fact correct for the marine atmosphere near Hawaii), the present data set suggests, for the time and place of our observations, that the residence times of the marine aerosol and gaseous inorganic CI were essentially equal.

Similarly, our •7-day result for the mean residence time of gaseous inorganic Br is considerably less than the 2-to 3-week estimates of Moyers and Duce [1972b]. However, their gaseous These results were obtained by using a Scientific Advances model CI-S-6 impactor and are presented in terms of mass. The sample was collected during the period 1730, June 6, to 1800, June 7, 1977.

samples were collected on activated charcoal, which is known to trap effectively not only the inorganic but also the organic gaseous halogens subsequently shown to be present in the marine atmosphere [START_REF] Rahn | Tropospheric halogen gases: Inorganic and organic components[END_REF]. We have found the mean ratio of organic to inorganic Br in the marine atmosphere to be about 2:1 (J. Rancher et al., unpublished data, 1978), which could account for the longer residence times estimated by Moyers and Duce [1972b] for total gaseous Br.

Production rates of gaseous inorganic Cl and Br. For the 3day aerosol mean residence time and 1000-m effective height used in our analysis the loss rate of gaseous inorganic C1 and Br from the marine aerosol were computed to be -667 and -2«/•g m -2 d -•, respectively. These figures represent, to our knowledge, the first direct, quantitative computation of these rates. As was discussed earlier, they were determined on the basis of our calculated flux of the marine aerosol through the marine atmosphere and the observed differences between the Iodine. As was mentioned earlier, the behavior of I in the marine atmosphere appears to be qualitatively different from that of Cl and Br; in fact, to our knowledge, none of the models proposed thus far are capable of explaining all aspects of the information and data presently available. Even so, the present results can be used to set quantitative limits on some of the individual processes which might be suggested as part of such a model. For example, if the observed large enhancements of the I/Na ratio of the marine aerosol (relative to seawater) are attributed to the absorption of a gaseous form of I by the aerosol subsequent to its formation, a lower limit for the requisite rate of this uptake (during the period of our observations) can be set by multiplying our observed particulate I/Na ratio by our derived particulate Na production rate. This gives a net I uptake rate of-1.3/•g m -2 d -•, which presumably would also be the minimum net rate at which a gaseous species of I would have to be released from the sea surface to account, via this mechanism, for the observed enrichment. The fact that these various independent estimates can be simultaneously accommodated in a simple, straightforward analysis is an important confirmation of their validity and that of the concepts underlying our computations and lends strong support to the other, previously undetermined results of the analysis, that is, the fluxes and residence times of gaseous inorganic C1 and Br and the dry deposition velocity of the marine aerosol, as summarized in Table 2.

Effect of other choices

In considering and using the results of this work, however, two factors should be borne in mind. First, our analysis has not explicitly considered the role of gaseous organic C1 and Br compounds. While the total concentrations of these species (expressed in terms of the quantities of C1 or Br present) in the marine atmosphere are of the same order as those of gaseous inorganic C1 and Br (M. A. Kritz and J. Rancher, unpublished data, 1978), their apparent relative inertness in the troposphere implies that their contributions to the fluxes considered here are small and thus should not materially affect our results.

Second, our study was made in the tropical marine atmosphere during an 8-day-long stable period characterized by strong insolation, moderate (12 kn (6 m s-l)) winds, an average air temperature of 25øC, and the absence of precipitation and significant continental influences. Because this kind of situation is somewhat atypical, it might be asked if some of the results might not also be atypical. However, what is unusual here is not the conditions per se that obtained during the period of stability (except for the absence of precipitation) but rather the 8 consecutive days during which the meterological situation was both unchanging and well characterized. The main effect of this stability, so far as our analysis is concerned, was to simplify the situation enough that an analysis was possible. Thus most of the rates and coefficients determined here should apply in similar meteorological conditions, irrespective of the duration of that particular situation.

  Atlantic, and Duce et al. [1965] and Moyers and Duce [1972a] observed 'gaseous I' concentrations of this same order in the Hawaiian marine atmosphere. Several oceanic sources of this gaseous I have been proposed, such as biological methylation for CH3I
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 11 Figure 1 shows the ship's track in the Gulf of Guinea. The particulate Na and the particulate and gaseous inorganic C1 concentrations obtained during the voyage are tabulated in Table 1. (The Br and I data were indicative of a diurnal exchange between the aerosol and gas phases and are presented and discussed in detail by Kritz and Rancher [1980]. The night sampling period generally extended from 1830 to 0700 the next morning, and the day period from 0730 to 1800. One 24hour sample, sample 19, was taken. In addition to wind direction and speed (given in Table 1), air and sea temperatures, sea state, cloud cover, and barometric pressure were also logged at 3-hour intervals. Radon daughter concentrations were measured at 2-hour intervals, using the automatic device of Lambert and Polian [ 1968]. During the 14 days of the voyage the air temperature varied between 23.7 ø and 26.3øC, and the sea surface temperature between 23.8 ø and 26.7øC. Diurnal temperature variations ranged between 0 ø and 0.8øC. Cloud cover varied from 0 to «

  These observations were made during the period May 30 to June 12, 1977 (D indicates a day sample, and N night (see text)). The ship's track during the voyage is shown in Figure I. The top line of data for each sample lists particulate concentrations. The second line (for Cl) lists the concentration of the gaseous inorganic component. Overall uncertainties are +8%. Samples 12 and 22 were procedural blanks. Results for Br and I are presented elsewhere [Kritz and Rancher, 1980]. Applying this relation to the marine aerosol for the conditions obtaining during the marine period of our observations results •)a---• CJ•/•' (2a) where •,, is the rate of production of the marine aerosol per unit area of sea surface and C/] r is the total quantity of aerosol in a 1-m 2, 2000-m-high column. Here C is the mean measured aerosol concentration 8 m above the sea surface, and • is an 'effective height,' or scale factor, relating the vertical distribu-tion of the marine aerosol, its concentration at 8 m, and the total quantity of aerosol in a 1-m 2 column of the marine atmosphere. On the basis of the vertical profiles of particulate Na obtained by Chesselet et al. [1972], Morelli et al. [1974], and Gordon et al. [1977] we have taken 1000 m as the nominal value for • during the (rain free) period of our observations; that is, the quantity of Na (the standard reference element for the marine aerosol) in a 1-m 2 column extending 2000 m above the sea surface (determined by integrating the aforementioned vertical profiles) is approximately equal to the product of 1000 m and the concentration of Na 8 m above the sea surface.

  Mean concentrations listed above are the arithmetic averages of observations during the marine portion of the voyage (samples 5-20). Values in parentheses are standard deviations, derived from the data in Table 1. * Xto t '-' Xparticulat ½ + Xg ..... inorganic; Xth The rate of removal of aerosol by dry deposition at the sea surface may be described by the relation = (2b) where C is the mean measured concentration of aerosol 8 m above the sea surface, as before, and v s is the dry deposition coefficient, or deposition velocity. For the conditions of our observations (the absence of precipitation, steady meterological situation, and presumed limited upward mixing out of the marine atmosphere) these two fluxes may be equated: during the marine portion of the voyage, this leaves three unknowns in the equation: the rate of production of aerosol at the sea surface, •; its mean residence time in the marine atmosphere, •-; and the magnitude of the deposition velocity vs for its reabsorption at the sea surface. However, the form of (3) is such that fixing any one of these quantities uniquely determines the values of the other two. While all three of these factors have been studied, our knowledge of the production rate and residence time of the marine aerosol seems to be most advanced. Here we have chosen to work with the mean residence time of the marine aerosol, which following the work of Junge [1972] and Moore et al. [1974] would be expected to be between 2 and 3 days. with the aerosol production rate determined above, resuRs in a computed C1 loss rate from the marine aerosol of •-667/•g m -2 d -1. As was mentioned earlier, this probably occurs as a loss of HCI(g) and is believed to be the source of the gaseous inorganic C1 present in the marine atmosphere [Duce, 1969]. While there have been several studies of the variation with aRitude of the marine aerosol, the only comparable study for gaseous inorganic C1 is that on Junge [1957], who found (at Hawaii) that the concentration of gaseous inorganic C1 above the trade wind inversion was approximately half of that observed at sea level. This implies that the scale height of gaseous inorganic C1 is greater than that of the marine aerosol (whose concentrations above the trade wind inversion are typically only a few percent of the nominal sea level value); thus in our analysis we have taken a value of 1500 m for the effective heights • of gaseous inorganic C1 and Br, as opposed to the 1000-m value taken for the marine aerosol. With this assumption, and, again, that of no significant loss by upward mixing out of the marine boundary layer, writing (3

C1/

  Na and Br/Na ratios of the marine aerosol and those of seawater. In this work the mean observed C1/Na ratio was -1.3. However, while Buat-Menard et al. [1974] reported a similar (-1.4) ratio for an earlier series of observations in the Gulf of Guinea, R. Chesselet (personal communication, 1979) has observed consistently higher ratios (-1.6) in numerous mid-Atlantic measurements, and the six studies cited in the review of Duce and Hoffman [1976] have a mean C1/Na ratio of -1.65. These differences probably arise from the different meterological situations and/or the dominance of different C1 loss mechanisms in different oceanic regions and caution against the premature extrapolation of these production rates to a global scale.

  for r and •r. While the stability of the meterological conditions probably resulted in r and •r of the marine aerosol being fairly constant during the marine period of our observations, theft actual local quantitative values could easily have deviated somewhat from the mean, global values [c.f. Junge, 1972] estimated for these quantities. Thus while the use of 3 days for the mean residence time of the mafine aerosol and 1000 m for its effective height happened to result in the best fit of our results with the various independent estimates of aerosol production rate, etc., the results of the analysis do not rule out, say, a 4-day figure for the mean residence time or an 800-or a 1200-m value for the effective height. For example, following the computational procedures outlined earlier, the use of a 4-day assumed value for r (in place of the 3-day value used thus far) would shift the corn-puted Na production rate to 1000/•g m -2 d-' (in place of the 1330 •g m -2 d-' value obtained by using 3 days), which is still in reasonable agreement with Blanchard's [1963] estimate, and would lead to a calculated deposition velocity for gaseous inorganic C1 which would still be in reasonable agreement with the theoretical estimate obtained by using the techniques of Liss and Slater [1974]. Similarly, taking the same value (1000 m) for the effective heights of the marine aerosol and gaseous inorganic C1 and Br, while not affecting the computed production rates or deposition velocities for these gases, would reduce their computed residence times to -1« and -5 days, respectively. In performing computations using various assumed values for r and •r, two consistent results have been observed. First, the values of r and •r assumed for the marine aerosol may be varied by about +_50% from the 3-day, 1000-m nominal value before the resultant computed values of aerosol flux and gaseous inorganic C1 deposition velocity start to come into serious disagreement with the independent estimates of these quantities. Second, while such variations cause corresponding changes in the resultant computed production rates of particulate Na and gaseous inorganic C1 and Br, the relative relationship between their residence times in the marine atmosphere remains constant. SUMMARY AND CONCLUSIONS By using our measurements of the concentrations of particulate Na, C1, Br, and I and gaseous inorganic C1, Br, and I in the tropical marine atmosphere a steady state analysis has been made of the fluxes, residence times, and dry deposition velocities obtaining for these species at the time. Some of these computed results have been shown to be in good agreement with certain earlier estimates of individual quantities: in particular, our derived flux of the marine aerosol is in good agreement with Blanchard's [1963] estimates, and our computed deposition velocities for gaseous inorganic C1 and Br are in good agreement with the theoretical values obtained by using the techniques of Liss and Slater [1974]. In addition, new estimates of the loss rates of C1 and Br from the marine aerosol, and the subsequent mean residence times of these gases in the marine atmosphere have been obtained. These results were obtained by using a 3-day mean residence time for the marine aerosol in the analysis, based on Junge's [1972] and Moore et al.'s [1974] 2-to 3-day estimated value.

TABLE 1 . Observed Concentrations of Particulate Na and Cl and Gaseous Inorganic Cl Wine[ Wind Sample Date Speed, kn Direction Na,/.tõ m -3 Cl,/.tõ m -3 Cl/Na

 1 

	I	30D	16	SSE	3.95	4.61	1.17
						1.09	
	2	30N	12	SE			
	3	31D	12	SE	4.27	6.07	1.42
						1.18	
	4	31N	14	SE-ESE			
	5	ID	13	SE	9.01	13.2	1.47
						0.81	
	6	IN	16	SSE-SE	5.50	8.51	1.56
						1.16	
	7	2D	17	SE	5.54	8.07	1.46
						0.96	
	8	2N	13	SE	4.14	5.25	1.27
						1.24	
	9	3D	13	SSE-SE	4.02	4.75	1.18
						1.27	
	10	3N	14	SE	3.91	5.60	1.43
						0.76	
	11	4D	13	S-SSE	2.27	3.39	1.49
						0.74	
	13	4N	12	S-SSE	3.01	3.73	1.24
						0.87	
	14	5D	10	SSE	2.61	4.18	1.60
						0.85	
	15	5N	10	S	3.15	4.04	1.28
						0.50	
	16	6D	6	SE	3.35	4.07	1.21
						0.51	
	17	6N	11	SSE-SE	2.83	2.97	1.05
						1.22	
	18	7D	11	SSE	2.97	2.88	0.97
						1.15	
	19	7N8D	10	SSE	2.71	2.42	0.89
						1.60	
	20	8N	7	SSE	6.37	8.74	1.37
						1.08	
	21	9D	9	SSE-SSW	4.11	5.22	1.27
						1.92	
	23	9N	6	SE	0.99	1.40	1.41
						1.46	
	24	10D	13	S-SSW	3.01	4.16	1.38
						0.54	
	25	10N	16	SSW	1.91	1.84	0.96
	26	11D	16	S-SSW	4.15	3.67	0.88
						1.95	
	27	1 IN	13	S	3.63	2.80	0.77
						1.88	
	28	12D	13	S	2.62	1.68	0.64
						1.37	

TABLE 2 . Mean Concentrations During the Marine Period of Observations

 2 

		Na	CI	Br	I
	Particulate				
	Concentration,/•g m -3	4.0(1.8)	5.3 (2.9)	0.017	0.004
	Ratio, (X/Na) observed		1.3 (0.2)	0.0042	0.001
	Ratio, (X/Na) seawater		1.8	0.0062	0.0000059
	Gaseous inorganic				
	Concentration,/•g m -3		1.0 (0.3)	0.012	0.013
	Ratio Xtot/Xth		0.88	1.17	

TABLE 3 . Results of the Steady State Analysis

 3 

		Mean		Dry
		Residence Production Deposition
		Time,	Rate,	Velocity,
		days	/•g m -2 d-•	cm s-•
	Particulate Na	3	1330	0.39
	Gaseous inorganic Cl	2¬	667	0.77
	Gaseous inorganic Br	7¬	2.5	0.24

TABLE 4 . Normalized Particle Size Distributions

 4 

		Estimated Mean	
	Impactor Stage	Radius,/un	Percentage
	6	0.3	3
	5	0.6	9
	4	1.2	10
	3	2.4	38
	2	5	22
	I	>8	5
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sharing it with us. _ Sampling was carried out aboard the French research vessel Capricorne