1Correlations of Long-Lived Tracers in the Lower Stratosphere using InSitu Observations: Methane Oxidation, Lifetimes, and MixingAnomaliesG.S. Dutton1,2, J.W. Elkins1, D.W. Fahey3, T. M. Gilpin1,4, T.J. Baring1,2,11, G.A. Holcomb1,2,12,W.C. Kuster3, R.C. Myers1, J.H. Butler1, S.A. Montzka1, W.T. Sturges1,2,13, P.C. Novelli1,2, E.J.Dlugokencky1, P.S. Bakwin1, T.M. Thompson1, T. Swanson1,2, S.J. Oltmans1, P.J. Fraser5,10, L.P.Steele5,10, K.K. Kelly3, M. Loewenstein6, J.R. Podolske6, C.R. Webster7, R.D. May7, L.E. Heidt4,S.M. Schauffler4, A.E. Dessler8, E.M. Weinstock8, E.J. Hintsa8, K.A. Boering8, S.C. Wofsy8,R.A. Plumb9, D.W. Waugh10, K.R. Chan61 National Oceanic and Atmospheric Administration (NOAA), Climate Monitoring and Diagnostics Laboratory2 Cooperative Institute for Research in Environmental Sciences3 NOAA, Aeronomy Laboratory4 National Center for Atmospheric Research5 CSIRO, Australia6 NASA, Ames Research Center7 Jet Propulsion Laboratory8 Harvard University9 Massachusetts Institute of Technology10 CRC for Southern Hemisphere Meteorology, Australia11 Now at University of Alaska12 Now at HPS a division of MKS Instruments Inc., Boulder, CO13 Now at the University of East Anglia, UKAbstract: Correlations between long-lived trace gas molecules are used to examine three separatetopics: water production from methane oxidation, stratospheric and atmospheric lifetimes, andevidence of polar air mixing into mid-latitudes. Agas chromatograph (GC) designed for the NASAER-2 aircraft to measuring CFC-11 (CCl3F), CFC-113 (CCl2FCCl3), and methane (CH4) isintroduced. The Airborne Chromatograph for Atmospheric Trace Species (ACATS) was one ofseveral instruments that participated on the second Airborne Arctic Stratospheric Expedition (AASE-II) and the Stratospheric Photochemistry, Aerosols, and Dynamics Expedition (SPADE) campaigns.Along with the GC data, measurements of nitrous oxide (N2O), water vapor (H2O), and CH4 in theupper troposphere and lower stratosphere are used in the analysis. Acomparison between three H2Oand two CH4 in situ continuous measurements illustrate the difficulty in accurately calculating thewater production from CH4 oxidation chemistry. The idea of �slope equilibrium� [Plumb and Ko,1992] is used to estimate stratospheric (CH4) and in some cases atmospheric lifetimes (CFC-113 andN2O) based on the assumed lifetime of CFC-11. Slope equilibrium is achieved when horizontalmixing along constant isentropic surfaces is much more rapid than advection or chemical processes.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies2At least one flight during the SPADE campaign (May 7, 1993) encountered air that had not yetreached slope equilibrium. Further evidence dramatically shows that rapid mixing of polarstratospheric air with mid-latitude air occurred as far South as 40ß N latitude.IntroductionThere have been several aircraft campaigns in the past decade that have helped characterizelong-lived tracer correlations in the lower stratosphere. Understanding and expecting suchcorrelations have permitted calculations of the following: average age of air parcels [Pollock et al.,1992], ozone depletion potentials of substitute chlorofluorocarbons (CFCs) [Pollock et al., 1992],chlorine budget estimates [Kawa et al., 1992; Woodbridge et al., 1995], H2O production from CH4oxidation [Jones et al., 1986; Hanson and Robinson, 1989; Dessler et al., 1994], and atmosphericlifetime estimates [Plumb and Ko, 1992]. In this work we use tracer correlation from two aircraftcampaigns, SPADE in November 1992 and April-May 1993 and AASE-II from August 1991 throughMarch 1992. Both campaigns used the NASA ER-2 aircraft which has a maximum cruising altitudeof 21 km and a range of 2400 km (about 20ß latitude). In situ measurements of trace gases CFC-11and CFC-113 during AASE-II were made by a single-channel gas chromatograph (GC). Asecondchannel was added to the existing instrument during the SPADE campaign to measure CH4. Thispaper will present three separate results from AASE-II and SPADE trace gas correlations and acomparison of simultaneous measurements of CH4 and water vapor.In the first section, we address differences in three H2O measurements and two CH4measurements, review stratospheric CH4 chemistry leading to water vapor production, and thevariability in H2O production calculated using the different measurements. Secondly, we will presentstratospheric (CH4) and atmospheric (N2O and CFC-113) lifetime estimates based on the CFC-11assumed lifetime. In a similar calculation we estimate CO2 growth rate given CFC-11 and CO2lifetimes and compare it two measured tropospheric growth. Finally, we focus on the May 7, 1993flight during the SPADE campaign in which isentropic mixing between polar and mid-latitude airbegins as the vortex starts to break apart. Such mixing has not been observed in prior aircraftcampaigns and may have implications for trace gas distributions in the mid-latitudes.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies3Experimental MethodsThe Airborne Chromatograph for Atmospheric Trace Species (ACATS), was designed andbuilt cooperatively by the National Oceanic and Atmospheric Administration (NOAA) ClimateMonitoring and Diagnostics Laboratory (CMDL) and the NOAA Aeronomy Laboratory (AL). Theoriginal ACATS instrument used during AASE-II was a single-channel GC with an electron capturedetector (ECD) designed to measure two halocarbons, CFC-11 and CFC-113, every 120 seconds.The instrument remained unchanged for the November 1992 deployment of SPADE; but a secondGC/ECD channel was added for CH4 measurements during the second phase of SPADE (April andMay 1993). During SPADE, both GC channels sampled air every 180 seconds because of the longertime required for separation of CH4 from air. ACATS occupied a rectangular space (45.7 cm wide ·86.4 cm long · 20.3 cm tall) inside the AL reactive nitrogen package (NOy) and the two instrumentswere mounted together inside the equipment bay (Q-bay) of the ER-2. To help reduce space andweight, the two instruments shared a pump motor, cylinder rack, and a data acquisition system. A6.4 mm diameter, stainless steel, L-shaped tube was used for the GC�s sample air inlet. The tubeextended 20 cm away from the fuselage in order to sample outside of the aircraft�s boundary layer(Figure 1). ACATS is the predecessor of ACATS-IV, a four channel airborne GC [Elkins et al.,1996], that flew during the Airborne Southern Hemisphere Ozone Experiment/Measurements forAssessing the Effects of Stratospheric Aircraft (ASHOE/MAESA) campaign in 1994.Typical ER-2 flight speeds of 200 m s-1 (0.8 mach) require fast sampling rates to obtain datawith adequate spatial resolution. The faster sampling rates were made possible by a 12-port,2-position gas sample valve from Valco Instruments, Inc. (Houston, TX). The gas sample valvediverts (GSV) or heart-cuts oxygen in the sample away from the ECD prior to routing the separatedpeaks to the detector. In addition to the GSV, each channel contains two gas chromatographicseparation columns, a pre-column and a main column, and an ECD from Shimadzu Corp. (Tokyo,Japan). Upon injection of the sample into the GC, the gas sample valve position is switched and thecarrier gas sweeps the sample (5 cm3 and 15 cm3 for the halocarbon and CH4 channels respectively)into the pre-column and subsequently through the main analytical separation column. Both channels share a clean supply of ultra-high purity nitrogen (99.999% N2) carrier gasfrom General Air Gas Co. (Boulder, CO). Though the gas is the highest grade commercially

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies4available, it can still have up to 10 parts per million by mole fraction (ppm, 10-6 mol mol-1) ofcontaminants. The N2 was scrubbed, in flight, through a 30 cm3 zirconium getter (Supelco, PA)controlled at 350ßC, 50 cm3 hopcalite trap (manganese dioxide and copper oxide mixture) at 40ßC,and followed by a 50 cm3 molecular sieve trap at 40ßC.The GC/ECD measurement technique for CH4 was adapted from the work of Phillips et al.[1979]. The ECD technique is better suited for aircraft applications than conventional GC/FID (flameionization detector) methods because there is no flammable gases and the ECD is inherently morestable under harsh environments. An ECD can be �sensitized� to CH4 by doping the carrier gasleading into the detector with mixing ratios of 15-50 ppm of nitrous oxide. Pure N2O was delivered atabout 10-3 cm3 min-1 directly into the ECD through a small piece of stainless steel crimped capillarytubing, yielding ~20 ppm of N2O in the N2 carrier gas. During the SPADE mission, two different column packing combinations were used on theCH4 channel. Originally, a pre-column 3-m long by 3.2-mm outside diameter (o.d.) stainless steeltube was packed with Porapak Q(a porous polymer) and preconditioned at 230ßC with 20-30 cm3min-1 N2 flow for about 8 hours. The main column, 3-m long by 3.2-mm o.d., was packed withmolecular sieve 5A and preconditioned at 350ßC with 20-30 cm3 min-1 N2 flow for about 8 hours.Unfortunately, Porapak Q produced carbon monoxide (CO) at temperatures above 50ßC. At 100ßC,mixing ratios in excess of 500 parts per billion by mole fraction (ppb, 10-9 mol mol-1) of CO werefound which overwhelmed the neighboring CH4 peak. We subsequently switched to a pre-column 3-m long by 3.2-mm o.d. packed with silica gel and a 3-m long by 4.8-mm o.d. molecular sieve 5Aanalytical column both preconditioned at 350ßC with 20-30 cm3 min-1 N2 flow. There was nodetectable CO (<26 ppb detection limit) being produced from the later configuration. The halocarbonchannel used a 1-m by 3.2-mm o.d. pre-column and a 2-m long by 3.2-mm o.d. analytical column ofwhich both were packed with 10% OV-101 (Analabs, MA) and preconditioned at 170ßC with 20-30cm3 min-1 N2 flow for about 8 hours. All columns were used isothermal and controlled by Omega CN9000A controllers (OmegaEngineering, Inc., Stamford, CT). The CH4 pre-column ran at 50ßC with a backflush flow of 100cm3 min-1 maintained by a differential pressure flow controller (Model VCD-1000, Porter

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies5Instruments, PA). The CH4 main column had constant carrier gas flow of 60 cm3 min-1 controlled bya Tylan mass flow controller (Model FC-260, Tylan Corp., CA) and ran isothermal at 105ßC.The precision of GC/ECD measurements are predominately affected by the ECD sensitivity,several techniques were used to maintain constant detector response. The ECD�s housing was purgedwith about 3 cm3 min-1 flow of scrubbed N2. The purge flow helped minimize any contaminationresulting from minute leaks in the detector seal. Slight fluctuations in the ECD current can causedramatic changes in baseline response and peak sensitivity, thus the ECDs were operated at a constantcurrent, 1 nano-amp (nA) for the halocarbon channel and 1.5 nA for the CH4 channel. ACATS ECDswere pressure controlled at 93 kPa with a MKS valve, pressure transducer (SPT300 series, SPANInc., Plano, TX), and a PID (proportional, integral, and differential) controller made by MKS. Thetemperatures of the ECDs on the CFC and CH4 channels were controlled with an Omega CN9000Acontroller isothermal at 350ßC and 360ßC, respectively. Every fifth sample injection was a multi-component standard with 600 ppb of CH4, 57 partsper trillion by mole fraction (ppt, 10-12 mol mol-1) of CFC-113, and 130 ppt of CFC-11. This yieldeda single-point calibration every 15 minutes during a flight. Laboratory analysis of CH4 standardsfrom the CMDL Carbon Cycle Group showed that the calibration curve was linear but had a largepositive intercept of ~400 ppb because of interference from the oxygen peak. Though linear, thesingle-point ACATS standard of 600 ppb was not sufficient to establish the calibration curve for CH4over the range of tropospheric to stratospheric values. Values of CH4 measured by ACATS in thetroposphere were calibrated by using a correlation of CH4 versus CFC-11 measured at the CMDLcooperative air sampling site, Niwot Ridge (NWR), Colorado (40.05ßN, 105.59ßW, altitude 3472m). The station resides in the mid-troposphere at nearly the same latitude as Moffett Field, California(37ß 23� N, 122ß 4� W, altitude 30 m) where the SPADE campaigns were conducted. NWRtropospheric data was not needed to calibrate CFC-11 and CFC-113 because the curvature of thecalibrations was characterized in the laboratory and had near zero intercepts. The calibration scales forCFC-11 and CFC-113 were established by comparing the instrumental response to the gravimetricstandards prepared by similar techniques to those described in Novelli et al., [1991]. The stability ofgravimetric CFC-11 standards is described in Elkins et al., [1993] and can be applied to CFC-113 andCH4 standards. Anew CH4 scale is used based on in house gravimetric standards. This scale is

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies6about 0.9% higher that the original NOAA/CMDL CH4 scale that was based off of ???? standards[reference?].ResultsThere were 23 successful flights during the AASE-II campaign in which CFC-11 and CFC-113 were measured with 5% and 7% accuracy, respectively [Woodbridge et al., 1995]. DuringSPADE, ACATS provided measurements of CFC-11 on ten flights (November 9 and 12, 1992; April30, May 1, 3, 6, 7, 12, 14, and 18, 1993) of CFC-113 on nine flights (November 12, 1992; April30, May 1, 3, 6, 7, 12, 14, and 18, 1993), and CH4 on eight flights (April 30, May 1, 3, 6, 7, 12,14, and 18, 1993). ACATS measured CFC-11, CFC-113, and CH4 during SPADE with 3%, 5%,and 7% accuracy, respectively. All dates from here on will be referred to in the YYMMDD format.Nitrous oxide measurements during AASE-II and SPADE were made by the ATLASinstrument using a tunable diode laser (TDL) with an instrumental precision of 5% [Loewenstein etal., 1990, 1993]. In addition to the SPADE ACATS CH4 measurement, CH4 was measured using theALIAS TDL instrument with a stated accuracy of 5-10% [Webster et al., 1994] depending on theflight. AASE-II CH4 was provide by in-flight flask samples from the Whole Air Sampler (WAS)[Schauffler et al., 1993]. Water vapor was measured by three instruments during SPADE, two on theER-2 and the third, a frost-point hygrometer from NOAA/CMDL [Oltmans, 1985] flew on a balloonplatform. The ER-2 H2O instruments, NOAA/AL [Kelly et al., 1989] and Harvard University[Weinstock et al., 1994], used Lyman-a/OH fluorescence techniques both of which have 7% statedaccuracy. The NOAA/AL H2O instrument also flew during AASE-II. Data sampling frequency for theTDL instruments and the Lyman-a hygrometers ranged from 0.3 to 1.0 Hz. To reduce the data forease in comparison to the less frequent data, ACATS (once every 180 seconds) and the frost-pointhygrometer, the data was binned into 10 second median bins.CH4 ComparisonThe SPADE campaign provided a unique opportunity to compare simultaneous in situmeasurements from different instruments, ACATS and ALIAS, using independent measurementtechniques. Obviously, a �tight� or good comparison between the two data would allow

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies7unambiguous correlations with other tracers and would justify using the more frequent 1/3-Hz ALIASdata. Unfortunately, there is poor agreement between the two measurements. There were four flightsin which both instruments made coincident measurements: 930430, 930503, 930506, and 930507.Alinear orthogonal-difference-regression (ODR) fit [Numerical Recipes, 19XX], which uses theuncertainties (mean accuracies are shown in Figure 2) in both variables, was used instead of a least-squares fit.ALIAS CH4 = (0.89 – 0.03) * ACATS CH4 + (0.00 – 0.04) ppmThe fit uncertainties (1 standard deviation) were also calculated with the ODR algorithm and are purelystatistical, thus do not incorporate any foreseen systematic uncertainties in either data. The slopediscrepancy from the 1:1 line is strikingly large and clearly not accounted for by the instrumentaluncertainties. There is on average a 12% systematic offset between both instruments. In Spring of1993, a mid-latitude Northern hemisphere site, Niwot Ridge (NWR), measured a mean CH4 mixingratio of 1.72 – 0.06 ppm (large solid circle on the 1:1 line in Figure 2), ACATS�s troposphericmeasurements are comparable but ALIAS is considerably lower with a mean tropospheric mixing ratioof 1.52 ppm. It is no surprise that the ACATS tropospheric measurements are similar to NWR valuesbecause tropospheric measurements were used in the calibration of CH4. There are also severalACATS values much greater than 1.72 ppm, which probably came from terrestrial pollution sourcesnear the San Francisco Bay area. Plotting ACATS CH4 versus CO2 (future correlations will beexpressed with a colon, i.e. CH4:CO2) shows that most of the high CH4 measurements are coincidentwith high, polluted CO2 measurements (plot not shown).The systematic difference between the two instruments can not solely be caused by calibrationproblems during flight, but may point to problems prior to the ER-2 take-off. The ALIAS instrumentis calibrated prior to and after each flight, but not during a flight; where as, ACATS injects a calibratedgas sample every 15 minutes throughout a flight. If both ACATS and ALIAS calibrations wereaccurate prior to take-off, thus in agreement with each other, we would expect the correlation of theCH4 ascent data between the two instruments to be 1:1. As a flight progresses the CH4 correlationwould deviate form the 1:1 correlation if one instrument�s response, relative to its calibration, slowlychanged. Similarly, if there was a pressure or temperature dependence that effected the instrument�sresponse, we would predict good agreement in the troposphere and through the tropopause but

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies8worsening agreement at higher altitudes or lower concentrations. Neither of these deviations appearin the CH4 correlation plot, rather a constant percentage offset between each instrument is shown,which may indicate contamination or a calibration problem prior to take-off. The systematic offsetdoes not manifest in laboratory intercomparisons where the measurements of calibrated standards arewithin the instrumental and calibration uncertainties. Previous laboratory intercomparisons may not have been a good assessment of �in-flight�conditions and flight preparation techniques. Abetter intercomparison experiment would be toprepare both instruments for a flight and then run a calibrated gas mixture in a temperature andpressure controlled environment. Such an experiment could determine any instrument calibrationchanges caused by preparing the instruments for a flight. Without further laboratory intercomparisonsto better simulate pre-flight and in-flight conditions, we cannot resolve the systematic differencebetween ACATS and ALIAS. It is difficult to choose the most accurate CH4 data, but based ontropospheric comparisons and in-flight calibrations, ACATS CH4 is arguably more accurate.H2O Comparison

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies9During the SPADE campaign, there were three independent water vapor measurements, twoby in situ Lyman-a hygrometers aboard the ER-2 (NOAA/AL and Harvard instruments) and one by aballoon borne frost point hygrometer (from NOAA/CMDL). The ER-2 was based out of MoffettField, California (37ß 23� N, 122ß 4� W) and the balloon was launched at the nearby location ofCrow�s Landing, California (37ß 23� N, 121ß 4� W). A direct comparison between the AL andHarvard ER-2 instruments can easily be made; but the comparison with the CMDL frost pointhygrometer is more difficult due to temporal and spatial differences. The CMDL instrument measuredseveral vertical profiles up to 29 km, while the majority of the ER-2 measurements were between 15-21 km, thus reducing the number of comparable data. Nonetheless, we compare the three watervapor measurements for the flight of 930507, when the ER-2 H2O instruments and the CMDL frostpoint hygrometer measured water at the same latitude and between 1-5 degrees of longitude of eachother (Figures 3 and 4). The ER-2 and the balloon were launched within an hour of each other but theascent of the balloon measurements were generally excluded. Using the descent data, the temporaldifference between the ER-2 and balloon measurements, at the same altitude and closest location, canbe up to 4 hours. The aircraft made 7 passes over the coast of Northern California, in a �racetrack�type path.The most striking discrepancy between the three H2O measurements is the systematicdifferences between the measurements (Figure 4). The CMDL data is about 1 ppm lower than the ALmeasurement, where as, the Harvard data is about 0.8 ppm greater than the AL measurement (Figure4b). On closer inspection, the difference between the two ER-2 instruments, NOAA/AL minusHarvard H2O, are quite dependent upon altitude. In the troposphere below about 12 km (150 mbar)the difference can be as large as 100 ppm. However, above 12 km the difference can be expressed asa function of pressure. *** Add function *** These offsets are fairly constant over all altitudes andflights indicating some intrinsic problem, such as contamination, or a calibration scale problemrelative to each instrument. As with the constant percentage offset between the CH4 measurements, aconstant offset can indicate a background level of contamination.Upper atmospheric H2O measurements are extremely difficult when the instrument has to passthrough wet tropospheric air that can have, on the order of, 1000 times more H2O. To minimizeascent contamination problems associated with the balloon�s surface out-gassing, generally, only

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies10descent data was used. The CMDL balloon instrument�s inlet is made solely from stainless steel.Though the ER-2 instruments do not have to contend with out-gassing from the platform itselfbecause the inlets are outside of the ER-2s boundary layer. The instruments may have out-gassingfrom their inlet lines, themselves, which are longer and, in the case of the AL hygrometer, haveportions of Teflon tubing. Laboratory intercomparisons of the three instruments have not resolved thein-flight differences; and have demonstrated good agreement between the CMDL and AL instrumentsand an improved comparison (better than 1 ppm) with the Harvard instrument [V�mel, priv. comm.,V�mel et al., in preparation]. The improved laboratory comparisons also point to in-flightcontamination problems, but would clearly have to be evident on at least two instruments and indifferent proportions. With the given uncertainties with each instrument, it is difficult to choose themost accurate H2O measurement. H2O Production from CH4 OxidationThere are several motivations for measuring stratospheric methane and water vapor. Bothgases are greenhouse gases and have long lifetimes in the lower stratosphere. Apart from thetropospheric intrusions of H2O, methane oxidation is the dominate source for upper atmosphericwater. To quantitatively estimate the amount of water entering from the troposphere, anunderstanding of the stratospheric H2O sources is imperative. The methane chemistry discussed below will focus on the chemistry from the tropopausethrough the lower stratosphere because the ER-2�s altitude never exceeds 21 km. For a morethorough discussion of upper atmospheric methane chemistry see for example, Le Texier et al., 1988or Brasseur and Solomon., 1984. Methane is primarily destroyed via oxidation by the hydroxylradical (OH):CH4 + OH fi CH3 + H2O(1)Reactions with atomic chlorine, excited oxygen O(1D), and photolysis are negligible in the lowerstratosphere. The resulting methyl radical (CH3) reacts rapidly with molecular oxygen:CH3 + O2+ M fi CH3O2 + M(2)

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies11to produce the methyl peroxy radical (CH3O2). The methyl peroxy radical can react with NO, HO2 oritself:CH3O2 + NO fi CH3O + NO2(3a)CH3O2 + HO2 fi CH3OOH + O2(3b)CH3O2 + CH3O2 fi 2 CH3O + OH(3c)where reaction 3a is the most common. The methoxy (CH3O) molecule of reaction (3a and 3c) is thenrapidly destroyed by molecular oxygen:CH3O + O2 fi CH2O + HO2(4)The methyl hydrogen peroxide (CH3OOH) of reaction 3b reacts with OH:CH3OOH + OH fi CH3O2 + H2O(5)and forms methyl peroxy radical that is destroyed via the reaction scheme 3. So that the net result ofall the methyl peroxy reactions is the formation of formaldehyde (CH2O). Formaldehyde is destroyedvia similar reactions as CH4 where the dominate reactions are:CH2O + OH fi CHO + H2O(6a)CH2O + hn fi CHO + H(6b)CH2O + hn fi CO + H2(6c)The unstable radical CHO reacts with O2 or is photolyzed to form CO and hydrogen radicals:CHO + hn fi CO + H(7a)CHO + O2 fi CO + HO2(7b)The ultimate fraction of water produced from methane is determined by the destructionmechanisms of formaldehyde. If the photolysis contribution is negligible, then for every CH4molecule, two H2O molecules are produced. If the OH-formaldehyde reaction efficiency decreases,the number of H2O molecules produced decreases and molecular hydrogen and hydrogen radicalsincrease. Note, the CO production from formaldehyde remains constant despite the destructionscheme, but the H2O, H2, and odd hydrogen (such as H, OH, and HO2) partitioning changes. The

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies12remaining odd hydrogen is short lived and has a multitude of reaction paths that can lead to H2O andH2 production. [Brasseur and Solomon., 1986] Therefore, the destruction of methane produces watervapor and molecular hydrogen such that the sum:a [CH4] + b [H2] + [H2O] » constant(8)is approximately constant with altitude above the tropospheric effects (where [] is used to denotemixing ratios and a and b are constants) with two caveats:1) Any remaining odd hydrogen is negligible.2) The intermediate reactions occur rapidly such that mixing processes do not effect thepartitioning.Equation 8 is only constant with altitude at heights where tropospheric effects, such as seasonality,are thoroughly damped out. The extent to which tropospheric signals affect lower stratosphericdistributions of trace gases is not well know, thus making H2O production estimates difficult in thelower stratosphere.There have been few measurements of H2 in the stratosphere and no in situ continuousmeasurements prior to SPADE. The few previous flask measurements [Ehhalt and Heidt, 1973,Ehhalt and Tonnissen, 1980, Pollock et al., 1980] have given some indication that H2 is virtuallyconstant (as compared to CH4 and H2O variations) from the upper troposphere through most of thestratosphere with a mixing ratio of about 0.5 ppm. If we assume H2 is constant, thus conserved, inthe stratosphere then the b [H2] term of equation. 8 can be combined into the constant, thussimplifying to:a [CH4] + [H2O] » constant(9)or differentiating,a D[CH4] » - D[H2O](10)where D denotes change in the mixing ratio (similar treatment as Hansen and Robinson, 1989 andJones et al., 1986). Thus, using the outlined arguments and chemistry above, an H2O:CH4correlation should give a slope of -a with a quantifying the number of H2O molecules produced fromone CH4 molecule.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies13Table 1 summarizes how measurement differences of CH4 and, to a much greater extent, H2Oaffect the H2O production slope, -a. To complicate matters, seasonal fluctuations in H2O that aretransported into the lower stratosphere can cause the slope to oscillate on an annual cycle (Mote et al.,1995 and Hintsa et al., 1994). It is hard to determine the extent to which tropospheric fluctuationseffect the SPADE H2O data thus, it is difficult to filter out such disturbances. To exclude troposphericeffects, CH4 data below the 430 K Q surface was filtered out.It is clear that no conclusions about H2O production can be made without understanding thesystematic problems and uncertainties in the CH4 measurements and more importantly the H2O data.Recent improvements with the ER-2 CH4 and H2O instruments for the 1994 ASHOE/MAESAcampaign may help in quantifying a.Lifetime Calculations of CFC-113, CH4, and N2OThe quantitative formalism for calculating stratospheric lifetimes from trace gas correlationswas developed in Plumb and Ko [1992] in their �global diffuser� model. They argued that compactlong-lived tracer correlations arise because quasi-horizontal mixing time scales are more rapid thansource and sink mechanisms. Two trace species are said to be in �slope equilibrium� if their mixingratio is constant along a shared insentropic surface. In terms of general global mixing, quasi-horizontal mixing dominates all other forms of mixing, such as, vertical advection and diffusion.Though, a simplified picture of global dynamics, Plumb and Ko hold that any measured upperatmospheric tracer correlation at a given location is representative of correlations globally. Though,recent work has shown that tropic tracer correlations can be different than mid-latitude and polarcorrelations [Murphy et al., 1993]. Where mixing in the tropics can be dominated by verticaladvection rather than quasi-horizontal movement [Plumb, 1995]. Volk et al., 1996, has recentlyestimated mid-latitude to tropics exchange rates and has examples of trace gas correlations in thetropics. For our purpose, the global diffuser model is adequate for the mid-latitude and polarcampaigns of AASE-II and SPADE.Vertical transport in the global diffuser model can be express in terms of flux through theconstant mixing surface. If two molecules are in slope equilibrium and have long lifetimes relative to

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies14vertical advection time scales, then the ratio of fluxes is simply the slope of species in a tracercorrelation at the constant mixing surface.

F m 12 12

= =¶s¶s

(11)Where the flux,

F

, is expressed as mass per unit time, ¶s is the change in mixing ratio, and thenumbered subscripts symbolize each trace species. The quantity

¶ s ¶ s12

is the slope, m, of thecorrelation

s1 2:

where s1 is thedependentvariableands2 is the independent variable. Since weare interested in stratospheric lifetimes, the constant mixing surface chosen will be the tropopause.The flux can be expressed as the change in loading due to growth minus the sink (S) above theconstant mixing surface, or simply, the burden above the surface.

FqtS1 1 1= ¢ -¶¶

(12)Where

¢q

is the mass above a constant mixing surface. From here on there are analogous equationsfor the second specie. The change in loading above the constant mixing surface can be approximatedin terms of global growth rate (r) scaled by the mass above the constant mixing surface.

¶¢ » - ¢qt rq1 11

(13)The sink can be expressed in terms of total atmospheric mass of the specie (q) divided by itsatmospheric lifetime (t) if there is no tropospheric sink. If there is a tropospheric sink (e.g. CH4 ) , thent is used to represent stratospheric lifetime.

Sq1 1= t

(14)Thus, equation 12 becomes:

Frq1 1 1 1» - ¢ - t

(15)The total atmospheric mass of a specie (q) is the sum of upper atmospheric mass (

) and thetropospheric mass (

qtrop

). Unfortunately, it is difficult to measure

without having vertical profilesthat extend much higher than the chosen mixing surface or, in our case, the tropopause. To removethe

dependence from equation 15 we introduce the f-factor term (f) [Butler et al., 1992]. The f-

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies15factor is the ratio of the fraction of the specie in the troposphere to the fraction of the troposphere tothe atmosphere. Standard f-factor calculations use vertical profiles from several latitudes, thusprovide a globally averaged f-factor. An f-factor can be between 1.0, well mixed troposphere with noupper atmosphere contribution, to about 1.2, equal concentration in the troposphere and upperatmosphere (this also implies no growth). Solving for the upper atmospheric mass in terms of f-factor gives:

¢=-�Ł�ł�q q f Mtrop1 1 1 1 1

(16)Where M is the fraction of troposphere to the atmosphere, we have used 0.828 [Warneck, 1988].Replacing

¢q

in equation 15 yields a flux dependent on the tropospheric mass of the specie:

FqrfMfMtrop1 1 1 1 1 11 1 1» - -�Ł� �ł� +ØºŒ øßœt

(17)Before extending the growth rate influenced flux calculation to the Plumb and Ko relationship andlifetime estimate, some important generalizations can be made. For the growth rate term to be asignificant contribution to the flux calculation, the inequality

11 1 1r f M>> -t ( )

(18a)

010171£ - £( ) .f M

(18b)should be met. Equation 18b is the theoretical limit derived from the bounds of f-factors. If theinequality is not reached, we can simplify the flux equation to the growth rate independent fluxequation in terms of f-factor. In general, almost all natural and most anthropogenic species do notsatisfy inequality 18a, thus removing the need for accurate estimates for growth when estimatingstratospheric lifetimes. Some exceptions are the CFC replacement compounds such as HCFC-22(CHClF2) or extremely long-lived molecules such as perflourcarbons (CF4, C2F6, etc.) or SF6. For aspecies with about 0.5% growth rate, its lifetimewould needtobeabout120 years for a10% effecton thefluxestimate.Equation18ascaleslinearlyso aspeciewithabout4% growth would needalifetimeontheorderof15yearsfora10%effect.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies16Substituting the flux equation 17 into the ratio of flux relationship 11 and solving for thelifetime of the dependent species (

t1

) we get:

11111 1 21 2 2 2 2 1 1 1t s t» -�Ł� �ł� +ØºŒ øßœ - -�Ł� �ł�f mM r f M f M f r M f Mtroptrop

(19)Where the ratio of tropospheric masses can be simplified to the ratio of tropospheric mixing ratios,

s s21trop trop

. Equation 19 is the instantaneous lifetime of a specie that has a non-negligible growthrate. Likewise, the independent specie (with subscript 2) used in the correlation

s1 2:

also has non-negligible growth. In practice, to reduce the uncertainty in the lifetime estimate, the independentspecie should have a negligible growth rate such that inequality 18a is meet, have a well knowlifetime, and have a compact linear correlation with the dependent specie. In our study, the dominateuncertainty (greater than 90%) in the lifetime estimates is due to the uncertainty in the assumed lifetimeof the independent specie. We chose CFC-11 as the independent specie because of its relative smalluncertainty in its lifetime 55 – 8 years [Elkins et al., 1993]. The uncertainty of CFC-11�s lifetime issmaller than other long lived tracers such as N2OandCH4,becauseitiscompletelyanthropogenicandtheglobalemissionestimatesarefairlyaccurate[Fisher and Midgley, 1994]. Once again, if bothspecies satisfy inequality 18a then the lifetime equation can be simplified in terms of f-factor to thesteady state lifetime equation in Plumb and Ko :

11 21 12 2t s t»m ftroptrop

(20)The AASE-II and SPADE campaigns were combined and linear least-squares correlationswere calculated from the tropopause through the lower stratosphere (Figure 5). The two missions canbe usefully combined since the growth rates of the species into the stratosphere have not changeddrastically (prior to 1993) [Elkins et al., 1993] and the missions were conducted at comparablelatitudes. The tropospheric data, data below 410 K potential temperature (Q), was filtered out of thecorrelation plots, thus, the lifetime calculations. The filtering is not essential when calculatingatmospheric lifetimes of species that have negligible tropospheric sinks. However, the filteringremoves any local pollution signals that could influence the slopes of the tracer correlations. Table 2summarizes the input parameters, the WMO reported lifetimes, and the calculated lifetime using CFC-11�s lifetime from Elkins et. al., 1993.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies17Equation 20 can be used for CH4 andN2O lifetimes;butinequality18ais marginalfor CFC-113, so thegrowth ratedependentequation19 is used. Tohelpestimatetheuncertainties,aMonteCarlosimulationwas used. Thesimulationassumed thatallinputparametershadnormal-distributions(Gaussian)withwidthsdependentontheparametersonestandarddeviationuncertainty.The CFC-113 lifetimeprobabilitydistributionwas skewed (similartothedistributioninFigure 6 b ) , sothemodeofthedistributionwasusedasourlifetimeestimate. Theuncertaintyrange(seetable2)fortheCFC-113lifetimeenclosesabout66%ofthedistribution.TocheckthevalidityoftheCFC-11inputparametersequation19issolvedforthegrowthrateofthedependentspecie( r1 ), assuming thelifetimeof thedependentspeciesis verylong(

1 0 1t»

).The resultant growth rate can be measured growth rates.

rmfMfMrfMfMtroptrop1 21 1 1 2 2 2 21 1 1 1» -( ) -�Ł� �ł� +ØºŒ øßœs t

(21)As with the lifetime calculation, the r2 termcanbeignoredifinequality18ais met. Assumingthelifetimeof CO2 inthelower stratosphereis extremelylong[Tans , 1996; Tans and Bakwin, 1995],we use the CO2:CFC-11 correlation(Figure 6a)toestimateCO2 growth rate. AMonteCarlosimulationwasusedtogeneratetheprobabilitydistributionoftheCO2growthrate(Figure6b),wherethemodeor our bestestimateis 0.5% (-0.2%, + 0 . 8 % ) . AswiththeCFC-113 lifetimeuncertaintyestimatetheCO2 growth rateuncertaintyis skewed where 66% of theuncertaintyis between0 . 3 % and1.3% growth (dark areainFigure 6b). Though theuncertaintycovers alargerangeof growthrates, it does not includingtheabnormallylow growth periodof 1992-93 measuredby CMDLflasknetwork (0.17% – 0.04%). However, it is within the 95% limits (arrows in Figure 6b). Obviously,there are better methods for estimating and measuring growth rates, but equation 21 can be used tosupport the independent molecule (in our case CFC-11) parameters in the lifetime calculation. Our estimate for N2O lifetimeof 105 – 15 is lower but within one standard deviation whencompared to the most recent WMO [1994] assessment of 120 years. When compared to inversemethod calculations, we are considerably lower than Prinn et al., [1990] which estimates 170 years.Based on new absorption cross sections for O2 intheSchumann-Rungeband, Ko et al., [1991]calculate an atmospheric lifetime of 110 years. Using vertical profiles of N2O fromsatellitesand

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies18Minschwaner et al., [1992] calculate a lifetime of 123 – 20 years. Our results are in support of themore recent, shorter lifetime estimates.Polar to Mid-latitude Mixing EventPerhaps the most interesting individual flight during the SPADE campaign was that of 930507in which distinctly different air parcels were encountered. The ER-2 ascended to a cruising altitude ofabout 20 km (50 mbar) and flew repetitively over the coast of California such that the plane sampledthe same locations several times (see Figure 3 and 7). Three distinct levels of mixing ratios are seenin the ACATS data. Background tropospheric levels of CH4 andCFC-11 weremeasuredduring theascentanddescentwithsomepollutioneventsduring theascent( C H 4 > 1.8 ppm). Mid-latitudeandpolarstratosphericvortexmixingratiosweremeasuredduring themainportionof theflight. Thehighermixingratios( C H 4 ~1.4 ppmandCFC-11 ~140ppt), immediatelyfollowingtheascentandthroughouttheconstantaltitudeportionoftheflight,aretypicalofmid-latitudelowerstratosphericair.SimilarmixingratiosweremeasuredduringtheAASE-IIandthroughoutSPADEcampaigns(Figure6 and 8). The lower mixing ratios (CH4 < 1.0 ppm andCFC-11 < 50 ppt)arelevelsconsistentwithArcticvortexairmeasuredduring AASE-II. Thepolaroriginatingairparcelwas locatednearthePacific coast (South of 37 ßN and West of 123.75 ßW) and was encountered eight separate times. Acomparisonof theACATStracersmeasuredduring AASE-IIandSPADEshows thathe930507flight�stracercorrelationsarenotthesame,andinsomecasesextremelydifferent(Figure 6 ) . TheN2O:CFC-11 correlationdramaticallyshows thedeviationfromthe�standard�canonicalrelationshipas definedby AASE-IIandSPADEflights(Figure 6a)where the930507 correlationvirtuallystraddlesthecurvatureinthecanonicalfit.Wearguethatslope equilibriumhas notyetbeenachieveandthatpolarprocessed airis rapidlymixinginto, themuchmoremassive, mid-latitudeairparcel. Further evidencethathorizontalmixinghas notyetreachedequilibriumis seenin930507verticalprofiles,wherethereisahugerangeinmixingratiosbetweenQ 460-470 K (Figure 8). TheAASE-II campaign sampled extremely low levels of CFC-11 within the polar vortex (CFC-11 < 20ppt).A linear fit through the 930507 N2O:CFC-11 dataintersectsthecanonicalrelationshipattheoriginalconcentrationsoftheArcticandmid-latitudeair.Toidentifylargescalemixingevents, some

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies19curvature in the standard correlation is required and the two air parcels need to straddle the curvature.If tropospheric CFC-11 were to rapidly mix with CFC-11 air with 100 ppt mixing ratio, the eventwould not be seen in the CFC-11:N2O canonicalrelationshipduetolackof curvature. Thisis w h y correlationswithspeciesthathavesimilarlocalifetimessuch as CH4:N2O do notshow the930507mixing. Theinitialmixingratiosof theArcticairparcel, prior tomixing, canbeinferredbyestimatingwherethelinearfitthroughthe930507flightinterceptsthecanonicalfit. Thus, theArcticparcel had 11 – 5 ppt of CFC-11, 8 – 8 ppt of CFC-113, 870 – 50 ppb of CH4 , and90 – 10 ppb ofN2O.Extensivediscussiononthemechanismandsimilarmixingeventsduring theASHOE/MAESAcampaign can be found in Waugh, et al. [1995] and Newman, et al. [1995].Conclusions:Enhancements to ACATS between the AASE-II and SPADE campaigns helped improve theprecision of the CFC measurements and facilitated the measurement of CH4.ACATSandthetunablediodelaserinstrument,ALIAS, madesimultaneousinsitumeasurementsof C H 4 during the SPADEmission. Unfortunately, there is on average a 12% systematic difference between the CH4measurements. Laboratory intercomparisons have not succeeded in explaining the systematic in-flightoffset; but have also not tested the in-flight conditions adequately. Though by limited arguments, wemaintain the ACATS data is better calibrated than ALIAS measurement.Similarly, there were three (NOAA/AL, NOAA/CMDL and Harvard University) in situ watervapor measurements conducted with two different techniques (Lyman-a and frost-point). A moreextensive intercomparison has been carried out [V�mel, priv. comm.], with little further insight intothe systematics. During the intercomparison the NOAA/AL Lyman-a instrument and theNOAA/CMDL frost-point hygrometer agreed well but the Harvard Lyman-a hygrometer was stillhigh (Number?). Without better understanding of the systematics in the CH4 and H2O dataitis, atbest,difficulttoestimateH2OproductionviaC H 4 oxidation. Dessler et al. [1994], incorporated oldhydrogen measurements via a CH4 : H 2 correlationtohelpconstraintheH 2O : C H 4 slope. Thistechnique can bypass some of the measurement uncertainties but it also assumes CH4 and H2chemistry is well characterized and more rapid than dynamic processes. Further measurements of H2and more accurate measurements of CH4 andH2Owillhelpconstrainsuchanargument.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies20The mechanism for estimating stratospheric lifetimes of long-lived relatively slow growthmolecules was put forth by Plumb and Ko [1992]. We extend their formalism to incorporate specieswith faster growth rates such as CFC-113 and CFC replacement compounds. Using the combinedAASE-II and SPADE CFC-113:CFC-11 correlation and the NOAA/CMDL tropospheric networkmeasurements for growth rates we estimate CFC-113 lifetime to be 84 (-14,+18) years. The Plumband Ko non-growth rate dependent lifetime equation is adequate for estimating atmospheric N2OlifetimeandstratosphericC H 4 lifetime, in which we calculate 105 – 16 and 125 – 19 yearsrespectively. The N2OlifetimeislessthanthereportedWMOlifetimebutwithintheuncertaintyandis ingood agreementwithKo et al. [1991] and Minschwaner et al. [1992]. About 90% of theuncertainty in all of the lifetime calculations is the estimated error in the CFC-11 lifetime (55 – 8years). A better handle on CFC-11 emissions and a refinement in its lifetime will certainly improvethe lifetime estimates of stratospheric trace gases.Acknowledgments: We appreciate the assistance of Rich Lueb and Binu Lohani in the collectionand analysis of the WAS samples, the assistance of Mike O’Neill and Frank Polacek III in theNOAA/CMDL balloon soundings, and the useful discussions with Michael C. Volk, JonathanGilligan, Ross Salawitch, and Michael McElroy. This work was supported in part by theAtmospheric Chemistry Project of NOAA’s Climate and Global Change Program and by NASA’sHigh Speed Research Program under grants HSRP#-528 (SJO) and 535(JWE).

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies21Figure Captions:Figure 1. Schematic of ACATS. The instrument contained two separate GC channels thatmeasured CFC-11, CFC-113, and CH4 every 180 seconds. ACATSandtheadjacentinstrument,ALreactivenitrogenexperiment(NOy), shared adataacquisitionsystem, pumpmotor, andcylinderrack. BothinstrumentsweremountedintheER-2equipment-bay(Q-Bay). TheG C� s nitrogen( N 2 ) carriergas was scrubbed inseries through ahotzirconiumcolumn(Z), Hopcalitetrap(H), andfinallyamolecularsieve13X trap(M). BoththeN 2 carrierandcalibrationgaseswerecontrolledwithaTylanmassflowcontroller. TheC H 4 electroncapturedetector(ECD)w a s dopedwithN2Othroughacrimped(C)stainlesssteeltube.Aproportional-integral-differential( P ) controllermaintainedthehalocarbonECDtoabout975 – 1 mbar while a pressure relief valve (T)was used on the CH4 ECDtocontrolitat975 – 6 mbar. The stream selection valve (SSV) wasused to select either the air sample or the calibration gas sample. Each channel had a separate gassample valve (GSV) that controlled the sample injection and backflush. Figures a and b show bothpositions of the GSV. Notice that the direction of flow through the main column (longer column incolumn oven) remains the same but the flow is reversed through the shorter pre-column, thusbackflushing heavier, slower, species off of the pre-column.Figure 2. There were two simultaneous measurements of CH4 during theSPADEcampaign. AcomparisonbetweentheALIAS(tunablediodelaser)andACATS(gas chromatograph)instruments shows a large systematic offset of ~12%. The solid dot on the1:1line(dottedline)isthe mean Spring CH4 tropospheric mixingratioatNiwot Ridge. Niwot Ridgeis atacomparablelatitudetotheER-2launchsiteatMoffettField, California. Thesolidlineis alinear-orthogonal-differencefitusing boththeaverageALIASandACATSaccuracy�s(displayedas theerror barcross-hatch). Figure 3. The SPADE campaign was based out of Moffett Field, California. The ER-2 flight trackfor May 7, 1993 is shown. The aircraft made seven separate isentropic passes over the Californiancoast. A balloon borne frost-point hygrometer was launched from Crow�s Landing, California, atapproximate the same time as the ER-2. See Figure 4 for the comparison of the ER-2 and balloonH2O measurements.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies22Figure 4. There were three in situ water vapor measurements during the SPADE campaign. Twoaboard the ER-2 launched at Moffett Field and one aboard a balloon launched at Crow�s Landing(see Figure 3). Unfortunately, there were systematic differences between both ER-2 Lyman-ahygrometers (a and b) and between the balloon frost-point hygrometer (c) on all flights (May 7,1993 flight shown). Though there is a great deal of structure in the H2O profilethedifferencebetween the ER-2 instruments is fairly constant (0.8 – 0.1 ppm) above the tropopause. Below thetropopause, the difference can be as large as 200 ppb.Figure 5. Combined AASE-II and SPADE data provide compact correlations with CFC-11 and (a)N2 O, (c)CFC-113, and(e)C H 4 . Linearcorrelationsinthelower stratospherecanbeused toestimatestratosphericlifetimes[Plumb and Ko, 1992]. We extend the Plumb and Ko steady statelifetime calculation (Equation 20) to molecules that have non-negligible growth rates (in particularCFC-113, Equation 19). To help estimate lifetime uncertainties, a Monte Carlo simulation was runwith 100,000 iterations. The probability distribution from the simulations are shown in Figures b,d, and f. The N2O andC H 4 lifetimeprobabilitydistributionsarenormal(Gaussian) so themeanandthestandarddeviation(darkgrayarea)areused.Forthenon-normaldistributionofC F C - 1 1 3 , ourbestestimateforlifetimesisthemodeof thedistributionswiththe2/3of theareaenclosedasouruncertaintyestimate.SeeTable2fortheinputparameters.Figure 6. The CO2 growth rate from the CO2:CFC-11 correlation (a) and the growth rate dependentlifetimeequationsolvedforgrowthrate(equation21 inthetext)canbeused tovalidatetheCFC-11 inputparameters(lifetime,f-factor, andtroposphericmixingratio)tothelifetimecalculation(equation19). AMonteCarlosimulationusing theCFC-11 inputparametersanduncertaintiesgeneratesaprobabilitydistributionofCO2growthrates(b).Themodeof thedistributionis 0 . 6 % with a skewed uncertainty of -0.2% to + 0 . 8 % . TheCMDLmeasuredtroposphericgrowth rateis0.5% andagreeswithin66% uncertainty. Though, acrudemethodfor estimatinggrowth rates,thisdoeshelpvalidatetheindependentspecieinputparametersinthelifetimecalculation.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies23Figure 7. ACATS CH4 and CFC-11 mixing ratios measured during the flightof May7, 1993 withaccompanyingpressure profile. Troposphericmeasurementswereobtainedon theascentanddescent.Twodistinctairparcels(Arcticandmid-latitudeorigin)wereencounteredseveraltimesastheaircraftrepeatedlycircledthroughthesamelocation(seeFigure3forflighttrack).Figure 8. The N2O:CFC-11 correlation(a)andverticalprofile(b) for thecombinedcampaigns,AASE-IIandSPADE.Inbothfigures theSPADEMay7, 1993 flightis shown separately. TheAASE-IIcampaignwas predominatelyanArcticampaignandhadseveralflightsthatentertheArcticvortex(valueswithCFC-11 < 20 ppt). TheSPADEcampaigndesignedtoassess mid-latitudechemistryencounteredpolaroriginatingairon May7, 1993 as farSouth as 40 �N. TheMay 7 flight encountered a huge range of mixing ratios at virtually the same potential temperature(Q) surface. The May 7 flight clearly demonstrates that mixing along a constant isentropic surface(Q » 460 K) has not yet reached equilibrium. The intersection �standard� correlation (solid blackcurve) with the linear fit through the May 7 N2O:CFC-11 correlationcanbeused toestimatethemixingratiosoftracegasconstituentsinthepolarairparcel.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies24ReferencesBrasseur, G. and S. Solomon, Aeronomy of the middle atmosphere : chemistry and physics in thestratosphere and mesosphere, D. Reidel Pub. Co., Boston, 1984.Butler, J.H., J.W. Elkins, B.D. Hall, S.O. Cummings, and S.A. Montzka, A decrease in the growthrates of atmospheric halon concentrations, Nature, 359, 403-405, 1992.Dessler, A.E., E.M. Weinstock, E.J. Hintsa, J.G. Anderson, C.R. Webster, R.D. May, J.W.Elkins, and G.S. Dutton, An examination of the total hydrogen budget of the lowerstratosphere, Geophys. Res. Lett., 21(23) 2563-2566, 1994.Dlugokencky, E.J., K.A. Masarie, P.M. Lang, P.P. Tans, L.P. Steele, and E.G. Nisbet, A dramaticdecrease in the growth rate of atmospheric methane in the northern hemisphere during 1992,Geophys. Res. Lett., 21(1), 45-48, 1994.Ehhalt, D.H. and L.E. Heidt, The concentration of molecular H2 and CH3 in the stratosphere,pagophys., 106-108, 1352, 1973.Ehhalt, D.H. and A. Tonnissen, Hydrogen and carbon compounds in the stratosphere, pp. 129-151:Nicolet M. and Aiken, A.C. (eds.), Proceedings of the Nato Advanced Study Instute ofAtmospheric Ozone: Its Variation and Human Influences, US Dept. of Transportation,Washington, D.C., 1980.Elkins, J.W., D.W. Fahey, J.M. Gilligan, G.S. Dutton, T.J. Baring, C.M. Volk, R.E. Dunn, R.C.Myers, S.A. Montzka, P.R. Wamsley, A.H. Hayden, J.H. Butler, T.M. Swanson, E.J.Dlugokencky, P.C. Novelli, D.F. Hurst, J.M. Lobert, S.J. Ciciora, R.J. McLaughlin, T.L.Thompson, R.H. Winkler, P.J. Fraser, L.P. Steele, and M.P. Lucarelli, Airborne gaschromatograph for in situ measurements of long-lived species in the upper troposphere andlower stratosphere, Geophys. Res. Lett ., in press, 1996.Elkins, J.W., T.M. Thompson, T.H. Swanson, J.H. Butler, B.D. Hall, S.O. Cummings, D.A.Fisher, and A.G. Raffo, Decrease in the growth rates of atmospheric chlorofluorocarbons 11and 12, Nature, 364, 780-783, 1993.EPA (Environmental Protection Agency), Protection of stratospheric ozone, Federal Register, 58,15,014-15,048, 1993.Fisher, D.A., and P.M. Midgley, Uncertainties in the calculation of atmospheric releases ofchlorofluorocarbons, J. Geophys. Res., 99 (D8), 16643-16650, 1994.Hansen, A.R. and G.D. Robinson, Water vapor and methane in the upper stratosphere: anexamination of some of the nimbus 7 measurements, J. Geophys. Res., 94(D6), 8474-8484,1989.Hintsa, E. J., E.M. Weinstock, A.E. Dessler, and J.G. Anderson, SPADE H2O measurements andthe seasonal cycle of stratospheric water vapor, Geophys. Res. Lett., 21(23), 2559-2562,1 9 9 4 . Jones, R.L., J.A. Pyle, J.E. Harries, A.M. Zavody, J.M. Russell II, and J.C. Gille, The watervapour budget of the stratosphere studied using LIMS and SAMS satellite data, Q.J.R.Meterorl. Soc., 112, 1127-1143, 1986.Kawa, S.R., D.W. Fahey, L.E. Heidt, W.H. Pollock, S. Solomon, D.E. Anderson, M.Loewenstein, M.H. Proffitt, J.J. Margitan, and K.R. Chan, Photochemical partitioning of thereactive nitrogen and chlorine reservoirs in the high-latitude stratosphere, J. Geophys. Res.,97(D8), 7905-7923, 1992.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies25Kelly, K.K., A.F. Tuck, D.M. Murphy, M.H. Proffitt, D.W. Fahey, R.L. Jones, D.S. McKenna,M. Loewenstein, J.R. Podolske, S.E. Strahan, G.V. Ferry, K.R. Chan, J.F. Vedder, G.L.Gregory, W.D. Hypes, M.P. McCormick, E.V. Browell, and L.E. Heidt, Dehydration in thelower antarctic stratosphere during late winter and early spring, 1987, J. Geophys. Res., 94,11,317-11,357, 1989.Ko, M.K.W., N.D. Sze, and D.K. Weisenstein, Use of satellite data to constrain the model-calculated atmospheric lifetime for N2O: Implications for other trace gases, J. Geophys. Res.,96, 7547-7552, 1991.Le Texier, H., S. Solomon, and R.R. Garcia, The role of molecular hydrogen and methane oxidationin the water vapor budget of the stratosphere, Q.J.R. Meteorol. Soc., 114, 281-295, 1988.Loewenstein, M., J.R. Podolske, and S.E. Strahan, ATLAS Instrument Characterization: Accuracyof the AASE and AAOE nitrous oxide data sets, Geophys. Res. Lett., 17, 481-484, 1990.Loewenstein, M., J.R. Podolske, D.W. Fahey, E.L. Woodbridge, P. Tin, A. Weaver, P.A.Newman, S.E. Strahan, S.R. Kawa, M.R. Schoeberl, and L.R. Lait, New observations ofthe NOy/N2O correlation in the lower stratosphere, Geophys. Res. Lett., 20(22), 2531-2534,1 9 9 3 . Minschwaner, K., R.J. Salawitch, and M.B. McElroy, Absorption of solar radiation by O2:implications for O3 and lifetimes of N2O, CFCl3, and CF2Cl2, J. Geophys. Res., 98, 10543-10561, 1993.Mote, P.W., K.H. Rosenlof, J.R. Holton, R.S. Harwood, and J.W. Waters, Seasonal variations ofwater vapor in the tropical lower stratosphere, Geophys. Res. Lett., 22(9), 1093-1096, 1995.Murphy, D.M., D.W. Fahey, and M.H. Proffitt, Reactive nitrogen and its correlation with ozone inthe lower stratosphere and upper troposphere, J. Geophys. Res., 98, 8751-75, 1992.Novelli, P.C., J.W. Elkins, and L.P. Steele, The Development and Evaluation of a GravimetricReference Scale for Measurements of Atmospheric Carbon Monoxide, J. Geophys. Res.,96(D7), 13,109-13,121, 1991.Numerical RecipesOltmans, S.J., Measurements of water vapor in the stratosphere with a frostpoint hygrometer,Proceedings of 1985 International Symposium on Moisture and Humidity, 251-258,Instrument Society of America, Washington, DC, 1985.Phillips, M.P., R.E. Sievers, P.D. Goldan, W.C. Kuster, and F.C. Fehsenfeld, Enhancement ofelectron capture detector sensitivity to nonelectron attaching compounds by addition of nitrousoxide to the carrier gas, Analytical Chemistry, 51 (11), 1819-1825, 1979.Plumb, R.A., A �tropical pipe� model of stratospheric transport, J. Geophys. Res., in press, 1996.Plumb, R.A., and M.K.W. Ko, Interrelationships between mixing ratios of long-lived stratosphericconstituents, J. Geophys. Res., 97, 10145-56, 1992.Pollock, W.H., L.E. Heidt, R. Lueb, and D.H. Ehhalt, Measurement of stratospheric water vaporby cryogenic collection, J. Geophys. Res., 85, 5555-5568, 1980.Pollock, W.H., L.E. Heidt, R.A. Lueb, J.F. Vedder, M.J. Mills, and S. Solomon, On the age ofstratospheric air and ozone depletion potentials in polar regions, J. Geophys. Res., 97(D12),12,993-12,999, 1992.Prather M., and C.M. Spivakovsky, Tropospheric OH and the lifetimes ofhydrochlorofluorocarbons, J. Geophys. Res., 95(D11), 18,723-18,729, 1990.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies26Prinn, R., D. Cunnold, R. Rasmussen, P. Simmonds, F. Alyea, A. Crawford, P. Fraser, and R.Rosen, Atmospheric emissions and trends of nitrous oxide deduced from 10 years ofALE-GAGE data, J. Geophys. Res., 95(D11), 18,369-18,385, 1990.Schauffler, S.M., L.E. Heidt, W.H. Pollock, T.M. Gilpin, J.F. Vedder, S. Solomon, R.A. Lueb,and E.L. Atlas, Measurements of halogenated organic compounds near the tropicaltropopause, Geophys. Res. Lett., 20(22), 2567-2570, 1993.Schauffler, S.M., W.H. Pollock, E. L. Atlas, L.E. Heidt, and J.S. Daniel, Atmospheric distributionsof HCFC-141b, Geophys. Res. Lett., 22(7), 819-825, 1995.Tans, P.P., and P.S. Bakwin, Climate change and carbon dioxide forever, Ambio, 24 (6), 376-378,1995.Tans, P.P., Why carbon dioxide from fossil fuel burning won’t go away, Perspectives inEnvironmental Chemistry, edited by D.M.e. al., Oxford University Press, Oxford, UK,1996.Volk, C.M., J.W. Elkins, D.W. Fahey, R.J. Salawitch, G.S. Dutton, J.M. Gilligan, K.Minschwaner, M.H. Proffitt, M. Loewenstein, and J.R. Podolske, In-situ measurementsconstraining exchange between the tropics and the middle latitudes in the lower stratosphere,Science, submitted for publication, 1996.Warneck, P., Chemistry of the natural atmosphere, Academic Press Inc., London, UK, 1988.Webster, C.R., R.D. May, C.A. Trimble, R.G. Chave, and J. Kendall, Aircraft laser infraredabsorption spectrometer (ALIAS) for in situ stratospheric measurements of HCl, N2O, CH4,N O 2, and HNO3, Appl. Opt., 33(3), 454-472, 1994.Weinstock, E.M., E.J. Hintsa, and J.G. Anderson, A new fast response photofragment fluorescencehygrometer for use on the NASA ER-2 and Perseus remotely piloted aircraft, Rev. Sci.Instrum., 65, 3544, 1994.Woodbridge, E.L., J.W. Elkins, D.W. Fahey, L.E. Heidt, S. Solomon, T.J. Baring, T.M. Gilpin,W.H. Pollock, S.M. Schauffler, E.L. Atlas, M. Loewenstein, J.R. Podolske, C.R. Webster,R.D. May, J.M. Gilligan, S.A. Montzka, K.A. Boering, and R.J. Salawitch, Estimates oftotal organic and inorganic chlorine in the lower stratosphere from in situ and flaskmeasurements during AASE II, J. Geophys. Res., 1995.WMO (World Meteorological Organization), Scientific Assessment of Ozone Depletion: 1991, WMOGlobal Ozone Res. and Monitoring Proj. Rep. 25, WMO Global Ozone Research AndMonitoring Project, Geneva, Switzerland, 1991. WMO (World Meteorological Organization), Scientific Assessment of Ozone Depletion: 1991, WMOGlobal Ozone Res. and Monitoring Proj. Rep. 37, WMO Global Ozone Research AndMonitoring Project, Geneva, Switzerland, 1995.J.H. Butler, J.W. Elkins, E.J. Dlugokencky, S.A. Montzka, R.C. Myers, S.J. Oltmans, andT.M. Thompson, NOAA/CMDL, M.S. R/E/CG1, 325 Broadway, Boulder, CO 80303-3000 U.S.A.G.S. Dutton, A.H. Hayden, J.M. Lobert, and P.C. Novelli, CIRES, CU, Campus Box 214,Boulder, CO 80309 U.S.A.D.W. Fahey and K.K. Kelly, NOAA/AL, M.S. R/E/AL6, 325 Broadway, Boulder, CO 80303U.S.A.P.J. Fraser and L.P. Steele, CSIRO, DAR, Private Bag 1, Mordilloc, Victoria, Australia, 3195.

G. S. Dutton et al. - Correlations of Long-Lived Tracers in the Lower Stratosphere using In Situ Observations:Methane Oxidation, Lifetimes, and Mixing Anomalies27M. Loewenstein, J.R. Podolske, and K.R. Chan, NASA, ARC, Mail Stop 245-5, Moffett Field,CA 94035-1000 U.S.A.C.R. Webster and R.D. May JPL, Cal Tech, 4800 Oak Grove Drive, Pasadena, CA 91109U.S.A.L.E. Heidt, S.M. Schauffler, and T.J. Gilpin, NCAR, P.O. Box 3000, Boulder, CO 80307-3000 U.S.A.A.E. Dessler, E.M. Weinstock, and E.J. Hinsta, Harvard University, Atmospheric ResearchProject, The Link, 35 Oxford Street, Cambridge, MA.02138 U.S.A.W.T. Sturges, University of East Anglia, UEA Norwich, Norwich, England, NR4JTJ, UnitedKingdom.T.J. Baring, Arctic Region Supercomputing Center, University of Alaska, P.O. Box 756020,Fairbanks, AK.