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Abstract. We have compared volume mixing ratio profiles of NzO, CFC- 11, CI~C-12,

CC14, SP6, and HC1 measured for the mid-latitude stratosphere by the ATMOS l;ourier

transform spectrometer cluring  the ATLAS-3 Space Shuttle mission of Nov 1994 with in

situ mcasurcmcnts acquired aboard the NASA JM-2 aircraft cluring the same time pcxiocl.

Consistency is demonstrated bctwccn  the space-borne and in situ correlationsof[CI’C-11 ]

and [S1;6] with [N20] at all altitudes and of [CIW-12] with [N20] for [N@]  <2.50 ppb.

ATMOS measurements of [CF’C- 12] are 10% lower than in situ data near the tropopause,

and ATMOS observations of [CC14]  are uniformly 15-20% higher. AI’MOS and in situ

observations of [110]  vs [N20]  agree to within  10% for [IICI] > 1 ppb, but A1”MOS

mcasurcmcnts  of [}-lCl] cxcecd  in situ observations for smaller [l IC1]. The sum [C1ONO2]

+- [}ICI] observed by ATMOS is consistent with the levels  of inorganic chlorine inferred

from in situ measurements of chlorine source gases. Photochcmical model simulations of

ATMOS observations of [CION02] ancl [1 ICI] are improved by allowing a minor channel

of the reaction CIO+OH to produce I ICI.
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introduction

'l`l~c Arl`MC)S (Attllospllcric 3'racc  M()lcc~llc S~>cctrcJsc()~~y)  lkmricrtr  ansformsp  cctromctcr

uses solar occultation ~llcasurel~le~~  tstodcrivc  vol~ll~lc l~lixil~g  ratio (VMR)~>rofilcs  of1~~orc

than 30 ccmstitucnts  in the earth’s atnmsphcre  [Gunson ct al., 1996]. I luring the ATMOS /

ATI ,AS-3 Space Shutt]c  mission of November 1994, a coincidence was obtainc(l  at nlid-

latitudcs  with measurements from the final two flights of the NASA liarth  Rcamnaissancc

aircraft (HR-2) during the ASHO13 / MAESA campaign. in a companion paper [Chang et

al., 1996], good agrccmcnt  is dcnmnstratccl  between ATMOS and HR-2 measurements of

[N@], and corrclaticms of long-lived tracers [W, INoyl,  [11201, and [~:1141 with [N201

([] denotes volume mixing ratio). l’his paper examines corrclaticms of [CI;C-l 1 ], [Cl’C-

12], [CC14],  [S1”6],  and [1 ICI] with [N20] measured by the two platforms, and compares

ATMOS mca.surcmcnts of inorganic chlorine with photochcmical  nmdcl simulations.

‘1’wclvc  A~’MOS  occultations, occurring bctwccn 4 Nov and 9 Nov 1994, arc ncar-

coincidcnt  with the mid-latitude (30-510 N) pol tions of l~R-2 flights on 2 Nov and 4 Nov,

into or out of Moffctt Field, CA (37° N). (~hang ct al, [1996] discuss the coincidence

criteria more fully. Although these data arc differentiated with respect to observed

tcmpcraturc  (the colder of the A“l’MOS and ER-2 data form a good tcmpcraturc  coincidence

and arc dcaotcd “cold;”  the rcmainclcr  arc classified as “warm”), no cliffcrcncc  associated

with variations in tcmpcraturc  is observed in the ICVCI of agrccmcnt  of correlations of long-

livcd tracers measured from A1’MOS and the IX-2 [Chang et al., 1996]. Mcasurcmcnts of

halogcnatcd gases arc examined here as correlations vs the long-lived tracer [N@] to

account for the dynamical histories of the sampled air masses. All ER-2 corrclat ions usc the

data for [N20] obtained by A“l’I.AS (Airborne, ‘J’unable l,ascr  Absorption Spcctromctcr)

[1 mcwcnstcin ct al., 1989], which, for the fli#~t segments considered here, arc largcl y

within 1 % of [N20] measured by ACATS-l V (Airborne Chmmatograph for Atmospheric

‘J’race Spccics) [Elkins  ct al., 1995]. The comparisons arc based on Version 2 A’J’MOS

data.

IIalogen  Source Gases

ATMOS measures VMRS of CFC- 11 (CCl~lj),  Cl’C- 12 (CC12}:2), 1 ICFC-22 (C1 IC1F2.),

Cl l~Cl, and CC14, which together constitute =80% of total tropospheric organic chlorine

[Zandcr  ct al., 1996]. The ACATS-IV gas chromatography on the IiR-2 measures Cl’C-l 1,

CFC-12, CFC-1 13 (CCIZI~-CCIFZ), C}l~CCl~,  CC14, and halon-]211 (CllrCl};z),  which

also comprise -43090 of tropospheric chlorine. 130th ATMOS and ACArJ’S-l  V measure the
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long-livccl  tracer SF6. These gases arc mcasurml  by ACA”I’S-IV wjth prccisicms and

accuracies of better than 1 % and 2% rcspectivcly, at intervals of 3 min for all halogcnatccl

gases, c.xcept  S1;6 which is measured every 6 min, ACAq’S-lV is calibrated on the ground

against the same standards that arc used in the NOAA/CMlll.  network of tropospheric

measuring stations [131kins et al., 1993], ancl  in flight by running a sample of air with

mixing rat ios near stratospheric levels once, every 4 ambient samples or 15-30 min.

Hxccpt for [1 ICI], the species measured by A“l’MOS examined in this paper arc retrieved

using transitions at wavcnumbcrs  less than 1000 cm-], accessible with either l{iltcr 9 (625-

2450 cm- I) or l~iltcr  12 (625-1400 cm-I). At wavcnumbcrs < 1000 cm-l, spectra from

l;iltcr 9 exhibit degraded signal-to-noise-ratios (SNR) compared with Filter 12 due to the

shape and width of the optical banclpass  functions. “1’his effect is evident in the large

variability in VMRS of spccics  which arc retrieved by fitting a single, spectral window at

low wavcnumbcrs,  such as CFC-I 1, C}~C-12, CU4, C1ONO2, and SIJ6. This problem

was especially severe during A1’LAS-3,  dLlc to lowered instrumental gain settings.

Retrievals of halogcnatccl  gases obtained using I;iltcr 9 arc thus not considered in the,

present papcl. ‘1’hc majority  of other gases retrieved in Filter 9 are based on fitting features

at higher wavcnumbcrs or an ensemble of spectral windows and arc relatively unaffected

by these clifficultics.

Figure la shows correlations of [CIW-I 1] with [N20]. A7’MOS measures [CFC-11] with

an estimated precision of better than 5% (reported prccisions,  meant to reflect random

errors in the measurement, arc calculated durinl: the retrieval process from ccmsidcrations

such as residual errors in the fitting of spectra) and systematic uncertainty of 1190, based

on combining uncertainties in the spectroscopic band intensities with uncertainties related to

the tangent pressure assignment [Gunson et al., 1996]. ‘1’hc altituclc  range of the

comparison extends from the tropopau  sc to =30 km ([ NzO]= 100 ppb). ‘1’hc agreement

bet wccn ATMOS and IiR-2 nlcasurcments  of [CFC- 11 ] is excellent, even in the region near

the tropopausc where the accuracy of the space-based nlcasuretnents  might be expected to

be diminished.

Correlations of[CFC-12] with [N@]  arc shown in Fig. lb. ATMOS measures [CJC-12]

with an cst imatcd  precision of better than 5% and a systcmat ic unccrtaint  y of 9% [ Gunson

et al,, 1996]. The ATMOS [CIW- 12] nlcasurcments arc consistent with IX-2 data for

[N20]  <250 ppb, but the observations cle.viatc  at higher [N?,O], with the ATMOS data

being 10% low just above the tropopausc.  “1’hc  bulk of the mid-latitude (25-49° N)
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ccmclaticms  of [CFC- 12] vs [NzO] mcasurccl during AT1 .AS-3 (not shown) exhibit a sharp

transition in [CIC-12] from -450 ppt to known tropospheric values, for [NzO] = 310 ppb,

As this behavior is not exhibited by other long-lived tracers measured by ATMOS, a

tcmpcrat urc-clcpcndcnt bias is suspcctcd  in the version 2 retrievals of [CIW- 12].

ljigurc 1 c shows [CT14]  vs [NzO]. A“I’MOS measures [CC14] with an cstimatccl  precision

of 5-10% and a systematic uncertainty of 20% [GuJmon ct al, 1996], The ATMOS values

in l~i~. 1 c are uniformly 15-20% higher than the in situ data. CCH4 is rctricvcd by fitting the

v~, vl-tv4  bandhcad ccntcrccl  at 796 cm-l [Jlrown ct al., 1996], using the tcnlpcraturc-

dcpcndent absorption cross sections and band intensities of Orlando ct al. [ 1992]. “1’hc

measured integrated band intensities for these transitions vary considerably in the ]itcraturc

[I)ugh ancl Rae, 1976], ancl an error in the value adoptccl  in the ATMOS retrievals could bc

rcspcmsiblc for the deviation. };igurc 1 d shows comparisons of [SIJG].  ATMOS measures

[S1;6]  with an estimated precision of 5- 10% and a systematic uncertainty of 1 I%, [Gunson

ct al, 1996]. ‘1’hc A’1’MOS and in situ data are consistent within their combined

unccrtaintics,  and can bc used to provide an accurate estimate of the a~c of stratospheric air.

inorganic Chlorine

‘J’hc coincidence bctwccn  A“l’MOS and 111<-2 mcasurcmcnts  in Nov 1994 provides a test of

our understanding of partitioning of inorganic chlorine (Cly) at mid-latitudes. Arl’MOS

measures [}1 CI] and [C1ON02], which arc the clominant  forms of Cly in the lower

strat osphcrc for air unaffected by polar stratos~)}lcric  c]oucls (1%0), 1 n sit u instruments

aboard the IX-2 observe Ill Cl] and [C1O],  the lat(cr being the rcactivc form of (;]Y that

regulates photochcmical loss of o~,onc.  Although ATMOS dots not observe [1 ICl] and

[C1ON02] in the same occultations, constitucIlts  such as lo~] and [N20] measured in

mult iplc optical filters provide a framework for combining these obscrvat  ions.

Measured corrc]ations  of [1 ICI] vs [Nzo]  arc shown in l’ig. 2a. A’I’MOS  measures [1 ICI]

in l~ihcr 3 with an cstimatccl precision of better than 5% and a systematic uncertainty of 5%

[GUJISOJI  ct al., 1996]. lhc Al ,IAS (Aircraf[ l,ascr infrarccl  Absorption Spcctromctcr)  diode

]ascr instrument provides in sitlJ mcasurcmcnts  of [~]Cl]  usiJlg traJlsitions  ill the same

spectra] band USCCI by ATMOS [Webster ct al., 1995]. For the Nov 1994 flights, Al ,IAS

reports [1 ICI] at 6 minute intcrva]s with a precision of 0.07 ppb (5% at 1.5 ppb, increasing

to 20% at 0.35 ppb)  and an accuracy of 5%. lkw [1 ICl] > 1 ppb, the A“l’MOS observations

arc Xl O% higher than the RR-2 data, but the me.asurcmcnts agree within their combined

uncertainties. For [lICI] < 1 ppb, the ATMOS mcasurcmcnts  arc higher on average by
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-40%, although the upper range of variability of the liR-2 data nearly overlap the space-

bascd observations.

Stratosphcrjc  [1 ICl] observed by AI.1 AS at a given [Nz,O] during Nov 1994 is -60%  higher

than measured by AI.IAS in May 1993, W1]CJC ~nid-latitude [1 ICl]/[CIY]  ratios of-0.4 were

rcportccl for the NJ 1, compared to model results of --0.7 [Webster, 1994]. l’hc clcvjat  ion of

[1 ICI] observed by ALlAS from model cxpcc[ations  appears corrclatcci with sulfate aerosol

loading [Webster et al., 1995], which peaked in 1992 following the 1991 c.ruption  of

Mount Pinatubo. Although ATMOS made. observations of [IICI] in March 1992, only

limited clata  were obtained below 25 km at latitudes, bccausc the suntracker performed

poorly where the aerosol loading was dense. 1 lowcvcr,  ATMOS observations in March

1992 at other latitudes and in April 1993 showecl  no rcaclily  discernible aerosol effect on

[IIC1] or [C1ONO2] [e.g., Rinslancl et al., 1994],

‘1’hc correlation of [C1ONO2] vs [N20] mcasuled  by ATMOS is plotted in l~ig. 2b. A“l’MOS

detects [C1ONO2] with an estimated prccisjon  of 10-20% and a systematic uncertainty of

20%, [GunsoI) ct al., 1996]. Peak [CION02] of 0.9 ppb occurs at M26 km altitude ([NzO] =

120 ppb), leading to a maximum of -().5 for the [CIONOZ]/[IICl] ratio. Although in situ

mcasurcmcnts  of [C1ONO2] have never been maclc,  [CION02] inferrecl  from simultaneous

mcasurcmcnts  of [CIO], [NO], and [NOQ] in prcvjous FR-2  missions arc in broad

agreement with both theory and ATMOS observations at aircraft altitudes [Stimpflc  ct al.,

1994; Salawitch  ct al., 1 994].

Pigurc  2C shows ATMOS mcasurcnmnts  of [1 lC1]-I [C1ONOZ] vs [N2,()] compared with an

cs[imatc  of total inorganic chlorine [Cly] derived from subtracting total organic, chlorine

measured from the ER-2 during the 1992 A AS13 11 aircraf[  campaign from the total organic

chlorine load ing measured in the troposphere, comcte.d  for the age of stratospheric air

[ Woodbridgc et al., 1995]. The [Cly] relation shown in l’ig. 2C has been increased by

6.7% relative to the publishcc]  relation to account for changes in stratospheric chlorjne

[Zander et al., 1996]. ‘l’he sum [1 ICl] -t [CIONOP,] is dctcrmincd  by adcling to each

A’I’MOS  measurement of [1 ICI] a value of [C1ONO2] interpolated from an average of the

four l;ilter 12 profiles. I~or air unprocessed by PSCS at altitudes below 24 km (I N2,0] >

140 ppb),  [1 IC1]+[C1ONO2]  is cxpcctccl  to equal total [Cly] to within several percent.

Assuming the ckxtruction  of organic sourc.c gases with increasing altitude is balanced by

the, formation of inorganic chlorine, the consistency c)f [JIC1]+[CIONOQ]  measured by

A’1’MOS and the inferred [CIY] of Woodbridgc ct al. [1995] provides strong corroborative



6

cviclcncc  for the ability of ATMOS to accurate.]y measure the major components of Cly.

Zandet  et al. [ 1996] demonstrate that total inorganic chlorine measured by A’I’MOS

(supplcmcntcd  by remote-sensing observations of [C1O] and [11 OC1]) balances with total

organic chlorine measured by ATMOS (supplemented by balloon-borne in situ

measurements of [CFC-I 13] and [Cl l~CCl~])  over the altitude range 16 to 50 km, resulting

in a constant value for the sum of inorganic and organic chlorine.

A constrained photochcmical  model [Salawitch  et al., 1994] is used to test our

understanding of partitioning within the inorganic chlorine family. For each constituent, the

nmdcl  solves  for the variation of concentration with time that results in no net production

(or loss) over a 24 hr period, for local solar conditions. Photo]ysis rates arc calculated

using profi]cs  of ozone and temperature measured by A’I’MOS  and a surface albcdo of

0.24, and include effects of Raylcigh  scattering [Minschwanc.r  et al., 1993]. ‘l-hc ]nodcl is

constrained by A“l’MOS measurements of [0s], [NOY], [IICl] + [CIONQ], [112.0], [cl 14],

[C21]6], and [CO], SupplC1llCntd with Ccmdations of [~lry] vs [N20],  [] 12] vs pressure,

and aerosol surface area profiles from the SAG1; II sate.llitc-borne instrument [G. K. YLJC

and 1,. W. 3’hon~ason,  private colll]ll~lllicati[~n, 1996]. Approximately 200 reactions,

including those describing hctemgcme.ous  c.lmnistry, arc inc]udcd.

‘1’hc model is constrained to match the sum of [1 ICY] and [CION02]  as definccl by the

Arl’MC)S data, but not their ratio. in the. middle stratosplmrc,  the [C10N02]/[l  ICl] ratio is

sensitive to the yield of 1 ICl from the react io)l Clo+oll”  [e.g., Michelse.n  et al., 1996].

l>cMorc  et al. [1994], based on a review of the, kinetic literature, note the yield of }10 from

this reaction is uncertain bctwccn,,limits of O and 14!Z0. ‘1’hc models considered here utilize

two sets of kinetic parameters: the first uscs reaction rate constants and photolytic cross

sections from the JPI, 1994 compilation [l)cMorc et al., 1994] and a O% lIC1 yield from

C1O+ 011; the second (“Model C“ of Michelscn  ct al, [ 1996]) incorporates modified rate

constants for reactions CI+C114 and 011+} 10 based on a reexamination of the kinetic

literature, a revised  quantum yield of O] D from photo] ysis of OS [Michc]scn et al., 1994],

and a 7% yield of }IC1 from the reaction C](W)] 1, Diffcrc.nccs in the partitioning of

[CIONOZ] and [JICI] prcclictcd  by the two models arc on balance due to production of IICI

from 00+0}1;  the sensitivity of JNockl results to each kinetic paramc.tcr is discussed in

Michclscn  et al. [1996].
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Moclcl results for IIIC1] and [CION02]  at local sunset arc compared with A“J’MOS

observations in Figs. 2a and b. For [NzO] >200 ppb, both models predict similar levels  of

[}lCI] and are consistent with the partitioning of [CION02]  and [}ICI] observed by

ATM OS, At lower levels of [N20],  the model allowing for production of IIC1 from

CK)-tOl 1 results in better agrccmcnt  with the A’1’MOS data. l~igurc 2d shows a comparison

of modclccl  [CIO], calculated subject to constraints imposed by the ATMOS data but

corresponding to mid-aflcrnoon solar conditions sampled by the 131<-2,  with coincident

observations of [C1O], which is measured on the IiR-2 with a 2CJ accuracy of 30%

~Stin@lc  ct al., 1994]. Although both moclels ovcrcstimatc [CIO] for [NzO] <240 ppb,

data for [C1O] agree mom closely with the moclcl  which allows for production of 1 ICl from

Clo-tol  1.

A detailed analysis of ATMOS measurements combined with either MAS (Millimeter-wave

Atmospheric Sounder) or M1.S (Microwave 1,imb Sounder) observations of [C1O] over a

wide range of latitudes and altitudes cluring Nov 1994 show that observed levels of [C1O]

and [CION02]  relative to [1 ICI] arc ovcrprcdictcd by models, un]css they allow for an

acklitional  source of HCI besides the reactions of Cl with hydrocarbons and H02.

[Michc]scn ct al., 1996; Rinsland ct al., 1996]. ATMOS measurements of chlorine

partitioning inside the Antarctic vortex during ATI,AS-3, which rcvcalccl  [HC1] = [CIY] and

[C1ONO2] << [lIC1] for air with scvcrcly  dcp]ctcd  ICVCIS  of [OS] and [NOY], are likewise

consistent with theory, testing a different photochemical  regime (very low [OS], and high

[Cl]/[CIO] ratios) than the mid-latitude observations [Rinsland  ct al., 1996]. Overall, broad

agrccmcnt  is obtained bctwccn theory and ATMOS, MAS and Ml .S observations of

inorganic chlorine gases, provided that production of }ICI from CIO+OII is considered.

~’hc decade-long record of ATMOS observations of organic chlorine allows distributions

and trends to bc quantified for gases that are both precursors of ozone destroying raclicals

and significant contributors to grccnhousc  wat jning [Zandcr ct al., 1996].
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Figure  Captions

}iigurc ]: Correlations of [C~~C-j ] ], [C];C- ~ 2], [CC14], and [S1r6] vs [N20] measured by

A’1’MOS and instruments aboard the. IN-2, diffcrcntiatecl  with respect to temperature as in

Chang  et al. [ 1996]. Measurements of [C]i(:-l 1], [CJ7C-12], [CC14],  and [SI~6] are made

on the IR-2 by ACATS-IV  [Il]kins  et al. , 1995];  [Nzo] is measured by A1’LAS

[lmcwcnstcin  et al,, 1989]. A1’MOS  error bars reflect estimated precision; systematic

uncertainties ate discussed in the text.

Figure 2: Correlations of [I ICI], [CION02,], inferred [CIY], and [CIO] vs [N@]  measured

by ATMOS and instruments aboard the 111<-2, and derived from model  calculations.

Measurements of [HCl] are made on the IR-2 by AI.IAS [Webster et al,, 1994]; [CIO] is

measured by resonance fluorescence of Cl [St i mpf]e et al., 1994]; and [N20] is measured

by A’I’1.AS [1.ocwcnstcin  et al., 1989]. Model results for [CIO] arc shown for sza of 65”,

rather than sunset. J} ’I.94 [DcMorc et al., 1 994] assumes 0% 110 yiclcl on C)}l+CIC);

Mode] C is as described in Michc]sen  et al. [ 1996]. Dashes in third panel (c) represent

uncertainty in [Cly] of Woodbridge  et al. [ 1995].
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