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Stratospheric Sink for Chlorofluoromethanes:
Chlorine Atom-Catalysed Destruction of Ozone

M. ]J. Molina and F. S. Rowland

| Tl AR LA
Fditor's Note

In this paper, one of the most prescient and important Nature has published, Mario Molina and
F. Sherwood Rowland point out that chlorofluorocarbons (CFCs), widely used as refrigerants
and aerosol propellant, will accumulate in the atmosphere because of their chemical inertness.
But when they reach the upper atmosphere, the researchers say, ultraviolet sunlight may
photochemically split the compounds to create highly reactive free radicals. These may then
react with and destroy stratospheric ozone, which acts as a partial barrier to the penetration of
harmful UV rays to the Earth’s surface. This prediction was verified 11 years later, leading to an
international phase-out of CFCs. The work earned Molina and Rowland the 1995 Nobel Prize in

Chemistry.

Chlorofluoromethanes are being added to the environment in steadily increasing
amounts. These compounds are chemically inert and may remain in the atmosphere for
40-150 years, and concentrations can be expected to reach 10 to 30 times present levels.
Photodissociation of the chlorofluoromethanes in the stratosphere produces significant
amounts of chlorine atoms, and leads to the destruction of atmospheric ozone.

ALOGENATED aliphatic hydrocarbons have been added to the natural environment

in steadily increasing amounts over several decades as a consequence of their growing
use, chiefly as aerosol propellants and as refrigerants'?. Two chlorofluoromethanes, CF,Cl,
and CFCls;, have been detected throughout the troposphere in amounts (about 10 and 6 parts
per 10" by volume, respectively) roughly corresponding to the integrated world industrial
production to date**!. The chemical inertness and high volatility which make these materials
suitable for technological use also mean that they remain in the atmosphere for a long time.
There are no obvious rapid sinks for their removal, and they may be useful as inert tracers
of atmospheric motions*®. We have attempted to calculate the probable sinks and lifetimes
for these molecules. The most important sink for atmospheric CFCl; and CF,Cl, seems to be
stratospheric photolytic dissociation to CFCly+Cl and to CF,CI+Cl, respectively, at altitudes
of 20-40 km. Each of the reactions creates two odd-electron species—one Cl atom and one
free radical. The dissociated chlorofluoromethanes can be traced to their ultimate sinks. An
extensive catalytic chain reaction leading to the net destruction of Os; and O occurs in the
stratosphere:
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AXR (AR) KANZTAMAE, RAEYMmINLEFZ—, LER - Fhhfd
1t - F 2450, 2R TH AN Ao TN 6K AIE (CFCs), & FHMAF
BHASEXAYRE, HARLAN, 2HEXKELEN, EIFRTRARMALEH
KEXANFEM, ERSEFHGAEGE, IXAHFELE5FARELALRERE, &
ZREBIR, L REESIE S E R IR EAE L TR EEINRIBH R 54
PER, SEAE A 1 FEAKIEE, HFAINMT —HETARARBRHEHKMLEE,
XN AT EA i Fe F 23R4T 1995 Fa936 N RILF X,

PR E LR B R B SRR . koL A B T2 b, TLA
fER A5 B 40~150 4%, FLHH R B RENE R B H A7k FHY 10~30 5, “Fif 2
AL T LU= E KBRS RBORRh REARBIA.

fEE L4, s RIBEII R B 3812, FERME AW kRN
B, HUARRE KRR s HERCE B AR i 02, B R AR I A e e R e
(CF,CL #1 CFCL) sy A fEseA 3tk Erh (BRFR 4 Bsr 524 10/100 F1 6/101), $& |
KEA Y T2 A 1 S Tl 8 = o590, X S i BT B iS4 1 A v 4
R AT &R, BthERECNSERTPERREKME,. BT&A
ft 2 P i R R e, B wT ARER s sh it tonEsslee, A1y
KB X Le 5y 1Rl RERIC R H Frfw . AT RS HY CECL il CF.CL 2k, HEZE
WL R & AR TEHE TR 20~40 km (930 BRI ERRE SO, 744> Bili& CFCL, +
Cl #1 CE,Cl + Cl, %/
I & e fl DORERH R, T2 . FBCFR B R EE O, 501
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Stratospheric Sink for Chiorofluoromethanes: Chlorine Atom-Catalysed Destruction of Ozone

CIO + O — Cl + O, )

This has important chemical consequences. Under most conditions in the Earth’s
atmospheric ozone layer, (2) is the slower of the reactions because there is a much lower
concentration of O than of O;. The odd chlorine chain (Cl, ClO) can be compared
with the odd nitrogen chain (NO, NO,) which is believed to be intimately involved in the
regulation of the present level of Ojs in the atmosphere”!'?. At stratospheric temperatures,
CIlO reacts with O six times faster than NO, reacts with O (refs 11, 12). Consequently, the
CI1-CIO chain can be considerably more efficient than the NO-INO, chain in the catalytic
conversion of O3+ O — 20, per unit time per reacting chain'®.

Photolytic Sink

Both CFCl; and CF.Cl, absorb radiation in the far ultraviolet'*, and stratospheric
photolysis will occur mainly in the “window” at 1,750-2,200 A between the more intense
absorptions of the Schumann—Runge regions of O, and the Hartley bands of Oj;. We
have extended measurements of absorption coefficients for the chlorofluoromethanes
to cover the range 2,000-2,270 A. Calculations of the rate of photolysis of molecules
at a given altitude at these wavelengths is complicated by the intense narrow band
structure in the Schumann—Runge region, and the effective rates of vertical diffusion of
molecules at these altitudes are also subject to substantial uncertainties. Vertical mixing
is frequently modelled through the use of “eddy” diffusion coefficients'™'™'8, which
are presumably relatively insensitive to the molecular weight of the diffusing species.
Calculated using a time independent one-dimensional vertical diffusion model with eddy
diffusion coefficients of magnitude K ~ (3X10%) —10* cm? s ! at altitudes 20-40 km (refs 10,
15-18), the atmospheric lifetimes of CFCl; and CF,Cl, fall into the range of 40-150 yr.
The time required for approach toward a steady state is thus measured in decades, and
the concentrations of chlorofluoromethanes in the atmosphere can be expected to reach
saturation values of 10-30 times the present levels, assuming constant injection at current
rates, and no other major sinks. (The atmospheric content is now equivalent to about
five years world production at current rates.) Lifetimes in excess of > 10 and > 30 yr
can already be estimated from the known industrial production rates and atmospheric
concentrations®’, and so the stratospheric photochemical sink will be important even if
other sinks are discovered.

Our calculation of photodissociation rates is modelled after those of Kockarts'
and Brinkmann®, and is globally averaged for diurnal and zenith angle effects. The
photodissociation rates at an altitude of 30 km are estimated to be 3X107 s' for
CFCl; and 3%10°% s! for CF.Cl,, decreasing for each by about a factor of 1072 at
20 km. The appropriate solar ultraviolet intensities at an altitude of 30 km may be
uncertain by a factor of 2 or 3 (ref. 21) and we have therefore calculated lifetimes for
photodissociation rates differing from the above by factors of 3 or more. The competition
between photodissociation and upward diffusion reduces the relative concentration of
chlorofluoromethane at higher altitudes and the concentrations should be very low above
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Cl + O; — ClO + O, (1)

ClO + O - Cl + O, (2)
CEAAEREMLFER., AHRAKASRLREBTHRZELET (2) 2BREHIRP,
B4 O Mk EELL Os (615 %, 2F&%E (CLFN ClO) E vl 53 &k (NO F1 NO;) #5124,
faH WS 5TRE YRR O, S REYMEX, EERERE T, CIO50MK
FEE NO; 5 O B BB 6 1% (B 30k 11 Fn 12), Fik, £ 05 + O — 20, HfEfL
st faeh, BRI N AN RO BEH CI-CIO $#Lk NO-NO, 5% 58 @ik,

¥ #& C

CFCL 1 CF.CL #BRER Wi £ b Fa 0, FmBE XM EBZREER KA
1,750~2,200 A ) “Hi A7 X, BOURIKCE AR O, HIRF 8 — Bi&X 5 O; WG
Fe R 2 A, B THE X AR R e W e 2 B N B HE ) 3 7B 3 2,000~2,270 A X5,
2 - BRI R W RS TR ER B X B T REHHER SR
RABMRER, o FEXEEERAEEY HIASOEREE WA R K ATHEE,
WA R E TV it F o REMES AEURN ik VRABCHYERERS
grpgs vosssl R — AN St oo R — 4 E Y BOE R TIHRE, BUE E 20~40km
Aol B AR K 2928 (3% 10°) ~10% cm?- s (S 3CHk 10, 15~18), 15%] CFCl
1 CF.CL fER P AE A BB LT 40~150 45, FHELMIA EA B AR E 2
JUH4E, Ri%LAE AE RS R K P HEARE Fhe, HHEA Kb EELCHIE,
A2 AT AT, S 2 & e R ik 0 T LG 21 /9 T Fn B & B ATk /9 10~30
fs (BAE, RRPHERCHYTHEAATHRE TR S FHETE), FAIAC
SR ol AR P SN VR & AT LA B A 10 4R 70 30 42 Ay a0 H b & B,
Hk, BIfER & THMIC, FRELAFER TR OISR EER,

FATH B o s S R B 5 B T BRI 00 A AR B e B THERL, FREMT
R T F2 M Fndg R 2Bk F B, 7 30 km & B, {8 CFCL W YE i B R B
WEH3Ix107 s, CRCLNIZ 3x10% s, f£20 km &, BA1E T M2 E &1
1/100 £ 45, 4E 30 km Abi& B KPHE MR EATRER A 2 k3 FEMAMEY (2HE X
Wik 21), FATHETENS BB s R AR 3 S R) vk, X
i B 5 By (R TR 4D T SR P e R s iR RO RO AR IR B, BRI 7E
50 km LA b [k B B iZ 2 R F KA, B3RIE(E S Cl R TR HBLLE 25~35 km 4L,
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