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Stratospheric Methane Measurements and Predictions

By M. AckerMAN, D. FrimouT, C. MULLER') and D. J. WUEBBLES?)

Abstract — A new determination of stratospheric methane from 22 km to 35 km altitude with impli-
cations on the abundance of this constituent at greater heights is presented. Previous measurements, some
of which showed large discrepancies with currently admitted values, have been reinterpreted and brought
into agreement. The results are in contradiction according to present theories with the in situ determined
CH, abundances at the upper edge of the stratosphere. Implications on the vertical transport coefficient
used in one dimensional models are discussed.
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Introduction

The first determinations of the abundance of CH, in the stratosphere were
published by BanerIDGE and HEIDT [1] in 1966. They showed a decrease of the
mixing ratio above the tropopause and were based on in situ sampling with sub-
sequent gas chromatography. Using infrared absorption measurements in the 7.7 um
band, Ky1E et al. [2] also showed a decrease of the mixing ratio above the tropopause.
ACKERMAN et al. [3] indicated also a decrease of concentration with altitude in the
stratosphere as well as CUMMING and LOowE [4] and BURKERT et a/. [5]. From aircraft
borne spectrometer and interferometer data FARMER ef al. [6] and Lowe and
McKinNoON [7] showed a decrease of the CH,, mixing ratio from low to high latitude
in the low stratosphere. The analysis of air samples collected by means of rockets in
1968 and in 1972 have led to determinations of the methane abundance near the
stratopause (EHHALT ef af. 1975 [8]).

Since CH, cannot be produced in the stratosphere, its abundance at various
altitudes depends on the rate of its chemical destruction and the strength of vertical
mixing. This latter property is a basic data for photochemical modeling of the
stratosphere. Its knowledge allows, for instance, the evaluation of the rate of trans-
port of aircraft effluents and other contaminants to the chemically ozone sensitive
regions of the upper stratosphere. Several authors (NICOLET and PEETERMANS [9],
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Worsy and McELroY [10], HuNTEN [11]) have attempted to deduce values of the
vertical transport parameters using the available methane data. CHANG [12] has
analysed the various values and shown that the improvement of experimental data
can reduce the present uncertainty and consequently the uncertainties in the models
and in their predictions.

The present work is an attempt to reduce the uncertainty. It consists of the
determination of the abundance of CH, from 22 to 40 km, using high resolution
infrared absorption spectroscopic measurements, interpreted on the basis of the
presently available laboratory spectroscopic data, followed by a discussion of other
results and of theoretical evaluations.

Instrumentation and observation

A 60 cm focal length grille spectrometer was flown on 2 October 1975 from the
CNES range in Aire sur ’Adour to measure the vertical distribution of HCI in the
stratosphere (ACKERMAN et al. [13]). Observations of the solar spectrum from an
altitude of 35 km took place in the wave numbers range from 2916 cm ™! t0 2970 cm ™ ¢,
which includes the P, to P, multiplets of the 3.3 um band of CH, (Fig. 1). The range
of solar zenith angles from 8025 to 95°5 was covered at 43°N and 2°E. The methane
absorptions shown in Fig. 1 were always present in the spectra. Those due to P,
are perturbed by solar absorption features and are not considered in this work. The
measured equivalent widths of the multiplets are shown in Fig. 2 versus elevation
angles for observation above the horizontal and listed in Table 1 versus grazing
altitude of the solar rays for observations below the horizontal.

Interpretation of the data

(a) Observations above the horizontal

Values of the number density, and of the scale height, have been assumed to
compute equivalent widths by dividing the atmosphere in layers of 1 km thickness
to take into account the change of path length, pressure and temperature as a function
of height in the successive layers above float altitudes according to the earth geometry,
and to the mid-latitude Spring-Fall model of the U.S. Standard Atmosphere supple-
ment, 1966. A Voigt profile has been introduced in the computation for each line of
the multiplets of which the spectroscopic data, taken from ToTH et al. [14] and from
MCcCLATCHEY et al. [15], are given in Table 2. The change of equivalent width with
solar elevation angle for the four multiplets has been computed and is shown in
Fig. 2 with the data. The shaded curves marked 1 represent the equivalent widths
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that should be observed if the number density at 35 km was equal to (1.46 + 0.12) x
10'! cm ™3 and if the scale height was equal to 4.54 km. These values correspond to
the mixing ratio values published by EHHALT ef al. [8] and used in models to evaluate
the strength of the vertical transport of methane. The range of values taken for the
number density at 35 km is obtained from the mixing ratio value published by
EHHALT et al. [8] and from the extreme values of total number densities given in the
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Figure |
Portions of absorptlon spectra recorded on 2 October 1975, from 35 km altitude at 43°N and 2°E in the
3.3 pm CH, band. Multiplets P, to P, are shown with some identification wavenumbers in cm~!. The ~
angular values shown on the right~hand side of each portion of spectrum are solar elevation and solar
depression angles for positive and negative values respectively.
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Figure 2
Equivalent width versus solar elevation angle. The circles represent the measurements. The shaded curves
correspond to the mixing ratio values represented by the solid broken curve of Fig. 4. The other curves
correspond to the CH,, number densities at 35 km [#;5 (cm ™ ?)] and to the scale heights above this altitude
H (km) indicated on the figure.

U.S. Standard Atmosphere Supplement, 1966. The computed equivalent widths do
not fit the experimental data points. The computation has then been made for
various sets of n5 and scale heights. Changing the scale height values from 4.5 km
to 6.0 km has the most appreciable effect on the change of equivalent width with
elevation angle at small angle. The scatter of the measured values does not allow us
to make a clear choice. However, there is a tendency indicating that the scale height
above 35 km is at least over a few kilometers altitude closer to 6 km, so that the
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Table 1

Equivalent widths in cm™ ! of the 3.3 um P branch multiplets of CH, versus
minimum altitudes, z, reached by the solar rays

z (km) P, P, P, Py

35 7.0 x 1072 1.06 x 1071 6.8 x 1072 8.5 x 1072
33 1.16 x 1071 1.64 x 107} 1.33 x 107¢ 1.10 x 10~!
31 1.53 x 107! 2,19 x 107! 2,00 x 107! 1.52 x 107!
29 211 x 107t 2.76 x 1071 2.75 x 1071 2.10 x 1071
27 3.70 x 107! 2.82 x 107!
25 3.66 x 107!
23 491 x 107!
21 6.41 x 107!

Table 2

Line positions 1, integrated absorption cross sections, S, full
width at half height W and ground level Energies E for the
CH, multiplets considered in the treatment of the data.

S (cm?cm™Y)

A{em™Y) 297°K W (em™') E (cm™!)
P, 2968.885 7.06 x 1072° 0.122 157
2968.770 1.27 x 1072! 0.094 157
2968.738  7.06 x 1072° 0.122 157
2968.473  7.06 x 1072° 0.122 157
2968.404 7.06 x 1072° 0.122 157
P, 2958.683 4.40 x 10°2° 0.114 219
2958.651 6.58 x 1072°  0.118 219
2958.537 1.10 x 1071° 0.102 219
2958.233  6.62 x 1072° 0.118 219
2958.120 6.42 x 10~2° 0.118 219
2958.017 1.12 x 1071 0.102 219
P, 2948478 5.13 x 1072° 0.114 293
2048421 5.00 x 1072° 0.114 293
2948.130 1.13 x 1072! 0.102 219
2948.107 8.47 x 10°2°  0.114 293
2047912 4.88 x 10720 0.114 293
2947.810 3.28 x 1072° 0.114 293
2947.700 1.13 x 1072! 0.102 219
2947.668 5.00 x 1072° 0.114 293
Py 2938248 6.46 x 1072° 0.110 376
2938.206 3.88 x 1072° 0.110 376
2938.206 2.59 x 1072%° 0.110 376
2937.769 3.88 x 107%° 0.110 376
2937494 3.88 x 1072 0.110 376
2937.307 2.70 x 10~2° 0.110 376
2937.234 395 x 1072° 0.110 376

371
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values corresponding to curves II and III of Fig. 2 have been represented in Figs. 3
and 4 where envelopes are shown at and above 35 km for the CH, number densities
and mixing ratios respectively with the results of other investigators.

(b) Observations below the horizon

The amount of methane above 35 km has been taken into account by choosing
a scale height equal to 6 km and a number density of 4.5 x 10!° at 35 km, both
values being the result of the preceding section. The number densities below float
altitude in successive layers of 2 km thickness have been determined from the
equivalent widths listed in Table 1. The same atmospheric model and spectroscopic
data as in the previous sections have been introduced in the computation. The
results are shown in Figs. 3 and 4 as number densities and volume mixing ratios
respectively.
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Figure 3
Methane number densities as published by various groups of authors and reported by HARD [19] with
the values deduced from the observations reported in the present work. The arrowed vertical lines centered
on the values between 40 and 50 km indicate the altitude range of vertical rocket sampling.
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Figure 4
Methane mixing ratio as a function of altitude. The presently reported observations are shown with the
values from EHHALT ef al. [8]. Tilted dashed bars are shown with the rocket determinations in order to
keep this figure consistent with the previous one (Fig. 3).

Comparison with other results

Four sets of spectroscopic data are available about stratospheric methane. They
cover a period of 10 years since the measurements published by KYLE et al. [2] were
performed in December 1967 at 33°N. The v, band, from 1299 cm™! to 1306 cm ™%,
was observed in absorption during a balloon ascent for solar elevation angles from
31° to 5°. The authors give all information required to reinterpret their observations.
After ten years the quality of spectroscopic parameters has greatly improved. This
situation justifies a new analysis. This has been made, following the method already
described previously on the basis of the spectroscopic data of MCCLATCHEY ez al. [15]
listed in Table 3. However, nitrous oxide absorbs in the region from 1299.1 cm~1 to
1307 cm ™~ ! which is considered. For this reason, the analysis has been limited to the
balloon float period. A number density of N,O at 28 km equal to 6 x 10'° cm ™3 has
been assumed with a scale height of 3.7 km leading to a maximum contribution to
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Table 3

Spectroscopic data used for the v,CH, band. The symbols
have the same meaning as in Table 2.

Aem™) Sy, (cm?cm™Y)  W(em™!) E(em™!)

1299.638 2.35 x 1072° 0.112 293.10
1299.678 1.71 x 10~2! 0.098 950.27
1299.903 2.35 x 1072° 0.112 293.11
1299.903 832 x 10721 0.104 575.14
1300.282 6.21 x 1072¢ 0.130 10.48
1300.467 8.33 x 10~2! 0.104 575.23
1300467 1.71 x 1072 0.098 950.30
1300.748 2.99 x 10722 0.096 1251.70
1301.208 2.05 x 1072! 0.100 814.61
1301.290 4.48 x 10722 0.096 1251.80
1301.371 1.94 x 1072° 0.112 219.90
1301.500 8.37 x 10~ 0.106 470.77
1301.550  2.92 x 1072%° 0.116 219.92
1301.550 3.07 x 1072%¢ 0.100 814.97
1301.825 1.25 x 1072° 0.106 470.78
1302.040 4.86 x 1072 0.100 219.90
1302.040 9.01 x 10722 0.098 1095.60
1302.451 521 x 1072 0.102 689.93
1302.774 1.78 x 10720 0.110 376.80
1302.774 3.35 x 1072° 0.120 157.11
1302.774 2.85 x 1072 0.098 950.35
1302.945 2.09 x 1072° 0.106 470.81
1303.198 1.39 x 1072° 0.104 575.19
1303.290 3.67 x 10722 0.122 000.00
1303.373  3.35 x 1072° 0.120 157.12
1303.567 3.93 x 1072° 0.112 293.13
1303709 5.13 x 1072 0.100 815.05
1303.709 590 x 1072° 0.092 104.77
1303.709 7.49 x 10722 0.096 1252.00
1303.951 1.78 x 1072° 0.110 376.71
1304.223 3.54 x 1072° 0.124 104.77
1304.332 522 x 1072 0.102 689.99
1304463 2.36 x 10720 0.112 293.15
1304.602 9.03 x 10722 0.098 1095.60
1304.602 2.36 x 1072° 0.108 104.77
1304.602 8.35 x 1072! 0.104 575.15
1304.847 1.71 x 10721 0.098 950.45
1304.847 3.38 x 1072%° 0.124 62.87
1305.002 292 x 1072° 0.116 219.90
1305.002 1.57 x 1072° 0.112 293.15
1305.092 1.26 x 1072¢ 0.106 470.83
1305.286 3.08 x 1072} 0.100 814.83
1305.286 5.57 x 1072%¢ 0.104 575.02
- -1305.413  3.38 % 1072° 0.124 62.87
1305.454 1.88 x 1072° 0.102 31.43
1305.454  4.50 » 10722 0.096 1252.00
1305.563 2.24 x 1072° 0.120 157.13
1305.563 1.14 x 10721 0.098 950.47
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Table 3—continued.

Aem™) 8,5, (cm?*em™Y)  Wem™) E(@em™!)

1305.635  2.92 x 1072° 0.116 219.93
1305.635 1.19 x 1072° 0.110 376.71
1305.688 2.81 x 1072° 0.130 31.44
1305.809 3.48 x 1072! 0.102 690.01
1305.809 1.87 x 1072° 0.130 10.48
1305.809 1.26 x 1072° 0.106 470.84
1305.905 3.36 x 1072° 0.120 157.13
1305.989 3.55 x 1072° 0.124 104.77
1305989 6.03 x 10722 0.098 1095.20
1305989 3.08 x 1072! 0.100 814.61
1306.021 1.78 x 10~2° 0.110 376.76
1306.106  2.36 x 1072° 0.112 296.16
1306.106 5.64 x 1072° 0.112 62.87
1306.254 4.88 x 1072° 0.100 219.93
1306.254 4.50 x 10722 0.096 1252.00
1306.254 8.36 x 102! 0.104 575.02
1306.254 523 x 1072! 0.102 690.02
1306.428 2.10 x 10729 0.106 470.85
1306.428 1.72 x 102! 0.098 950.49
1306.627 9.04 x 10722 0.098 1095.20
1306.627 5.14 x 1072 0.100 814.61
1306.832  7.51 x 10722 0.096 1252.00

the equivalent width equal to 0.1 cm™*. The observations are then, as shown in
Fig. 5, well represented if methane number density and scale height are respectively
taken equal to 2 x 10'! cm™? and 4 km. This represents an increase by a factor of
almost 4 of the original values published by KYLE et al. [2] bringing them in agree-
ment with others.
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angle. The curve corresponds to a methane number density at 30 km equalto 2 x 10'! cm ™3 associated with

a scale height of 4 km. The N,O absorption of 0.1 cm~* equivalent widths has been taken into account,

corresponding to an N,O number density at 30 km equal to 6 x 101° cm? associated with a scale height of
‘ 3.7 km.
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Enough flight data were given by CuMMING and Lowe [4] in their publication to
reinterpret their observation made at 47°N in August 1965 and at 28 km float
altitude. A computation was made using the now available spectroscopic data on the
components of the R, multiplet of the 3.3 ym v, band. As shown in Fig. 6, a CH,
number density and a scale height equal to 3 x 10'! cm™? and 4.5 km respectively
at 28 km, fit the data points and are in good agreement with the original result of the
authors.

SOLAR ELEVATION (DEGREE)
14° 11° 8 5
T T T

©
N
I

CH, Rs

EQUIVALENT WIDTH({cm™)
(=)

°
=3

2240 2300 2320
TIME (GMT)

Figure 6
Equivalent width due to the R ;CH, multiplet observed by CuMMING and LowE [4] versus time during the
float period of the gondola. The circles and the solid line are from the original publication. The squares
correspond to the reinterpretation with a CH, number density at 28 kmaltitude equalto3 x 10**associated
with a scale height equal to 4.5 km, both being in good agreement with the original interpretation.

In the spectra obtained by ACKERMAN et al. [3] in October 1971 at 43°N, the
Q branch of the 3.3 pm band of CH, is the most prominent feature which at the time
of the publication could not be analysed due to the lack of availability of a powerful
enough computer. This has now partly been done. The equivalent width equal to
0.8 + 0.1 cm™" observed at 35 km for a zenith angle equal to 90° is represented
by a CH, number density equal to (4.0 + 1.5) x 10'° cm™3 associated with a scale
height equal to 4 km. This brings downward the values published in 1972 which
have always appeared to be systematically too high.

Discussion
Four sets of data obtained at various latitudes and seasons are now available at

30 km altitude for a period of ten years. The values derived on the basis of a consistent
set of spectroscopic parameters are listed in Table 4 with in situ sampling results.
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Table 4
Methane number densities at 30 km altitude.

CH, number
density (cm~?%) Time Latitude Ref.

1.9 x 10* August 1965 47°N  [4]

2 x 10! December 1967 33°N  [2]
2 x 10! October 1971 43°N [3]
2.2 x 101 QOctober 1975  43°N  This work
3 x 10t — 32°N  [8]

No significance in terms of geographic, time or season variability can be attributed
to the differences appearing between the various values, since the uncertainties are
most probably larger than these differences. Methane number density at 30 km
appears to be very stable within experimental error limits.

The shaded area in Fig. 7 shows the range of the methane mixing ratio presented
in this paper, along with theoretical values predicted by the LLL one-dimensional
model. This model is based on a unified chemical scheme including 84 reactions
among 23 species. Results for three different profiles of the vertical transport co-
efficients represented in Fig. 8 are shown. The curve labelled CHANG [20] is based on
the transport coefficient derived in the NAS Report (1976). The curves labelled
CruUTZEN and IsAKSEN [21] and HUNTEN [22] are also shown for comparison.
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Figure 7
Vertical distribution of the CH,, volume mixing ratio computed on the basis of various values of vertical
transport coefficient [20-22].
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Figure 8
Vertical transport coefficient proposed by various authors [20-22].

The important chemical reactions determining the theoretical distribution of
methane are

OH + CH, — CH, + H,0 k = 2.36 x 10712 exp (— 1710/T)
O('D) + CH, — CH, + OH 1.3 x 10710
Cl + CH, — CH, + HCI 7.3 x 1072 exp (—1260/T)

The reaction rates, k, are those recommended by NASA [23]. The concentrations
of the reactants are given in Table 5. Only a few measurements of OH and Cl exist in
the upper stratosphere and no measurements exist at all of O(' D) to confirm the model
derived concentration for these species. Thus, the relative fit to the CH, profile of
results with different vertical transport coefficients is only of limited use in deter-
mining which set of coefficients is most satisfactory.

Low stratospheric methane abundances will have various consequences on model
calculation of other species. As an example, they will have the effect of reducing the
HCI/CIO ratio.

Conclusion

New stratospheric methane measurements have been presented with previous
measurements reinterpreted on the basis of a consistent set of spectroscopic para-
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Table 5

Selected concentrations (cm~3) for important
species to CH, loss rate as derived from the

LLL 1-D model with Chang, 1976 K, .

Altitude

(km) OH cl o('D)
10 8.56(+5) 1.08(+3) 1.67(-2)
11 1.03(+6) 1.83 2.30

12 1.57 3.47 3.16

13 2.16 5.78 4.35

14 2.23 7.41 6.01

15 2.27 9.15 8.35

16 225 1.08(+4) LI17(-1)
17 2.18 1.24 1.65

18 2.06 1.37 2.35

19 1.92 1.49 3.40

20 1.81 1.62 5.00

21 1.75 1.74 7.49

2 1.76 1.88 1.12(+0)
23 1.84 2.05 1.63

24 2.00 2.27 2.29

25 2.24 2.58 3.19

26 . 2.57 2.96 4.44

27 3.00 3.46 6.21

28 3.56 4.11 8.70

29 4.27 495 1.22(+1)
30 5.14 6.06 1.71

31 6.20 7.52 2.38

32 7.48 9.40 3.26

33 8.94 1.18(+5) 4.39

34 1.06(+7) 146 5.74

35 1.25 1.79 7.33
375 178 2.80 1.25(+2)
40 2.31 4.02 2.02
42.5 2.54 4.97 2.91

45 2.34 4.88 3.35

meters. Discrepancies with values obtained at the upper edge of the stratosphere
by means of in situsampling calls for new measurements, particularly at thosealtitudes.

Acknowledgement

Thanks are due to M. Rosseeuw for computer programming.

R EFERENCES

[1] BAINBRIDGE, A. E. and HEDT, L. E. (1966), Measurements of methane in the troposphere and lower
stratosphere, Tellus 18, 221-114.

[2] KYLE, T. G., MURCRAY, D. G., MURCRAY, F. H. and WiLL1ams, W. J. (1969), Abundance of methane
in the atmosphere above 20 kilometers, J. Geophys. Res. 74, 3421-3425.



380 M. Ackerman, D. Frimout, C. Muller and D. J. Wuebbles

[3] ACKERMAN, M., FrRiMoUT, D., LippENS, C. et MULLER, C. (1972), Détermination de la distribution
verticale du méthane stratosphérique par spectrométrie infrarouge en ballon, Bull. Acad. Roy. Belgique,
CL. Sc. 55, 493-501.

(4] CummiNG, C. and Lowg, R. P. (1973), Balloon-borne spectroscopic measurement of stratospheric
methane, J. Geophys. Res. 78, 5259-5264.

[5] Burkert, P., Rapus, D. and BoLLE, H. J., Stratospheric water vapor and methane profiles in Proc.
Int. Conf. on Struct., Compos. and Gen. Circ. of the Upper and Lower Atmos. and Poss. Anthrop. Pert.,
Vol. 1 (1974), pp. 267-274.

[6) FARMER, C. B., RaPER, O. F., ToTH, R. A. and SCHINDLER, R. A., Recent results of aircraft infrared
observations of the stratosphere in Proc. Third Conf. on the Climatic Impact Assessment Program,
Rep. No. DOT-TSC-OST-74-15 (U.S. Dept. of Transport, 1974), pp. 234-245.

{7] Lowg, R. P. and McKinNNON, D. (1972), Measurements of stratospheric methane over north America,
Can. J. Phys. 50, 668-673.

[8] BumaLT, D. H., HeoT, L. E., LUEB, R. H. and PoLLock, W. (1975), The vertical distribution of trace
gases in the stratosphere, Pageoph 113, 389-402.

[9] NicoLeT, M. and PEETERMANS, W. (1973), On the vertical distribution of carbon monoxide and methane
in the stratosphere, Pageoph 106-108, 1400-1416.

[10] Worsy, S. C. and McELROY, M. B. (1973), On vertical mixing in the upper stratosphere and lower
mesosphere, J. Geophys. Res. 78, 2619-2624.

[L1] HunTeN, D. M., The Philosophy of one-dimensional modeling in Proc. Fourth Conf. on the Climatic
Impact Assessment Program, Rep. No. DOT-TSC-OST-75-38 (U.S. Dept. of Transport 1975),
pp. 147-155.

[12] CHANG, J. S., Uncertainties in the validation of parameterized transport in I D models of the stratosphere
in Proc. Fourth Conf. on the Climatic Impact Assessment Program, Rep. No. DOT-TSC-OST-75-33
(U.8. Dept. of Transport 1975), pp. 175-182.

[13] ACKERMAN, M., FRiIMOUT, D., GIRARD, A., GOTTIGNIES, M. and MULLER, C. (1976), Stratospheric
HCI from infrared spectra G. R. L. 3, 81-83.

[14] Tors, R. A., BRown, L. R. and HUNT, R. A. (1978), Line positions and strengths of methane in the
2862 to 3000 cm™* Region, J. Mol. Spectry, in press.

[15] McCraTcHEY, R. A., BenepicT, W. S., CLoucH, S. A, BurcH, D. E., CaLreg, R. F., Fox, K.,
RoteMAN, L. S. and GARING, J. S., AFCRL atmospheric absorption line parameters compilation,
AFCRL-TR-73-0096, Environmental Research Papers No. 434 (L. G. Hanscom Field, Bedford,
Mass. 01730, 1973).

16] MARTELL, E. A. and EaHALT, D. H., Hydrogen and carbon compounds in the upper stratosphere and
lower mesosphere in Proc. Int. Conf. on Struct., Compos. and Gen. Circ. of the Upper and Lower
Atmos. and Possible Anthropogenic Perturbations, Vol. 1 (1974), pp. 223-229.

[17] ExHALT, D. H., HEmrT, L. E. and MARTELL, E. A. (1972), The concentration of atmospheric methane
between 44 and 62 kilometers altitude, J. Geophys. Res. 77, 2193-2196.

[18] EmmaLT, D. H,, Hemr, L. E., Lues, R. H. and RopER, N., Vertical profiles of CH,4, H,, CO, N,O
and CO,, in the stratosphere in Proc. Third Conf. on the Climatic Impact Assessment Program, Rep. No.
DOT-TSC-OST-74-15 (U.S. Depart. of Transport 1974), pp. 153-160.

[19] HarDp, T. M., Summary of recent report of stratospheric trace-gas profiles in The natural stratosphere
of 1974, CIAP Monograph I, Depart. of Transport, U.S., DOT-TST-75-51. (1975}, 3-162-3-170.

|20] CHANG, J. S., Halocarbons: Effects on Stratospheric Ozone, National Academy of Sciences Report.
Washington, D.C., September, 1976.

[21] CRUTZEN and ISAKSEN, The Impact of the Chiorocarbon Industry on the Ozone Layer, NOAA and

NCAR Preprint, 1975.

[22] HunteN, D. M. (1975), Estimate of stratospheric pollution by an analytic model, Proc. Nat. Acad. Sci.
72, 4711-4715.

[23] NASA Report on Chlorofluoromethanes in the stratosphere, (ed. R. D. Hudson), NASA publication
1010, 1977.

(Received 14th October 1977)



