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Abstract-Attention is drawn to the possibility that H + HO, + Hz + 0, may be an important 
source of hydrogen molecules in the lower thermosphere. It is suggested that the fractional 
volume abundance of hydrogen atoms (free and combined) in this region is determined by, and 
is not very much less than, the corresponding fractional volume abundance in the stratosphere. 
Any hydrogen molecules in the lower thermosphere would affect the altitude distribution of 
hydrogen atoms and augment their rate of escape. 

We shall first briefly discuss the abundance of atomic hydrogen and of its compounds 
near the 100 km level; and we shall then consider atmospheric hydrogen as a whole. 

1. *ABUNDANCE OF VARIOUS FORMS OF HYDROGEN NEAR THE 100 km LEVEL 

1.1 Atomic hydrogen 

From measurements which Purcell and Tousey’l) made on the absorption core of the 
solar Lyman alpha line it has been calculated t2s3) that the number density of free hydrogen 
atoms at 100 km level, n(H ( 100 km), is some 1 x 10’ cm-3 (which corresponds to a 
fractional volume abundancef(H 1 100 km) of about 1 x 10-6). The associated escape flux 
through the thermosphere is approximately 2 x 10’ atoms cm-2 set-l. 

1.2 Hydroxyl and perhydroxyl 

Photo-chemical equilibrium between H, OH and HO, is maintained in the region of the 
100 km level. The main processes involved are 

0H+O+02+H (1) 

HO,+O+OH+O, (2) 

H+0,+OH+02 (3) 
and 

H+O,+M+HO,+M, M=N,,O,,O. (4) 

Denoting the rate coefficient by the symbol M with the equation number as an identifying 
subscript we have that 

and 
n(OH)ln(H) = (in + v(O&(M)}/V(O) (5) 

n(HO,)ln(H) = w(~2MW~2~(~~. (6) 

* In $1.1 and 1.2 we shall to a large extent be simply recapitulating, for the sake of completeness, earlier 
deductions of relevance. 
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From the values of the rate coefficients recommended by KaufmarQ4) we hence find 

n(OH 1 100 km) and n(H0, 1 100 km) < n(H 1 100 km) (7) 

1.3 Methane and water vapour 

Any methane in the thermosphere is subject to rapid photo-dissociation by Lyman 
alpha, the contribution of this line to the reciprocal life, J(CH& being about 5.5 x lo-” set-l 
at zero optical depth. G) Moreover, even in the stratosphere and mesosphere methane is 
attacked by atomic oxygen(6) through 

CH, + O-+CH, + H,O (8) 

which has a rate coefficient 

a8 = 6 x lo-l3 T112 exp (-3100/T) (9) 

(deduced from experimental data obtained by Wong and Potter”)). All significant sources 
of the gas are on the surface of the Earth. 

The diffusive upward current of CH, molecules is given approximately by 

F(CH,) = 1 x 10ISf (CH,) [{A) - O-5) + A (&) - l-O)] cm-2 see-l (10) 

where 

SKH,) = nWH,)MW (11) 

is the local fractional volume abundance, where 

r(CH,) = H(CHJ/H(M) (12) 

the H’s being the local scale heights indicated, and where A is the ratio of the eddy to the 
molecular diffusion coefficient. If this current is to replace the methane being destroyed 
chemically it must be of magnitude 

(13) 

in which ns(0) is the equilibrium number density of oxygen atoms during the sunlit hours. 
Combining (10) and (13) we obtain 

II =K 04) 

with 
K = 5 x l&l4 a,ns(0)n(M)H(M). (15) 

Inspection of Table 1 shows that condition (14) is not readily met unless r(CHk) is con- 
siderably less than unity in the upper stratosphere (which of course implies that the 
fractional volume abundancef(CH3 decreases with altitude in this region). For example 
if r(CH,) were O-9 at 40 km and 50 km, condition (14) would only be satisfied if the 
corresponding values of A were 2.7 x 104 and 1.8 x 104 respectively; and these values seem 
rather high since they imply an eddy diffusion coefficient of more than lo6 cm2 see-l in 
the upper stratosphere. 

Large scale motions of the atmosphere may be more effective than eddy diffusion at 
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maintaining a mixing distribution. r8) However, the characteristic times associated with 
these motions are probably longer than the estimated life time 

7(CH4) = 2icr8ns(o) (16) 

of a methane molecule towards chemical destruction (cf. Table 1). 
Unless the values adopted for cc8 and ~(0) are much too high it seems possible from the 

two preceding paragraphs thatf(CH,) falls off through the upper stratosphere; and in any 

TABLE 1. PARAMETERSRELATING TOTHEDISAPPEARANCEOF MFXHANEINTHE STRATOSPHERE 

Altitude z (km) 30 40 50 Ref. 

TC’K) 
H(M)(cm) 
n(M)(cm-a) 
n(0)(cm-5) 
Gc,(cm3 set-I) 

235 268 274 (5) 
7.0 x 106 8.0 x lo5 8.2 x lo6 (5) 
3.7 x 10” 8.5 x lOI6 2.4 x 1016 (5) 

1 x 108 1 x 10’0 2 x 1010 (11) 
1.7 x 10-l’ 1.0 x lo-‘6 1.2 x 10-16 formula (9) 

2. 2.2 x 102 3.4 x 105 2.3 x 10s formula (15) 

h ( if r(CH,) 
= 

0.5 1.1 x 102 l-7 x 10’ 1.2 x 108 If r(CH,) = 0.9 1.8 x lOa 2.7 x 10’ 1.8 x lo* formula (14) 

T(CHJ(sec) 1 x 108 2 x 108 8 x lo6 formula (10) 

event it is certain that it falls off at greater altitudes. Sincef(CH,) is only 1.5 x 1OW in the 
troposphere we may safely assume that 

n(CH, 1 100 km) < n(H 1 100 km). (17) 

Each CH, molecule broken down by process (8) ultimately yields two H,O molecules. 
There is no sufficient photo-chemical sink of water vapour in the region concerned. Con- 
sequently water vapour must flow downwards through the stratosphere. 

Photo-dissociation of water vapour occurs in the thermosphere. The reciprocal life of 
an H,O molecule bathed in solar radiation, J(H,O), is not known accurately but the con- 
tribution to it from the continuum has been estimated(9) to be 1 x 1O-5 se& at zero 
optical depth and that from Lyman alpha has been estimatedt5) to be at least 1 x lo-6 set-l. 
In view of (7) it is clear that reformation of water vapour by 

OH+OH+H,O+O (18) 
and 

OH + HO,+H,O + 0, (19 

may be disregarded near the 100 km level even though both processes are very rapid (cf. 
review by Kaufma@)). The diffusive upward current 

F(H,O) N 1 x 1013f(H,0) 1 - - 1.0 
r(H,O) II cm-2 set-l (20) 

is much more important. By an argument similar to that used in connection with the 
distribution of methane it may be seen that r(H,O) must be less than unity above the meso- 
pause. Accepting thatf(H,O) falls off sharply through the thermosphere and that it does 
not exceed about 3 x 1OW in the upper stratosphere(lO) we see that 

n(H,O 1 100 km) < n(H ( 100 km). (21) 
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I .4 Molecular hydrogen 

Though the photo-dissociation of water vapour proceeds mainly through 

H,O+hv+H+OH 

it may proceed partly through(12) 

H,O+hv-+H,+O 

Another, probably much more important, source of molecular hydrogen is 

(22) 

(23) 

H+HO,+Hs+Os. (24) 

The yield from this must be very great indeed. Kaufman t4) estimates that the rate coefficient 
tcs4 exceeds 3 x lo-l2 cm3 se& at 300°K and that the activation is not more than 2 kcal. 

The principal sink of molecular hydrogen is 

H,+O-+OH+H. (25) 

Measurements by Clyne and Thrushu3) over a range of temperature T from 409 to 733’K 
indicate that 

as5 = 6 x lo-l3 T112 exp (-4450/T). (26) 

According to this formula ass is 1 x 1O-21 cm3 set-l at 200”K, is 3 x 10-l* cm3 set-l at 
3OO”K, is 8 x lo-l5 cm3 set-l at 600°K and is 5 x lo-l3 cm3 set-l at 1200°K. 

Accepting for the moment that the rate coefficients are as cited we conclude that more 
molecular hydrogen is produced near the mesopause than is destroyed there; that a layer of 
the gas is formed conceivably with n(H, ( 100 km) well above n(H 1 100 km); and that 
molecular hydrogen from this layer flows upwards into the higher thermosphere where 
process (25) followed by process (1) converts it into atomic hydrogen. The presence of 
molecular hydrogen would tend to increase the effective scale height of the atomic hydrogen 
in the lower thermosphere and would tend to make its rate of escape faster. 

It is not yet possible to make a reliable estimate of the density of the molecular hydrogen 
layer by direct photo-chemical calculations. Great uncertainty arises from the rate coeffi- 
cients. The values cited may not be the appropriate values. Thus process (23) and prob- 
ably process (24) yield mainly vibrationally excited H, molecules. Such molecules are 
not readily deactivated and would be expected to react more rapidly with 0 atoms than do 
normal H, molecules. Laboratory studies are needed. 

2. DISTRIBUTION OF HYDROGEN THROUGH THE ATMOSPHERE 

The amounts of hydrogen present in the stratosphere as H,O and CH, and perhaps also 
the amount present as H, are controlled mainly by phenomena on the Earth’s surface and 
(in the case of H,O) by conditions near the tropopause. They determine the hydrogen 
content of the mesosphere and thermosphere. The distribution of the element must be such 
that the mean upward flow of free and combined atoms is independent of the altitude z and 
is equal to the mean escape flux. Though the relative amounts of the various hydrides 
change very much with altitude, the fractional volume abundance of all atoms of the 
elementf(H, [ ) z would therefore be expected to remain approximately constant until near 
the top of the homosphere where it may fall because the diffusion coefficients of H and H2 
are greater than those of the other species concerned. 
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If we accept the current view that the stratosphere is rather dry and ignore the possi- 
bility of molecular hydrogen near the 100 km level, we find (cf. Table 2) that the fall just 
mentioned is by a factor of 13 which seems rather large.* We find also that the upward 
flux due to molecular diffusion alone is about 8 x 10’ atoms cm-2 set-l and should 
f(H, 1 z) be a decreasing function of z eddy diffusion and large scale motions of the atmos- 
phere would tend to enhance the upward flux. In contrast, the calculated escape flux (again 
ignoring molecular hydrogen) is only about 2 x 10’ atoms cm-2 set-l. 

TABLE 2. FRACTIONAL VOLUME ABUNDANCE f(Hx) OF HYDROGEN ATOMS FREE OR COMBINED 

Region Atom or molecule Contribution to,f(Hc) Ref. 

Stratosphere 

100 km level 

CH, 
H,O 
HZ 
total 
H 
HZ 
others 

6 x 1O-B 
6 x 1O-6 
1 x 10-G 

13 x 10-G 
1 x 10-S 

unknown 
negligible 

(5) 
(10) 
(5) 

(2), (3) 
$1.4 
51.2 and $1.3 

The apparent discrepancies are not very serious in view of the uncertainties that exist. 
They would disappear if n(H, 1 100 km) were about 3 x 10’ cm-3. A very much larger 
number density would seem to be excluded unless the stratosphere is very much more humid 
than we have assumed. As mentioned in 3 1.4 a reliable estimate of n(H, 1 100 km) cannot 
at present be made photo-chemically. A direct measurement would be very interesting. 
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PWOMe-O6paII@eTCn BHHMaHkIe Ha B03MOWHOCTb TOrO, 'IT0 H + HO, +H, + Oa 
MO?KeT 6bITb Ba)fCHbIM ElCTO%IElKOM MOJIeKJVI BOAOpOAa B HIUKHeti TepMOC@epe. HpeJJ- 
nOJIaraeTCFI, =lTO M30611JIHe YaCTH'IHOrO o6'beMa aTOMOB BOfiOpOAa (C~060AHbIx M 
COCTaBHbIX) B 3T08 o6nacTK Onpe~eJIHeTCri, Ez Ke3Ka4nTenbKo MeHbme, YBM COOT- 
BeTCTBJ'IOIUee u3o6mme 4aCTENHOI.O o6'beMa B CTpaTOC@epe. MOJIeKynbI BOAOpOAa B 
HHXiHIlXCJIORXTepMOC@epbI6~~YTElMeTbBJIIlRHHe HapaCnpeAeJIeHHe BbICOTbIBOAOPOA- 
HbIX aTOMOB I4 J'BeJllNMTb MX CKOPOCTb J'TesKE. 

* A much larger factor arises with the moist stratosphere favoured until recently. 


