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Summary. On the basis of a model for the general circulation in the stratosphere and
mesosphere a possible explanation is presented for the observed increase with height from about
20 km of the water vapor mixing ratio. Upward motion through the tropical tropopause may be

suificiently strong to transport H,0 substance in the form of ice crystals into the stratosphere.
This air mass will arrive in middle and high latitudes at heights of 25 km or more. — A combi-
nation of the proposed circulation model and a theoretical photochemical model atmosphere
shows that the photodissociation of water vapor is unimportant below about 80 km. AboVe_ this
height photodissociation causes a rapid decrease in the water vapor mixing ratio.” '

1. Introduction. Before measurements of the water vapor content in the strato-

sphere were made, it was generally assumed that the regions above the tropopause -

were very dry. This conclusion was based upon the absence of clouds above the tropo-
pause (water or ice clouds were only rarely seen). The assumption of a dry lower
stratosphere was later confirmed by frostpoint measurements up to about 15 km over
England (MURGATROYD, Gorpsmite and Horrmves, 1955, HeLLiweLr, MAcCKENZIE
and KERLEY, 1957). S - ' o : '
 This peaceful state of affairs was brought to an end when direct measurements were
extended to higher altitudes. Although large variations occur, these observations seem
to indicate an increase in the mixing ratio by approximately an order of magnitude
from 20 to 30 km (Gurnick, 1962). The phenomenon of an increasing mixing ratio
with height has frequently been discussed in the literature, but so far, without being
conclusively explained. ' ' , E

- The water vapor content above the levels exposed to direct measurements has
also -attracted much interest, especially in connection with discussions on the problem
of the nature of noctilucent clouds (HesstvepT, 1962). In their study of the photo-
chemistry of the oxygen-hydrogen atmosphere, BaTes and NicorLeT (1950) found that
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the photodissociation of water vapor becomes significant as low as 65 km, thus ex-
cluding the possibility of ice cloud formation at the levels of noctilucent clouds.

It is the aim of this paper to discuss the two problems mentioned above. A possible
explanation of the increase in mixing ratio from 20 to 30 km is given on the basis of
circulation models for this part of the atmosphere. Furthermore, the general circulation
is shown to raise the upper limit of the region of high water vapor content in the high
Jatitude summer mesosphere to the levels where noctilucent clouds have been observed.

2. The general circulation in the stratosphere and the mesosphere. As
already mentioned, the mixing ratio water vapor to air has been found to increase
with height from about 15 km upwards to the limit of observations. The validity of the
measurements has been questioned {Gurnick, 1961), but no conclusive statement has
so far been given. In this paper it will be assumed that the measurements are represent-
ative and that they give a realistic picture of the water vapor distribution in the region
15—30 km. As a consequence, the observed increase in mixing ratio with height re-
quires an explanation. - '

The variations in water vapor content due to photochemical reactions are negligibly
small. Water vapor will therefore act as a useful tracer and its spatial distribution will
be closely related. to the general circulation. o T _ o _

A theoretical study of the mean-air flow between 15 and 80 km was recently made
by MurcaTrROYD and SiNGLETON (1961),-who. calculated vertical and meridional
velocities for levels between 15 and 80 km; for all latitudes and for different periods
of the year. In these calculations the eddy transport was reglected, a simplification
which may have introduced considerable error into the final result. Further errors
may have arisen from uncertainties in the data which were used as a basis for the deter-
mination of the rates of heating and cooling in the atmosphere. So far there is not
enough observational data to serve as a check on MURGATROYD and SINGLETON’S
circulation models. In view of all the uncertainties involved, it is perhaps not advisable
to draw too many and detailed conclusions about the water vapor circulation. Never-
theless it is of interest to use the models, and regard them as models only, to see if it
is possible to reconcile the air flow in the model atmosphere with the observations
of water vapor up to 30 km. In particular we want too see if it is possible to reconcile
the stratospheric circulation, as determined by MurcaTROYD and SINGLETON, and
the observed increase in water vapor mixing ratio up to 30 km.

In order to obtain a better visual impression of the airflow in the upper atmosphere,
the velocity vectors in the meridional plane were determined from the vertical and
meridional velocities obtained from MurcaTROYD and SINGLETON’s figures. From the
vector fields thus obtained, streamlines were drawn. MURGATROYD and SINGLETON
divided the year into eight parts: early summer, mid-summer, late summer, autumn,
early winter, mid-winter, late winter and spring. (Since symmetry was assumed between
the two hemispheres, the results may be presented in four diagrams.) Thus each set
of data may be said to represent a period of 11/, months. The streamline patterns for
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Fig. la. Mean motion in the upper atmosphere (based upon MureaTrROYD and
SmNGLETON’s data). The arrows indicate the distance travelled by air particles in 6
' wecks (early summer and early winter).

the four periods early summer to autumn show marked similarities; a corresponding
similarity also exists for the periods early winter to spring. Consequently the assumption
of a stationary flow within a 45 day period does not seem to introduce significant errors
in our computations. — Assuming stationary flow, we may compute the distance
travelled by particles over a 45 day period. The results of such computations are shown "
in figure la—d. (In order to obtain a picture of the air flow just above the mesopause,
MurcaTrROYD and SiNGLETON’s data were extended to 100 km by a “probable,;
but purely geometric, extrapolation. Obviously such a procedure introduces many
uncertainties for the levels in question, but the errors are of minor importance for the
evaluation of the water vapor content at high levels in section 4.) '
A similar feature noted for all seasons is that the air enters the stratosphere in low

latitudes, moves polewards in both hemispheres and reenters the troposphere in high
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Fig. 1b. Same as fig. la for mid-surnmer and mid-winter.

/

latitudes. However during the summer season this poleward flow is seen to split up,
one part going back to the troposphere and one part rising to higher parts of the strato-
sphere. The streamlines dividing these two flows, shown in the figures by crossed lines,
are situated at a height of approximately 25 km. If we follow these lines back to the
tropical tropopause, we find that the air entering the stratosphere on the poleward
side of about 5—10° latitude never reaches altitudes higher than about 25 km, but
sinks back to the troposphere in high latitudes.

In the same way we may show that air reaching the 30 km level in the winter hemi-
sphere cannot have penetrated the tropical tropopause on the poleward side of 5°
latitude,

Consequently the air masses at about 30 km or above can be traced back to a 10°
latitude zone situated very close to the equator, drifting slightly north-south with the
season. Therefore, if the water vapor content in this zone is significantly higher than
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Fig. lc. Same as fig. 1a for late summer and late winter.

that in the air in higher latitudes, one should expect the water vapor mixing ratio to
increase with height in high and mid-latitudes. '

The arguments in the discussion above rest upon a somewhat simplified picture

of the air transport in the stratosphere. At certain levels this transport is very slow
and the marked difference between the summer and winter circulation will give rather
rregular curves for the trajectories in certain regions of our model atmosphere. How-
ever, it is difficult to see how the main features of the simplified picture of the circulation,
as outlined above, could be seriously affected by integrations over longer periods of
time,

3. The tropical tropopause as a source of high Ievel humidity. It is
generally accepted that the air rises in the tropical troposphere and enters the strato-
sphere either through the tropical tropopause or through the break in the tropopause
in the tropical jet region. In both cases the air has to pass a region of extremely low
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Fig. 1d. Same as fig. Ia for autumn and spring.

temperature, down to about —80°C. The excess of water vapor will then condense
out and form ice crystals. If the fall velocity of these crystals is larger than the vertical
velocity of the air they will fall down to lower levels. The temperature minimum will
therefore act as a water vapor trap and ensure a constant humidity mixing ratio in
the stratosphere, in agreement with the results of the frost-point observations made
over the British Isles. '

On the other hand, if the terminal fall velocity of the ice crystals is smaller than the
upwind velocity the crystals will be carried by the air currents into the stratosphere,
where they will evaporate at a certain level due to the increasing temperature.

This argument leads us to the following question: Is it possible that tiny ice particles
are brought up within a narrow equatorial zone (width about 10°), as described in
section 2, whereas the vertical velocities outside this zone are too small to prevent sedi-
mentation of the ice crystals formed?

In order to give a tentative answer to this question, we shall compare the vertical
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velocities in the equatorial zone with terminal fall velocities for particles of different
sizes.

From MurcaTROYD and SINGLETON’s figures, 0.1 cm/sec seems to be a representative
value for the vertical velocity of the air at about 18 km in the equatorial zone defined

above. The movement in this zone is essentially vertical, the meridional component

being negligibly small. Outside this zone the vertical velocities decrease very rapidly.
In addition this effect is accelerated by the fact that the meridional transport soon
brings the particles to latitudes where the vertical velocities are very small {and even
change sign beyond 30° latitude). ' :
Since the crystals will attain a prismatic rather than a spherical shape, a departure
from Stokes’ law must be expected. It is therefore necessary to determine the terminal
fall velocity of diiferent forms of hexagonal prisms. Due to small values of supersaturation
only two crystal forms are likely to occur, namely columns and plates. We shall assume
that multiple crystals do not occur, Furthermore the complex surface of a column will
be approximated by an ellipsoid with semiaxes [a, a, ka(k>1)], where 2a is the thick-
ness of the crystal. In a similar way the hexagonal plate will be approximated by an
ellipsoid with semiaxes [4/£’, b, b(k' >1)], where b is the mean radius of the hexagon.
According to Lams (1932), the resistence experienced by a falling ellipsoid is

3.1) 6rnury ,

where x4 = dynamic viscosity, » = fall velocity, and 7 = a characteristic length
which depends upon

8
6.2 | "3 AL
where _
23 e i | 'I o dl
(3.3) 1= g(a2+i)(k2d2+_l)1/2 s lp= J(az-[—ﬁ.)z(kzaz-l—l)”z
which gives, upon integration
8a k*—1

S T B =) =) PG+ (- = ¢

For 2 <k <10 we may write f(k) a1 +k{4. — For a plate the expression for r becomes -

. 8
(3.5) r REAEY RO
Where ’
' © dA - , = di
(2.6) e e B e e
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which gives

: 4p k*—1
3.7 r==

=b- f'(K)
E+E(*>=2)(K?*=1)Y 2[2 —arctg(k'?—1)"1/ 2:|

For £ >2 we may write f'(£") ~0.85.
From (3.1) and (3.4) the terminal fall velocity », of a column may be determined
by assuming equilibrium between resistence and gravitational force:

2p;gka’
3.8 v, =
G8 o _
where p, = density of ice and g = acceleration of gravity. — For the terminal fall
velocity 2, of a plate we obtain:
2p,gb”
(3'9) . vp == gﬂk'f’(k,)

It is useful to compare the terminal fall velocity of a crystal to the terminal fall velocity
u, of a sphere of equal volume. The following relations are obtained

JRYE
(3.10) - Us'}“(““k)
and

| | _
(3.11) | Up = 05" k'l"sf’(k')‘ .

The values of the ratios v.fv, and v,/v, are shown in figure 2 for different values of
k and %'. The ratios are smaller than unity, which means that single, compact ice
crystals fall slower than an ice sphere of equal volume. However the difference is not
so large that the assumption of a spherical crystal form is qualitatively misleading. We
may therefore conclude that an updraft of 0.1 cm/sec near the tropopause, as deter-
mined by MurcaTROYD and SINGLETON, is too small to prevent precipitation of medium
and large cloud particles, but is sufficiently large to transport into the stratosphere
small ice particles of “geometrical mean radius” about 34.

(Since the temperature rises above the tropopause, the small particles will start
evaporating. This effect will compensate for the decrease with height of the vertical
velocity.)

Standard values for the mixing ratio at heights up to 31 km have recently been
given by Gutnick (1962), who suggests 1.5 10~%g/g as a representative value of the
mixing ratio at 31 km, corresponding to a frostpoint temperature of —70°C at this
level. If we trace this air mass back to its source region at lower levels in the tropics,
all the time comparing with the air temperature field, we find that temperature and
frostpoint are equal at about 22 km. Below 22 km supersaturation must exist, the major
part of the excess of water vapor being taken up by ice particles. As we descend below
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Fig. 2. The solid curve shows the ratio v./s; of the terminal fall velocity v, of an

elongated ellipsoid of revolution, falling with the long axis horizontal, to the terminal -

fall velocity z; of a sphere of equal volume (k=ratio of principal axes). The dashed -

curve shows the ratio #,/v, of the terminal fall velocity vp of an oblate ellipsoid of

revolution, falling with the short axis vertical, and the terminal fall velocity z; of a

sphere of equal volume (k’=ratio of principal axes). The two types of ellipsoids
are assumed to be representative for columns and plate crystals.

18 km the temperature increases as we descend and temperature and frostpoint are
again equal at a height of about 13 km. According to our hypothesis a continuous
ice cloud should exist between 13 and 22 km, covering a belt of 10° latitude around the-
earth. We shall draw some further conclusions about this “hypotethical cloud”,
From an evaluation of the actual total water content (given by the assumed mixing
ratio and the vertical pressure profile) and the saturation vapor pressure with respect
to ice (given by the temperature profile) we may compute the ice content at each
level. The maximum value of the ice content was found to be 1.9 x 10-3gfcm?® at a
height of 19 km. For a given vertical velocity we may compute the maximum volume
of an ice crystal following the airflow upwards. Since the vertical velocity is quite small,
the ice particles will have sufficient time to reach their equilibrium size. This makes
it possible to estimate the concentration N of particles which is necessary to take
up the required quantity of ice substance (1.9 x 10-%g/cm3). Figure 3 shows the results
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Fig. 3. The concentration (&) of ice crystals at the tropical tropopause required for .
a transport of water substance which is sufficient to explain the observed high mixing
ratios above 25 km, plotted against vertical velocity.

of such computations for ice columns of length 3, 5 and 10 times the mean thickness.
As might have been expected from the computations above the concentration N does
not depend critically upon the crystal form. On the other hand N depends very
strongly upon the vertical velocity. For a velocity of 0.1 cm/sec N must be larger than
100 cm=3, whereas a velocity of 0.5 cmfsec reqgpires only 10—20 particles pr. cm?®
Such clouds might be visible under favorable conditions (for instance viewed hori-

zontally from an aircraft at about 18 km against a low sun). To the author’s knowledge,

there is no observational evidence of the existence of such a cloud. However it might
be of interest to try to make samples of the atmospheric aerosol in the atmospheric
region in question. If ice crystals were found here it could imply that the model which
has been presented is a realistic one and could be used in future studies of the high
altitude circulation and the mass exchange between troposphere and stratosphere.

4. The water vapor content above 30 km. We shall now turn to the second
problem mentioned in section 1, a discussion of the humidity conditions at the levels
above 30 km. Except for a single observation (PyBus and Yunxker, 1962) no direct
measurements are available, and our considerations will therefore be purely theoretical.

&
1
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As already mentioned, a photochemical oxygen-hydrogen model atmosphere has been
developed by Bates and NicoreT (1950). Since their paper was published our knowlegde
of the temperature conditions in the upper atmosphere has improved considerably.
Furthermore, additional radiation data are available and new values have been recom-
mended for the rate coefficients of the recombination processes. It is therefore desirable
to recompute the oxygen-hydrogen atmosphere model proposed by BaTes and NicoLET.

In our oxygen-hydrogen atmosphere model we shall consider reactions between the
following compounds: O, O,, O,, OH, HO,, H,, H,O and H. In addition, non-reacting
elements, M, will act as third bodies in three body collisions. Between these elements
the following chemical reactions are considered:

(4.1) 0+0+M-0,+M ky =1.6x1073*-72cm0ec™!

4.2) 0+0,+M—>0;+M  k, =64x10736- TY2mbsec™ 1

4.3) 0+40,;-20, ks - 42x 10713 . 727 3.2/RT 36601
(4.4) 0, +hv—20 Js =5x1077sec™* for zero optical depth
4.5) O;+hv—>0+0, J3 =10"%sec™! for zero optical depth
(4.6) H+O+M-OH+M ks =6x107%*-T"%cm®sec™

@.7 H+0,+M-HO,+M  k; = 1.3%x10733- TY2cm5%ec !

@.8) H+0;-0H+0, kg =8x10712. 712~ 1RTgp3gec™1

(4.9) H+0,-HO,+0 kg =1.5%x1071 T2 HRT gy 3gec1

(4100  OH+0O-H+O, kig = 6.7x10712 . TH27 0-5/RT oy 3gan1
(4.11) HO,+0-0H+0, ki =6x10"13-TY2em3sec™!

(4.12) HO,+hv—»OH+ 0 Ji2 =10"%sec™! |
(4.13) H,0+h—»OH+H | T3 =1.5x10"%sec™ " for zero optical depth
(4.14) H+HO,-H,0+0 kiy=15x10711. T2 4/RTop3c00~1 -
(4.15) H+HO,—H, 40, kys=1.9x10713. 71/2cm3gec ™t
(4.16) H+HO,—20H kig=6x10"13- T 2cm3sec™!

4.17) H+H+M-H,+M ky; = 1.6x10723. ’1’”201116:sec'1

(4.18) H+OH-»H,+0 kg = 1.5 % 10711 P12~ 4/RT 30 ~1
(4.19) H,+0—-OH+H ko =4.5x107 11 . 712 ~T/RT oy 3gap— 1
(4.20) H,+OH-H,0+H ko =7x 10712, T12g= 10/RT 3 g0t

4.21) OH+0;~HO0,+0,  ky =1.5x10" 11 712~ HRT g 3c0 —1

(4.22) H+0,-0H+0 kyz =3.6%x1077- T2 24 RT3 c0c~1
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(4.23) OH+OH-H,0+0 kys = 1.6x 1073 TH2cm3sec ™!
(4.24) " OH+HO,-H,0+0,  ky, =6x107"2 T 2cm3sec™?
Here £, %, .. k24 are the rate coefficients for the recombination processes, and

J2,J3,J12 and Jy3 are dissociation rates. The time variations of the elght components
are given by elght d1fferentlal equations:

d[O] )
(4.25) o g =A—Bi[0]-cy[o]
d[O,
(4.26) L o ] = A,—B,[0,]
p |
(4.27) o C “I;;gs_] = As—Bs[Os]
d[ OH] ,
(4.28) —~ =As—B.[OH]-C,[OH]
' d[HO,]
(4.29) T4 =45-B5[HO,]
d[H
(4.30) A d:] —Bg[H,]
(4.31) T 7[H20] A7 J13fH, 0] -
d[H]
(4.32) ' % = Ay~ Bs[H]— Cs[H]

Brackets [ | are used to denote the particle concentrations of the components. In thc
equations {4.25) to (4.32) are also included the relations

(4.33) [oz]+[Hon+—;([01+3[03]+[0H]+[H201) —ofM]
(@.34) [Hz]+[H201+§<[0H]+[Hoz]+[H]) — B[M]

expressing that the total amounts of oxygen and hydrogen at a given level are constant.
For o we take the usual value 0.2095. Since practically all atmospheric hydrogen is
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in the form of HyO below about 70 km we shall assume the value = 2.4x 104 ob-
served at 31 km. (The escape of high level hydrogen is neglected since it is unimportant
below 100 km, which is the part of the atmosphere we want to examine in more detail.)

Since all the rate coefficients £, ,, ... k4 depend upon the temperature, and
~ since [M] is a function of temperature and pressure, we have to specify a temperature .
and pressure profile for our model atmosphere. Due to seasonal and latitudinal tem-
perature variations, which are especially pronounced near the mesopause, it is ne-
cessary to select at least three different profiles. NorpBERG and StroUD (1961) have
computed mean temperatures for low latitudes (year) and for high latitudes (winter
and summer separately). Their profiles were, with a slight rev151on, selected for the
present calculations. (See table 1.)

-

Table 1. Assumed temperature profiles for low latitudes and high latitudes, summer and winter.

Height, Low latitude, High latitude, High latitude,
km - sammer and winter summer winter
120 350°K ' 350°K - 350°K
110 257 257 270
100 236 232 . 256
100 218 . 212 242
95 203 -196 231
a0 190 178 223
85 185 161 - ' - 217
80 190 163 215
75 ' 200 188 219
70 219 _ 212 225
60 247 254 252
50 270 274 259
40 254 254 . 230

- 30 233 234 : 200

The dissociation rates J, and J, were determined from the diagrams of DiTscu
(1956) and Nicorer (1958). The dissociation rates are functions of the total amount
of O, and O; in the overlying part of the atmosphere in the path of the sun’s rays.
Therefore, the sun’s elevation also has to be taken into account. In low latitudes, the
sun was assumed to be in zenith during daytime. For high (60°) latitude, mid-summer,
the mean elevation during daytime was assumed to be 30°, and for high latitude, mid-
winter, the mean elevation during the day was taken as 4.5°.

The dissociation rate for HyO was calculated for the Ly« region a,nd for the con-
tinuum 1500—1900 A. The Ly« radiation was found to contribute significantly to the
dissociation rate down to 60 km in low latitudes, down to 65 km in the high latitudes
summer and down to 75 km in the high latitudes winter. It was found that for zero
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optical depth one third (5 x 10~%ec™?) of the total dissociation rate was due to Lya-
radiation. _ , _

Daytime equilibrium values may now be computed for our three model atmospheres
by assuming the time variations in equations (4.25) to (4.32) to be zero. The resulting
system of eight equations, in a suitable way combined with (4.33) and (4.34), was
solved by an iterative method for each level and for the three atmospheric models.

The solutions thus obtained represent the equilibrium concentrations in a static
atmosphere during an infinitely long day. No account has so far been taken to the
effect of the interruptions in solar radiation during the night. Strictly the time variations
of the concentrations should be found by integrations over 24 hour periods. However,
sufficiently good approximations for the daytime concentrations are obtained if all
the dissociation rates are multiplied by the ratio #,/24 where ¢ = length of the day
in hours. The results of these computations are shown in figure 4, where the mixing
ratio water vapor concentrations/total particle concentration is plotted against height.
It is seen that all atmospheric hydrogen is in the form of H,O up to a height of 70 km
(75 km in the high latitude winter atmosphere) where dissociation causes an abrupt
decrease in the water vapor mixing ratio by approximately one order of magnitude
per 3 km. For instance, at 82 km in the high latitude summer atmosphere the mixing
ratio is four orders of magnitude lower than at 70 km. This means that the frost point
drops from 174°K at 70 km to 126°K at 82 km in our model atmosphere. A formation
of ice clouds is not very likely under such conditions. | '

It should be mentioned that a diurnal variation in the water vapor content will
occur due to the absence of solar radiation during the night. Below 80 km the nocturnal
increase in the water vapor concentration is negligibly small. Between 80 km and
100 km the difference between the morning maximum and the evening minimum
amounts to about 109, of the total concentration. At still higher levels this difference
increases to about 309, in relative measure, but here the concentrations are so small
that the problem is of academic interest only. Consequently, the simplified procedure
chosen for the calculations in this section will hardly effect the results significantly.

The variations with height of the water vapor mixing ratio, shown in figure 4,
arc based upon the assumption of a static atmosphere. We shall next estimate the effect
of the large scale motions upon the water vapor content in the mesopause region. It
is clear that if the air rises, the mixing ratio at a given height will be higher than the
equilibrium values shown in figure 4. Conversely, in descending air masses the mixing
ratios will be lower than the equilibrium values. The magnitude of this effect will
depend upon the vertical wind velocity and the characteristic time for the photo-
dissociation of water vapor. An estimate of the latter effect can be made as follows:
If the photochemical equilibrium in a static atmosphere is disturbed, the restoration
of equilibrium may be found from integration of (4.31).

The quantity A, occurring in (4.31) consists of four terms, of which the term
k1 [HO,] - [H], corresponding to reaction (4.14) is dominating. The calculations
show that the characteristic time for [HO,] is very small at all levels. Therefore {HO,]
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Fig. 4. Mixing ratios water vapor/air in a static atmosphere.

will always attain a kind of equilibrium value, determined by the current concentrations
of the other components. As for H, its characteristic time is very short at low levels,
gradually increasing to large values at high levels. At 85 km it is about 2—3 hours
and at 90 km it has increased to 10—20 hours. If these times are compared to the
motions described in figure la—d, we may conclude that [H] will always attain an
equilibrium value, determined by the current concentrations of the other components,
at all levels up to about 100 km. With an accuracy which is sufficient for our calculations
we may assume that, during the motion of the air, 4, will always have the value cor-
responding to photochemical equilibrium. Accordingly, the time variation of [H,O]
will approximately be given by B

(4.35) [H,0] = [H,0], + ([H,0]o—[H,01)exp(—J50)

where [H,0], is the concentration of H,O at ¢=0 and [H,0], is the concentration
at t=oo (i.e. the equilibrium value). The characteristic time for restoration of photo-
chemical equilibrium of H,O is then v=1/Jy3. The variation of = with height is
shown in figure 5. At high levels (above 105 km) v is about 20 hours. Below 105 km
7 increases to large values. At 80 km in the high latitude summer, the characteristic
time is seen to be about 5 days. Comparison of figure 1 and figure 5 shows qualitatively
that upward notion is only likely to affect the water vapor mixing ratio at levels between
70.km and somewhat below 100 km. ‘ '

Of special interest to our problem is the effect of the air motion upon the water
vapor content in the high latitude summer atmosphere. In order to try to find how far
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Fig. 5. Characteristic time (defined as 1/]13) for restoration of photochemical
equilibrium. of water vapor. ' B

the dissociation level is raised above 70 km, which is the level of dissociation in a static
atmosphere, we shall use equation (4.35) and select trajectories and vertical velocities
in accordance with figure 1b. The water vapor mixing ratios computed in this way
for the high latitude summer atmosphere are shown in figure 6. It is seen that the motion
in our model! will raise the level where photodissociation of water vapor becomes im-
portant by about 5 km, from 70 km to about 75 km during the summer in high latitudes.
Above 75 km the photodissociation causes a rapid decrease in the water vapor mixing
ratio. At 83 km the mixing ratio is one order of magnitude lower than it is at 75 km.

As for the water vapor content in low latitudes and in high latitudes in the winter
hemisphere it is important to note that according to our circulation models the motion
is essentially horizontal from 60° latitude in the summer hemisphere towards the equator
and the winter hemisphere. The variation in the water vapor content due to the meri-
dional transport can be computed from (4.35). Such computations have been made for
30° (summer hemisphere), equator, 30° (winter hemisphere) and 60° (winter hemi-
sphere). The results are given in figure 6. It is seen that the water vapor content grad-
dually decreases during the transport from 60° in the summer hemisphere to 30° in
the winter hemisphere, but the values are at all times significantly higher than the
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Fig. 6. Mixing ratios water vapor/air in an atmosphere with motion in accordance
with figure 1 a—d. ' '

equilibrium values shown in figure 4. During the transport from 30° to 60° in the winter -
hemisphere the mixing ratio increases again, but will be lower than the equilibrium
value when it arrives at 60° latitude. On its trajectory towards the winter pole the air
starts descending at a rate which will have a significant effect upon the mixing ratio.
It is of interest to note that the static atmosphere model showed the highest content’
of water vapor at the mesopause level to occur near the winter pole. However, the air
motion reverses this picture so that this region provides a drier mesopause than all
other latitudes. '
Now the following question arises: Is it possible to reconcile the results above with
the assumption that noctilucent clouds consist of ice particles (Hesstvent, 1962)?
Such clouds occur at about 82 km in high latitudes during the summer where the
lowest temperatures of the entire atmosphere are found. If the water vapor mixing
ratio were the same throughout the atmosphere the maximum possibility of supersatura-
“tion to exist should occur just at the high latitude summer mesopause. However,
photodissociation will cut off the even distribution of water vapor at a height of about
+ 75 km, according to our results. Still the mixing ratio calculated for 82 km (5 x 10-5g/g
corresponding to a frostpoint of 159°K) is high enough to explain supersaturation and
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formation of ice particles. On the other hand this mixing ratio is possibly too low to
explain relatively rapid variations in particle size (HesstvepT, 1962). But in view of
all the uncertainties involved in the calculations the discrepancy is not such that ice
particle formation and growth may be considered as unlikely.

5. Concluding remarks. Our knowledge about the circulation in the stratosphere
and the mesosphere is at the present rather incomplete. It is shown above that a more
detailed knowledge is necessary to explain some characteristics of the spatial distribution
of water vapor in the high atmosphere. Extended studies on high level atmospheric
circulation is therefore highly desirable. On the other hand more extensive observations
of stratospheric humidity could possibly provide a clue to the understanding of the
circulation in the lower stratosphere.
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