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ABSTRACT

The assumption is made that the large-scale mixing properties of the atmosphere are
related to the time and spatial variances of the winds. Data on the time standard
deviations is presented for levels from the surface to about 75 km based on balloon
and rocket soundings. The monthly and year to year variations in the 15-30 km region
and the average seasonal variation for the 30-75 ki region are examined. An attempt
to relate the time and space distributions of some radioactive and airglow tracers to

the wind data is made.

1. Introduction

At the Utrecht Symposium we discussed the
large scale mixing properties of the atmosphere
in terms of the variances of the meridional and
vertical components of the wind; patterns in a
meridional plane of the spatial and time vari-
ances were presented. Particular emphasis was
given to the seasonal changes in these patterns
and the seasonal changes in ozone and other
trace substances in the lower stratosphere. It
i8 our main intent at the present Symposium
to continue this discussion with further data
recently processed for longer time periods and
extending to higher altitudes; no attempt will
be made to reiterate the background informa-
tion given previously (see NEWELL, 19635).

It is worth recalling here that trace substances
information provided the vital link between
the various pieces of meteorological information
available on the energy budget of the lower
stratosphere. The budget in the form in which
it is presently discussed was first debated at
Utrecht and has since been elaborated in more
detail (NEweLL, 1963a, 1964b; OorT, 1963,
1965; SHEPPARD, 1963). The concepts will be
used below in our consideration of the rela-
tionship between trace substance information
at higher levels and the meteorological observa-
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tions. Primary attention will be given to the
region between the tropopause and the meso-
pause.

2. Horizontal transports below 100 mb

(i) Mean motions. We have not performed
further computations from direct observations.
PALMEN & VUoORELA (1963) have presented data
for the winter season based on CRUTCHER’S
(1961) work which we commented on at Utrecht.
In view of the uncertainties in the original data
it seems that an approach which uses the
equations of heat and momentum conservation
and the eddy convergences can give more
realistic results. DickiNsoN (1962) and GILMAN
(1964) have discussed such approaches and
numerical results were given by NEWELL &
MiLLER (1964), but the eddy convergences and
radiative effects are not yet known well enough
to assess the reliability of the results. The
general pattern was the same as that found
by Palmer and Vuorela although the magni-
tudes were much smaller.

(ii) Standing eddies. The spatial standard
deviations of the meridional wind component
were computed from Crutcher’s cross-sections
which were drawn for every 10° of longitude.
Results are shown in Tables 1a—d. The largest
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TABLE la. Standard deviation of meridional wind component. Zonal average from Crutcher’s data.
Units: meters sec~'. Dec./[Jan./Feb. Standing eddy component.

Latitude ... 80 70 60 50 40 30 20 10
Level (mb)
100 2.2 3.9 4.1 3.6 2.7 3.3 3.4 2.1
150 2.3 4,1 5.3 4.9 3.1 3.4 4.7 2.4
200 2.7 3.8 5.6 6.1 4.3 3.3 4.9 2.5
300 2.9 3.5 5.1 5.9 4.6 2.7 3.8 2.0
400 2.9 3.3 44 5.2 3.9 2.1 3.0 1.8
500 2.6 2.9 3.5 4.3 3.2 1.8 2.6 1.5
600 2.3 2.4 2.9 3.6 2.9 1.6 2.1 1.3
700 1.7 1.7 2.0 2.9 2.5 1.8 1.8 1.3
800 1.0 1.1 1.8 2.6 2.4 1.7 2.1 1.2

TaBLE 1b. Standard deviation of meridional wind component. Zonal average from Crutcher’s data.
Units: meters sec—t. Mar./Apr.[May. Standing eddy component.

Latitude ... 80 70 60 50 40 30 20 10
Level (mb)
100 1.4 1.9 1.7 1.5 1.5 2.5 2.2 1.6
150 1.0 1.7 2.4 2.7 2.4 2.4 2.5 1.9
200 1.0 1.8 2.8 3.1 2.9 2.3 2.6 2.1
300 1.5 2.0 3.0 3.3 2.8 2.3 2.2 1.5
400 1.5 2.2 2.9 3.0 2.6 1.7 1.7 1.2
500 1.4 2.1 2.4 2.6 2.3 1.3 1.8 0.9
600 1.1 1.7 1.9 2.3 2.0 1.4 1.6 0.9
700 0.7 1.2 1.5 2.1 1.6 1.6 1.7 1.1
800 0.4 0.6 1.2 1.7 1.5 1.6 1.8 1.1

TaBLE lec. Standard deviation of meridional wind component. Zonal average from Cruicher’s data.
Units: meters sec=. June/July/Aug. Standing eddy component.

Latitude ... 80 70 80 50 40 30 20 10
Level (mb)
100 0.9 1.3 1.4 1.2 2.0 3.2 2.7 1.9
150 0.8 1.3 1.4 1.3 2.0 3.0 2.8 1.9
200 1.2 1.8 2.0 2.1 2.3 3.9 3.0 2.6
300 1.2 2.1 2.0 1.9 2.0 2.4 2.2 1.6
400 0.8 2.0 1.9 1.9 1.8 1.9 1.5 1.3
500 0.9 1.9 1.7 1.7 1.6 1.9 1.8 1.5
600 1.0 1.5 1.5 1.4 1.6 2.1 2.2 1.2
700 1.0 1.5 1.5 14 1.7 2.0 2.1 1.1
800 0.9 1.1 1.0 1.0 2.2 2.2 1.7 1.2

TasLE 1d. Standard deviation of meridional wind component. Zonal average from Crutcher’s data.
Units: meters sec—1. Sep./Oct.[Nov. Standing eddy component.

Latitude ... 80 70 60 50 40 30 20 10
Level {(mb)
100 1.2 2.0 2.3 2.2 2.0 2.4 2.2 2.5
150 1.3 1.9 2.2 2.3 2.0 2.3 1.8 2.5
200 2.0 3.1 3.8 3.7 3.2 2.6 2.3 1.3
300 2.2 3.6 4.0 3.6 2.8 2.3 2.4 1.1
400 2.4 3.2 3.5 2.8 2.2 1.9 1.7 1.2
500 2.2 2.3 2.6 2.5 2.0 1.8 1.7 1.2
600 1.8 1.6 2.2 2.3 1.8 1.6 1.5 1.4
700 1.6 1.2 1.9 2.0 1.6 1.4 1.4 1.6
800 1.2 0.7 1.7 1.7 1.7 1.3 1.1 1.3
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TABLE 2a. Standard deviation of meridional wind component. Zonal average from Cruicher’s data.
Units: meters sec=. Dec.[Jan.|Feb. Transient eddy component.

Latitude ... 80 70 60 50 40 30 20 10
Level (mb) ]
100 8.4 9.7 10.6 10.9 11.3 10.2 8.1 7.1
150 8.5 10.3 11.8 12.4 13.7 13.2 10.6 8.1
200 9.0 10.8 13.0 13.8 15.2 14.56 11.3 8.2
300 10.4 11.9 14.6 15.8 15.6 13.6 9.8 6.8
400 10.1 11.2 13.4 14.4 13.7 11.3 8.2 5.
500 9.1 10.0 11.6 12.4 11.6 9.5 8.9 4.5
600 7.8 8.7 10.1 10.7 9.8 8.1 5. 4.0
700 6.8 7.6 8.7 9.2 8.2 6.9 5.0 3.8
800 5.9 6.6 7.8 8.4 7.4 8.1 4.6 3.7

TaBLE 2b. Standard deviation of meridional wind component. Zonal average from Crutcher’s data.
Units: meters sec-'. Mar./[Apr.[May. Transtent eddy component.

Latitude ... 80 70 60 50 40 30 20 10

Level (mb)

100 5.6 5.9 6.8 7.9 8.8 8.9 7.1 5.8
150 6.4 8.2 9.7 11.1 12.2 11.8 9.5 6.9
200 7.5 9.6 11.6 13.4 14.2 12.9 10.0 7.0
300 10.2 11.6 14.3 15.5 14.6 11.8 8.5 6.0
400 10.0 11.1 12.9 13.7 12.5 9.8 6.8 4.7
500 8.9 9.6 10.9 11.6 10.6 8.3 5.6 3.9
600 7.6 8.1 9.3 9.8 8.8 7.1 4.9 3.7
700 6.6 7.0 8.1 8.5 7.7 6.4 4.5 3.8
800 5.6 8.2 7.2 7.7 7.1 5.8 4.3 3.8

TaBLE 2¢. Standard deviation of meridional wind component. Zonal average from Crutcher's data.
Units: meters sec—. June/July/Aug. Transient eddy component.

Latitude ... 80 70 60 50 40 30 20 10
Level (mb)
100 3.7 4.7 5.9 7.2 7.7 6.7 5.4 5.0
150 5.4 7.2 9.1 10.9 11.0 9.2 7.5 6.4
200 7.6 9.0 11.2 134 12.3 9.1 6.9 58
300 10.7 11.2 13.1 134 10.9 7.2 5.1 4.0
400 9.7 9.9 11.1 11.0 8.8 6.1 4.3 3.4
500 8.3 8.4 9.2 9.3 7.4 8.5 4.1 3.3
600 8.9 7.1 7.9 8.0 6.4 5.1 4.0 3.4
700 5.7 6.2 6.9 7.2 5.7 4.7 4.0 3.5
800 5.1 5.8 6.3 6.6 5.5 4.5 3.9 3.3

TABLE 2d. Standard deviation of meridional wind component. Zonal average from Crutcher's data.
Units: meters sec—'. Sept./Oct.[Nov. Transient eddy component.

Latitude ... 80 70 60 50 40 30 20 10
Level (mb)
100 6.3 7.2 8.1 8.7 8.7 7.6 6.2 5.3
150 7.3 8.8 10.8 12.2 12.2 10.56 8.3 6.6
200 8.1 10.2 12.9 14.7 14.3 11.5 8.5 6.4
300 9.2 11.7 14.9 15.9 13.8 10.0 6.7 4.7
400 8.8 10.8 13.2 13.9 1.5 8.2 5.4 3.9
500 8.1 9.3 11.2 i1.9 9.7 7.0 4.7 3.8
800 7.3 8.0 9.4 10.1 8.4 6.3 4.5 3.5
700 6.4 7.0 8.1 8.6 7.3 5.6 4.4 3.6
800 5.6 8.3 7.4 7.9 8.7 5.2 4.1 3.5
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F1a. 1. A comparison of the eddy components of
the meridional wind for the winter season (Decem-
ber-February) as a function of latitude and pressure.

values are associated with the meandering of
the middle latitude jet stream in the winter
season as might be expected. The smallest
values occur in the lower troposphere of the
tropics and polar regions throughout the year
and in the polar lower stratosphere in the
summer.

(iii) Transient eddies. The time standard
deviations of the meridional wind averaged
from Crutcher’s data appear in Table 2a-d.
Again the largest values are associated with
the jet stream.

A comparison of Tables la-d and 2a-d
indicates that the time standard deviations are
generally greater than the spatial standard
deviations. The spatial standard deviations
(standing eddies) exhibit marked seasonal
variability with a maximum in the winter,
while there is much less annual variation in
the transient eddy component. Fig. 1 is a
comparison of the two terms for the winter
season.

The data in item (iii) were discussed at
Utrecht and the variances converted to equiva-
lent eddy diffusion coefficients. In view of
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the recent interest in modelling large scale
atmospheric diffusion processes (FRIEND et al.,
1962; Kao, 1962; PraBHAKARA, 1963; Sunp-
STROM, 1964; REED & GERMAN, 1863) the basic
data, rather than derived quantities, are pre-
sented here for completeness.

3. Horizontal transports 100-10 mb.

(i) Mean motions and (ii) Standing eddies.
Results for the last six months of the IGY at
100, 50 and 30 mb are now available (PENG,
1965).

(iii) Transient eddies. Observations from a five
year period of data which have been collected
and preprocessed recently by the Planetary
Circulations Project aided by the Travelers
Research Center were available to us through
the courtesy of Professor V. P. Starr. We have
made use of them to study the monthly varia-
tions of momentum and heat fluxes in the
stratosphere in connection with the biennial
oscillation (WALLACE & NEweLr, 1963). The
standard deviations of the meridional wind
component in selected latitude belts are shown
in Fig. 2a—c.

In the belt centered at 8° N (Fig. 2a) the
standard deviations show only a slight trace of
a seasonal variation and are generally small
(5 m sec—). At 14° N the seasonal variation
is quite strongly marked at 100 mb with largest
values in the winter; smallest values appear to
occur in the 20-50 mb region and these have
little seasonal change. Figure 2b include data
from 32° N and 37° N. Values are larger than
in the tropics and the seasonal variation is
evident at all heights. It is clear that the pattern
also varies from year to year. Again the smallest
values occur at intermediate heights which
actually correspond to the transition zone be-
tween the westerly vortex of the upper tropo-
sphere and the vortex centered at stratopause
levels. A further set of data for 47 and 52° N
appear in Fig. 2¢ and show a similar trend of
increases with latitude and quite large values
at high altitudes.

It is evident from Fig. 2 that the mixing
associated with transient eddies is generally
less vigorous during the winters of 1958-59
and 1960-61 than during the adjacent winters.
This tendency for alternating weak and strong
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in meters per second. Blank spaces denote months
without sufficient data
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of the meridional wind at 37° N and 32° N. Units
in meters per second. Blank spaces denote months
without sufficient data

winters is particularly marked in the transition
zone around 30 mb at mid-latitudes. The month-
ly mean ozone amounts for three mid-latitude
stations shown in Fig. 3 exhibit the same year
to year variation. The effects of corresponding
variations in heat and momentum transports
from one winter to the next have been discussed
in more detail elsewhere (WALLACE & NEWELL,
1965). Essentially we can regard high values
of both ozone and standard deviation of the
meridional wind component as a measure of a
large flux of energy from the troposphere into
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Fi1c. 3. Time series of total ozone for three mid-
latitude stations.
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the lower stratosphere and a concomitant high
value of eddy activity.

We have argued elsewhere that the reason
for a spring maximum in total ozone is essen-
tially that more energy is propagated upward
from the tropospheric heat engine in late win-
ter. This execess of energy could produce either
(or both) of the following effects in the strato-
sphere:

1. The level of eddy activity during these
periods could be raised (NEWELL, 1964).

2. The average slopes of the eddy motions
could be increased. NEWELL & MILLER (1964)
have pointed out that the data of Hering for
1963 does show this effect.

The winter to winter differences in eddy
activity are simply a manifestation of the first
effect on a longer time scale and therefore should
be accompanied by differences in the amounts
of conservative trace substances transferred
downwards (or upwards) through this zone.

4. Vertical Transports 100-30 mb

The standard deviations of the vertical velo-
city computed by the adiabatic method for the
first year of the IGY were presented at Utrecht.
Our colleague A. J. Miller will publish shortly
similiar values for the last six months of the
IGY together with an atlas encompassing the
IGY in three-month seasons.

5. Horizontal transports above 10 mb

The most complete source of data for the
25-65 km region is the Meteorological Rocket
Network. The mean zonal flow in the region
based upon these data has been discussed by
NEwWELL (1963¢a, 1965a) and WEBB (1964); the
station coverage is not yet sufficient to make
meaningful statements about the magnitudes
of mean motions and standing eddies. Calcula-
tions of the mean wind components and their
standard deviations and covariances have been
made for all the data up to October 1964.
Three month averaging periods with the equi-
noxes and solstices as dividing dates have been
used as well as two month periods with January
and February coupled.

Cross-sections of the standard deviations of
the meridional component are shown in Fig. 4.
All the northern hemisphere stations have been
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used to draw the isolines shown with due weight
being given to the number of observations per
season; the number is larger than 200 for White
Sands and larger than 100 for three other
stations. Data is sparse at low latitudes and
the data for Ascension Island at 8°S have
been used as a guide to 8°N for the season
displaced six months. Dashed lines represent
the interpolated and extrapolated isolines. To
illustrate the type of pattern which can be
obtained from the rocket network stations
above, the region below 30 km on these cross-
sections is constructed from the radiosonde data
included in the rocket data tabulations together
with that from rocket firings that produced
good data below 30 km. The fact that the
main features below 30 km are similiar to those
revealed by data from the global radiosonde
network lends credence to the patterns above
30 km.

Figure 4a shows the season June 21 to Sep-
tember 20. There are large values ( ~ 10 m sec-?)
in the vicinity of the tropospheric jet stream
but above this for a deep layer (~20-40 km)
values are quite small. Above 40 km values
increase to the highest levels attained by most
of the standard rockets which are 60-65 km.
The numbers listed in columns represent addi-
tional data for higher levels not plotted until
after the isolines were drawn. The data at Fort
Churchill are from the rocket grenade experi-
ment; they include observations taken in 1964
and kindly supplied to the authors prior to
publication by Dr. W. Nordberg. Points at
Tonopah (38° N) and Johnston Island (18° N)
were computed from observations of chaff by
Smrta (1960a, b). It is recognized that these
different techniques have different instrumental
effects associated with them and that the data
@n toto is not a homogeneous sample; together
with the sodium trail drift data it appears to
be all that is presently available for this region.
The inferences which may be drawn from the
additional data will be discussed separately
below.

The data for September 21 to December 20
are shown in Fig. 4b. The transition zone be-
tween the two systems is much smaller than
in the summer and low values only occur over
the sub-tropics. There is a general increase at
all latitudes above 30 km with the largest
change occurring over the polar regions where
values now exceed those in the tropospheric jet,

Tellus XVIII (1966}, 2



LARGE-SCALE MIXING PROPERTIES OF THE ATMOSPHERE

5 JUNE 21 - SEPTEMBER 20 ™
8O- 218 9(9) %03) 80
itld 216 30 42) aps 1
70H 12’ 20t -1n
85+ - LR 21¢8) o (V) METERS SEC™! 165
60 Je0
S5 15
0 150
- 4
“0- 40
3+ s
0- %0
28 2
20 o
15 5
W -0
st E]
L1t Lt I 1 P 1 M I 2 U B TS B g
[ % () % 40 0 % 0
LATITUDE  (*N)

369

Fia. 4a. Temporal standard deviation of the meridional wind component for the summer season as
deduced from Rocket Network data. Additional numerical values are from rocket grenade (left hand
column) and chaff (other two columns) data.
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standard deviation of the meridional wind component for the autumn season as
deduced _from Rocket Network data. Additional numerical values refer to chaff data.
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Fia 4c. Temporal standard deviation of the meridional wind component for the winter-season as deduced
from Rocket Network data. Additional values refer to rocket grenade data for Ft. Churchill and Wallops Is.
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Fi6. 4d. Temporal standard deviation of the meridional wind component for the spring season as
deduced from Rocket Network data. Additional values refer to chaff data.

Values above the tropopause range from 2.5 m
gsec~! at 20 km over the sub-tropics to 25 m
sec! at 50 km over the poles which implies a
range of two orders of magnitude in the quasi-
horizontal mixing coefficient if this parameter
is proportional to variance. Notice that the
maximum standard deviation is not at the
same latitude as the maximum zonal wind.

Figure 4c¢ for December 21 to March 20 shows
even larger values in the transition zone and a
large region of high standard deviations (cen-
tered at 50-60 km) near the winter jet stream.
There is some indication that a maximum may
have been reached at about 50 km. Even at
low latitudes near 50 km there are now values
of about 10 m sec-!.

Values for March 21 to June 20, shown in
Fig. 4d, are everywhere smaller than those in
the late winter and the quiescent transient
region is again evident.

Values for altitudes of 55, 50, 40 and 30 km
for selected stations for bi-monthly averaging
periods are shown in Fig. 5. The seasonal
variability is a feature everywhere except at
Ascension Island. At Fort Greely there is over
a factor of five between the extremes. The
factor does not vary greatly with height. On
the other hand, at Cape Kennedy the largest
variation is a factor of two at low altitudes.

We note that the associated vertical mixing
coefficients cannot be determined as in the
lower regions. There we made use of the vari-
ance of the adiabatically computed vertical
velocity. REED & GERMAN (1965) have shown

how the heat transports can be used to relate
horizontal and vertical values of the coeffi-
cients but there is not yet reliable data on the
heat transports for these higher levels.

The existence of a standing wave pattern in
winter is suggested from consideration of the
mean meridional wind components shown in
Table 3b and 3c. These tables include the
number of observations available and for these
selected stations all data are included up to
65 km. NorDBERG et al. (1965) reported a
similar standing wave pattern in their rocket
grenade data; there are coherent patterns up
to about 75 km where the smaller scale phenom-
ena seem to become important. The data in
Table 3a do not suggest standing wave features
but a larger coverage in longitude is required
before the existence or absence of low wave
number features can be established.

6. Comparison with trace substance data

The standard deviation cross-sections provide
a qualitative indication of the variation of
quasi-horizontal mixing by large-scale motions.
By analogy with the lower stratosphere and
troposphere it can be argued that some measure
of vertical mixing is also inherent in the data.
The basic cause for increased transient eddy
activity at high latitudes in winter is presum-
ably the requirement to transport large amounts
of heat polewards in the 30-50 km region in
order to balance the heat budget. Radiative
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Fia. 5. Temporal standard deviations of the meridional wind component computed for two
month time periods. Gaps indicate insufficient data.

processes are providing cooling in cold regions
and warming in warm regions and the zonal
available potential energy so produced is realised
as kinetic energy of large scale eddies. Above
about 55-60 km and between the equator and
about 60° in winter the radiative processes are
cooling warm regions and warming cold regions
and hence destroying zonal available potential
energy. There is thus a requirement for energy
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to be supplied from the 30-50 km layer and
there must therefore exist inclined motions
similar to those above the tropospheric jet with
poleward-moving parcels descending and equa-
torward moving parcels ascending at angles
greater than the slope of the mean isentropes.
The exchange associated with this process,
which may extend upward to the mesopause,
will mix substances down their concentration
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TaBLE 3a. Mean meridional wind component from rocket data. June 21 to September 20.
Units: meters sec=1. Number of observations in parentheses.

Height (km) ... 65 62 60 55 50 45 40 35 30 25
Fort Greely, -7.0 12.1 9.4 8.1 5.5 4.1 3.0 1.7 .2 g
Alaska (1} (7 (25) (41} (42) (45) (49) (50) (51) (51)
Fort Churehill, 0 11.7 3.4 2.1 6.4 1.6 0 2.0
Canada (0) (3) (5) (13) (16) (18) (20) (25) (27) ("9)
Wallops Island, —6.3 6.5 2.2 5.2 5.5 3.5 .2 4
Virginia (3) (15) (23) (45) (81) (100) (114) (118 (112) (106)
Point Mugu, .6 6.1 5.7 1.6 1.0 4
California (16) (28) (37) (95) (141) (163) (171) (172) (169) (le)
White Sands, 7.3 5.2 5.3 5.9 6.0 4.7 1.0 1.2 4
New Mexico (40) (85) (117) (179) (204) (214) (232 (249) (263) (266)
Cape Kennedy, 3.6 6.5 5.0 6.2 5.6 2.0 1.6 -.2
Florida (7 (35) (66) (115) (150) (168) (178) (177) (172) (139)
Barking Sands, 12.7 3.3 .8 6.8 5.5 4.0 -.3 .8 1.3 L0
Hawaii (3) (9) (16) (24) (52) (55) (54) (53) (37) (28)
Ascension Is., 0 —7.4 —-2.1 —-1.4 —-3.4 1.4 2.1 .8 -1.4
BWI (0) (5) (8) (14) (19) (20) (2D (22) (22) (17)

TABLE 3b. Mean meridional wind component from rocket data. September 21 to December 20.
Units: meters sec—1. Number of observations in parentheses.

Height (km) ... 65 62 60 56 50 45 40 35 30 25
Fort Greely, -120 -176 -16.2 -125 —-11.6 ~—-13.9 -10.6 —6.5 —2.6 .1
Alaska (1) (6) (9) (37) (54) (69) (83) (86) (88) (88)
Fort Churchill, 22.7 26.8 22.1 -.1 3.7 -1.7 - 4.0 —6.4 -3.3 —-1.2
Canada (1) (2) (2) (15) (18) (21 (28) (32) (38) (38)
Wallops Island, 13.2 12.1 12.6 10.5 13.2 12.0 8.8 5.4 5.3 2.5
Virginia (6) (13) (16) (32) (69) (78) (89) (88) (81) (69)
Point Mugu, 6.5 7.9 11.7 11.4 9.7 3.8 2.2 5.3 .5 -.1
California (18) (37) (47) (96)  (136)  (143)  (150)  (151)  (145)  (142)
‘White Sands, 8.8 12,1 8.9 9.1 9.9 7.3 2.9 4.1 3.1 .5
New Mexico (34) (84)  (135)  (I83)  (204) (213)  (225)  (229)  (237)  (240)
Cape Kennedy, —16.0 4.5 4.0 6.9 11.1 6.5 4.0 1.9 2.3 1.0
Florida (1) (13) (33) (80)  (102)  (115)  (113)  (108)  (104) (88)
Barking Sands, 10.0 —-2.5 4.5 7.5 6.6 4.7 1.3 2.1 -4 1.2
Hawaii (2) (4) an (41) (61) (62) (63) (62) (63) (59)
Ascension Is., —4.7 —-5.3 —-2.9 1 —2.4 -~1.4 . .5 .6 .1
BWI (3) (14) (16) (28) (37) (37) (38) (38) (37) (37)
gradients. The summer circulation may be to wind information in the lower stratosphere

laterally driven and have different mixing
properties (NEwEeLL, 1965b0). The actual wind
data above 65 km are very sparse and the height
at which small scale waves dominate over the
large scale circulation processes is not known
directly. This point is discussed further in Sec-
tion 7. It is therefore quite important to exam-
ine all trace substance data which may be
complementary to wind data, just as ozone
and radioactive tungsten were complementary

several years ago. We therefore present below
brief comments on the observations of seven
trace substances pertinent to the transfer
problems above 25 km.

(i) Rh°?

Rh1? was introduced into the atmosphere by
a nuclear explosion at 43 km over Johnston
Island (16° N) on August 11, 1958. Its distribu-.
tion in time and space has been presented by
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TaBLE 3c. Mean meridional wind component from rocket data. December 21 to March 20.
Units: meters sec='. Number of observations in parentheses.

Height (km) ... 65 62 60 55 50 45 40 35 30 25
Fort Greely, 0 -30 -11.2 -168 -—-164 —-174 -169 -151 -12.6 -7.5
Alaska (0) (1) (6) (32) (52) (61) (67) (72) (73) (72)
Fort Churchill, -74.0 -20.89 -17.2 -10.9 -7.6 —183 —12.2 -94 -1.5 -7.2
Canada 1) (2) (3) (7) (12) (15) (21) (26) (29) (33)
Wallops Island, —11.0 -1.6 1.9 7.3 8.0 7.1 4.2 .8 3.4 .6
Virginia 9) (14) (19) (32) (44) (87) (68) (69) (71) (62)
Point Mugu, —-21.5 —.6 4.4 12.8 9.5 5.0 1.9 3.9 2.3 7
California (2) (8) (12) (44) (71) (86) (93) (97) (102) (99)
White Sands, 6.4 8.6 10.2 9.6 7.1 2.8 1.2 1.6 .9
New Mexico (35) (76) (96) {120) (132) {145) {161) (176) (180) (181)
Cape Kennedy, 1.5 -1.3 6.1 6.6 7.5 6.5 4.9 4.3 3.9 2.0
Florida (1) (18) (46) (120) (151) (160) (169) (172) (167) (150)
Barking Sands, 0 1.8 -3.2 5.6 6.9 6.1 4.2 2.1 -7 1.1
Hawaii (0) (4) (5) (20) (21) (21) (21) (21) (21) (20)
Ascension Is., 10.5 8.5 13.0 8.2 7.0 1.2 1.6 .6 2.3 5
BWI (2) (2) (6) (6) (12) (19) (19) (19) (19) (18)

TaBLE 3d. Mean meridional wind component from rocket data. March 21 to June 20.
Units: meters sec—1. Number of observations in parentheses.

Height (km) ... 65 62 60 55 50 45 40 35 30 25

Fort Greely, 4.8 7.5 7.5 6.0 3.7 2.2 1.8 4 0 4

Alaska (8) (17) (23) (46) (48) (49) (656) (59) (60) (64)
Fort Churchill, 0 1.6 5.9 4.3 5.9 —.5 .8 -1.2 -.8 —

Canada (0) (2) (3) (4) (7) (6) (11) (13) (18) (22)
Wallops Island, —6.2 2.5 2.6 2.2 2.8 1.1 7 1.6

Virginia (5) (8) (17) (45) (67) (73) (86) (87) (85) (82)
Point Mugu, 5.8 5.1 1.8 3.6 6.3 3.1 —~.5 1.7 5

California (12) (18) (27) (94) (139) (145) (150) (150) (150) (144)
‘White Sands, 8.0 6.9 5.3 4.1 5.4 3.9 9

New Mexico (63) (103) (129) (158) (181) (190) (202) ("04) (205) (216)
Cape Kennedy, —4.7 6.3 4.8 3.5 5.3 2.0 .3 -.5 1.5

Florida (3) (18) (44) {116) (164) {178) (1886) (185) (182) (156)
Barking Sands, -1.6 -1.2 2.9 3.8 4.5 4.6 .6 1.1 .8 2.0

Hawail (8) (10) (15) (39) (561) (51) (53) (52) (40) (37)
Ascension Is., 0 -10.1 —5.8 —1.2 -.1 2.1 2.2 .8 1.0 -.3

BWI (0) (7 (12) (19) (1) (22) (24) (25) (25) (21)

KALRSTEIN (1962), FEELY e al. (1963) and
TeELEGADAS & List (1964). Consideration of
particle sizes and sedimentation rates led KaLk-
STEIN (1962) and JUNGE (1963) to the suggestion
that several months after the explosion much
of the debris, which initially rose to altitudes
of 100 km or more, was concentrated in a fairly
thick layer centered at 55-60 km. A concentra-
tion gradient directed towards the equator was
observed at 20 km in both hemispheres. The
basic problem is to explain how intercommuni-

Tellus XVIII (1966), 2
24 — 662895

cation between 55 and 20 km, as shown by
the observations, is related to the meteorological
events. Kalkstein interpreted the data as indi-
cating greater vertical mixing at high latitudes
than at low latitudes and greater mixing in
winter than summer. This interpretation is
quite consistent with the data of Fig. 4; “verti-
cal” mixing could be brought about by the
inclined motions accomplishing the poleward
heat transport.

Although the data are perhaps not adequate
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Fia. 6. Monthly values of the zenith intensity of the sodium component of nightglow. Blank months

indicate insufficient data.

for definitive statements there is a suggestion
that the relative increase in northern hemi-
sphere values was greater in the 1959—60 winter
than in the 1960-61 winter while in the southern
hemisphere the mid-1960 winter had a larger
relative increase than 1959 or 1961. A similar
year to year variability was discussed in sec-
tion 3.

(ii) Cd*® and (iii) Pu?®

Cd!®* and Pu?*® are two other radioactive
isotopes that have been introduced artificially
into the region of interest. Results of concentra-
tion measurements have been reported by
SALTER (1965) and a comprehensive discussion
of all available data was presented at the Visby

Symposium by List et al. (1966). It is perhaps
most appropriate to wait for the latter more
extensive data before attempting interpretation
in terms of Fig. 4.

(iv) Na

It has been recognized for some time that
airglow radiation from sodium (5893 JA) is
related to atmospheric circulation processes
(see, for example, VALLENCE-JONES, 1963;
HuNTEN, 1964; GADSDEN, 1964); the basic
problem is the nature of this relationship.
Sodium lines appear in the dayglow, the twilight
emission and the nightglow. Nightglow data
for a number of stations have been collected
in the Annals of the IGY (Yao, 1962) and the
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monthly average values for several stations are
shown in Fig. 6. The general feature of the
seasonal variation, evident at all stations, is a
maximum in the late fall and another smaller
maximum in the spring in the northern hemi-
sphere. It is difficult to deduce the variation
with latitude from the IGY data because of the
different techniques used at the various sta-
tions; a voyage with the same photometer be-
tween 60° N and 65°S suggests mid-latitude
maxima in both hemispheres with the winter
hemisphere showing the highest intensity (Da-
vis & SmITH, 1965).

Dayglow observations (BLAMONT & DoNa-
HUE, 1964) and twilight observations (HUNTEN,
1964) showed the same seasonal variation and
the fact that the latter show an out-of-phase
variation between the hemispheres suggests
that meteorological processes are partly re-
sponsible. The ultimate origin of the sodium
has been debated for many years (see for ex-
ample the discussion by CHAMBERLAIN, 1961,
and the work of JUNGE et al., 1962). Whether
ultimately the source is found to be meteor
showers or sea salt the lack of a long term
trend implies an overall balance between the
amounts transferred into the 80-100 km region
and the amounts lost by this region.

CHAPMAN (1939) originally suggested that the
nightglow radiation originated from the photo-
chemical reaction
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NaO +0 —»Na(?P) + O,
Possible additional reactions involved are:

Na+0, +M—->NaQ, +M
Na+0 +M—->NaO +M
Na +0;—+NaO +0,
NaO; +0—+NaO + 0O,

Changes in the sodium emission can thus be
brought about by changes in the concentration
of NaO or O in the emitting region or by
changes in the reaction rate coefficient. Insofar
as these concentrations are effected by the other
reactions above, all the concentrations and
rate coefficients involved are of pertinence.
Posgible dynamic effects will be noted briefly
below.

(v) OH

Hydroxyl emission occurs in many portions
of the spectrum of the nightglow. Several
examples of the mean monthly zenith intensity
are given in Fig. 7. There is evidently a similar
variation to that of sodium with a maximum
in the late fall and a minimum in summer.
The southern hemisphere station shows an
out-of-phase variation. The implication again
is that some dynamical process is involved.
Because of the different wavelengths and photo-
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meters involved it is not possible to deduce
the variation with latitude from these data.

The reactions responsible for the emission
are being actively debated in the literature (see
for example Krassovsky, 1963). A popular
sequence is the following:

H +0,—~0H*+0,*
OH*—~OH +hy
OH+0—-H +0,
in which free hydrogen (ultimately derived

from water vapor or methane from below)
simply acts as a catalyst.

(vi) OI (55774)

Data on this line are available for long periods
from the work of Lord Rayleigh recently
standardized by HERNANDEZ & SILVERMAN
(1963) and for a long period at Sacramento
Peak (IGY data supplemented by the compila-
tion of HERNANDEZ, 1965, for 1953-57). Exam-
ples of the seasonal patterns appear in Fig. 8.
It is again evident that maxima occur in the
fall and spring with the former being the
highest. The variation with latitude is such that
maxima occur in middle latitudes.

While the possible reactions are again under
discussion it appears that the emission is pro-
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portional to the concentration of atomic oxygen
(raised to the third power for Chapman’s
mechanism and to the second power for Barth’s
mechanism, see ToEMATSU & Nacara, 1963).
Tohmatsu & Nagata have suggested a scheme
of vertical motions that explains the variations
with latitude and season.

JorNSON (1964) has reviewed these three
components of the airglow and made an attempt
to relate them to what is known about the
dynamics of the region between 50 and 100 km.
Our comments below are based partly on his
work and partly on the findings inherent in
Fig. 4.

(vii) Ls¢

Lithium has been monitored in the airglow
for the past several years since it has become
clear that it can be introduced by high altitude
nuclear tests. Observations have been discussed
by Surrivan & HunTEN (1964) and GADSDEN
(1964); the latter author has also attempted to
fit the observations with a scheme of mean
meridional circulations in the 80-100 km region.

7. General comments on the atmospheric
circulation between 50 and 100 km

The observational material in the region
influencing the distribution of the tracers dis-
cussed in Section 6 is very sparse. The rocket
grenade experiment, sodium vapor trail drifts
and meteor trail drifts are the principal sources
of information. Data from the rocket grenade
experiments show that large scale motions of
the type evident in the Meteorological Rocket
Network data and below dominate the circula-
tion up to about 70-75 km (NORDBERG et al.,
1965). Above this range (evident also from
Fig. 4) individual observations are influenced
strongly by short period motions and tides,
although the general flow pattern is still evident.
Sodium cloud data have been divided into the
three separate categories of gravity waves, tides
and general drift in the 90 to 125 km region by
KocrANSKI (1964) and meteor winds are usually
treated in terms of separate components
(GrREENHOW & NEUFELD, 19681; ELFORD, 1964).
Recent studies of the detailed structure of the
wind field between 30 and 70 km as determined
by ROBIN falling sphere soundings (WEBBS,
1965; NEWELL e? al., 1966) indicate that motions
with short periods (several minutes to several
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hours) and small vertical scale (100 m to several
km) are present in the region and their influence
increages with altitude. Such motions have
been studied theoretically by Hines (1963).
While all types of motions may be present in
the troposphere the large-scale long period
motions propagate vertically only with great
attenuation (CHARNEY & Drazin, 1961). The
small scale motions in turn lose most of their
energy by viscous dissipation before altitudes
of about 150 km are achieved (see KOCHANSKI,
1964).

Possible atmospheric effects on the airglow
constituents in the 75-100 km region are there-
fore (a) mean motions, (b) standing eddies,
(c) transient eddies, (d) small-scale waves, (e)
tidal motions.

(a) Meanmotionshavereceived much attention
in the present context (TOHMATSU & NAGATA,
JoHNsSON, GADSDEN, loc. cit.). The meteor trail
drift data at Jodrell Bank and Adelaide are
cited as evidence for mean meridional motions
insofar as both stations have components to-
wards the winter pole in both July and Decem-
bher. However they also have predominantly
westerly winds at both times; one might expect
the Coriolis torque to ensure an easterly compo-
nent at Jodrell in July and at Adelaide in
December if these were genuine mean meridional
motions.

(b) One can equally well cite the meteor wind
evidence as being in favor of standing eddy
circulations. Rocket Network data mean values
and grenade experiment values have been
similarly explained (NEWELL 1963 a; NORDBERG
et al., 1965). If these standing waves influence
the airglow constituents one would expect to
observe strong variations in mean airglow
intensity with longitude as there may well be a
mean riging motion at one longitude and a
mean sinking motion at another along the same
latitude circle. The data mentioned previously
are apparently not accurate enough for inter-
comparison. It is of some interest that the
periods of change in the (standing wave) flow
correspond to changes in the airglow emission.
The vertical motions in the supposed waves
are difficult to deduce until meteor data from
other longitudes are available; this will also
enable differentiation between mean motions
and standing eddies to be made. The forced
vertical motions accompanying the eddies
which are part of the winter westerly jet would
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be such that poleward moving parcels would
be subsiding and warming adiabatically in the
10-50° N region while equatorward moving
parcels would be rising and cooling (NEWELL
1963a; 1964a). Essentially these motions in the
55-75 km region are thought to be coupled to
the driving motions in the 25-50 km region in
a similar manner to the coupling between the
troposphere and the 15-25 ki region.

(¢) The motions which are classed as transient
eddies by the present classification process are
perhaps more properly envisaged as oscillations
in strength and displacement in position of
large scale semi-permanent features at these
levels. When the transient eddy activity in-
creases in September from its summer minimum
the associated vertical motions would presum-
ably transfer material both into and out of the
lower portions of the airglow region. It is possible
that this transfer is responsible for the increases
in nightglow in October and November. The
spring maximum would then have to be related
to a corresponding increase in the southern
hemisphere and rapid lateral mixing. The ver-
tical extent of these transient eddies is difficult
to assess with the present data. The momentum
transport appear to reach a maximum in the
vicinity of 50-60 km (NeEweLL, 1965b) and
much of the data of Fig. 4 likewise suggests
decreases above 55 km. It is of interest to note
that if the forced motions extend up to the
mesopause there may be occasions in winter
when very low temperatures are achieved in
rising air in equatorial regions; such conditions
together with the appropriate moisture might
be expected to produce noctilucent clouds.

(d) Meteor trail turbulence at Adelaide has
shown an indication of peak intensities in
March and September with minima in May
and November (RoPEr & Errorp, 1963). This
is the only monitor of the small scale wave
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activity at present available and does not
completely fit the airglow pattern.

(e) Tidal motions have long been recognized
as an important component of the wind patterns
In the mesosphere and above. Recent rocket
data suggest the possibility of a significant
diurnal tide in the 40-55 km region (MIERS,
1965). The possible existence of such a tide
greatly complicates the interpretation of rocket
wind data, for with the limited amount of data
presently available it is difficult to distinguish
between standing eddies and tidal effects. We
are not yet in a position to speculate as to what
effects such tidal motions might have upon
mixing. The contribution of these tidal compo-
nents to the observed standard deviations, to
the calculated momentum fluxes and to the
airglow variations can be assessed when suffi-
cient rocket data for different times during the
day has accumulated.

It is clear that a network of intercalibrated
airglow photometers and a more extensive
sampling program for radioactive trace sub-
stances would be of great assistance in unravell-
ing the properties of the atmospheric circula-
tion in the mesopause region just as ozone and
tungsten observations have been very helpful
in studies of the lower stratosphere.
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OBIASI HUPKYJAILUA ATMOC®EPHL U EE BIUAHUE HA ABURKEHUE IPUMECEN

Ilpennonaraercd, 4To KpynHo-MacmrTafHBe Xa-
PaAKTEpUCTUKH INepeMellNBAaHUA B armocdepe
CBAIBaHBl C BPEMEHHHIMU M IPOCTPAHCTBEHHBIMU
Bapuanusamu BeTpoB. IlpencraBriensbie gaHHBE
0 BpeMeHHHIX CpegHe-KBafipATHYHBIX OTKJOHE-
HUAX [OJIA CI0A HA BHCOTE OT HOBEPXHOCTH
3eMIU [0 75 KM OCHOBAHBI HA 30HAUPOBAHUU C

NoMOWBI0 pakeT U mapoB. lceaegoBaHsl Me-
CAYHBE M TojoBhHe Bapuanuu B 15-30 kM 06-
JJACTH M CpejHe-Ce30HHHe WU3MeHeHMsa Aaa 30-
75 M sonu. (AenaHa NONHTKAa CBA3aTbh Bpe-
MEeHHOe U IPOCTPAHCTBEHHOE pacIhpefelleHne
Clefl0B PAAHOAKTUBHOCTM M CBeYeHUA Heba C
AAHHBIMUI O BeTpe.
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