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RESUMEN 

La capa atmosferica de 10-2 mb (-30-43 km) recibe en invierno energia de dos fuentes 
diferentes: energfa mecanica es Uevada hacia arriba desde la trop6sfera y desde la estrat6sfera 
baja, mientras que energfa es generada in situ por las gradientes de calentamientos y 
enfriamientos radiactivos. Demostramos aqu(, segun datos para 1972, que la ultirna energia 
gobierna en forma primaria el balance de energia de la estratosfera media al principio de) 
invierno, mientras que la primera llcga a ser de tamafio comparable, y a menudo dominante, 
a la mitad y al final del invierno. 

Las fucntes de cnergia radiactiva para el hemisfcrio de verano son muy pequefias, ya que 
hay considerable compcnsaci6n entre el calentamicnto solar a traves de la absorci6n por 
ozono y enfriamiento infrarrojo par bioxido de carbono y ozono. Ondas estacionarias y en 
movimiento aparecen claramente a Jo s 5 y a los 2 mb en invierno, ya que mucho del caos de 
regiones bajas se filtra en la estrat6sfera baja; las ondas estacionarias a los 2 mb reflejan 
propiedades de la supcrficie mas cfectivamente quc las configuraciones de tlujo en niveles 
mas bajos. Una onda movicndosc hacia cl ocste, con un pcrfodo aproximado de un mes se 
manifesto a principios de 1972. 

ABSTRACT 

The 10-2 mb (~30.4 3 km) layer of the atmosphere in winter receives energy from two 
different sources: mechanical energy is carried up from the troposphere and lower 
stratosphere while energy is generated in situ by the gradients of radiative heating and 
cooling. We show here from data for 1972 that the latter primarily governs the energy 
budget of the middle strato~pherc in early winter while the former becomes of comparable 
size, and often dominates, in the middle and late winter. 

Radiative energy sources for the summer hemisphere arc very small , as there is 
considerable compensation between solar heating through ozone absorption and infrared 
cooling by carbon dioxide and ozone. Standing and travelling waves are quite clear-cut at 5 
and 2 mb in winter, as much of the chaos of lower regions is filtered out in the lower 
stratosphere; the standing waves at 2 mb may reflect surface properties more effectively than 
flow patterns at lower levels. A westward-travelling wave, with a period of about a month, 
was evident in early 197 2. 

** Air force Geophy sics Laboratory, Bcdforo , Massachusetts. 
* Department of Meteorology , Massachusetts Institute of Technology. Cambridge, Massa
chusetts. 
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INTRODUCTION 

The general circulation of the stratosphere is a subject which has 
rece ived close sc rutiny from those interested in observations of 
stratospheric wind and temperature field s, from theoreticians and 
from those who construct numerical mod els of atmospheric circula
tions. Fairly early in these studies the first two groups found 
evidence of strong inter-relati onships between the tropospheric and 
stratospheric circulation; the results from the numerica l models have 
in general confirmed these associations and increased our physical 
und erstanding of the processes involved. 

Wh en these studies commenced , some twenty years ago, 50mb 
(-2 lkm) was the altitude limit of satisfactory data. There has been a 
gradual extension to high er levels with 25mb and some I Omb 
(~30krn) coverage in the IGY-IGC period ( 1957-59) and with maps 
being drawn at Smb (-36km) , 2mb (~43km) and 0.4mb (-55km) in 
the IQSY period ( 1964-65 ). l nitially the se higher level analyses wen: 
based upon rocket measurements of wind and temperature together 
with observations from some high-level balloon soundings but since 
about 1971 satellite data have been used in addition. During the 
period 1957-7 2 there were also a series of rocket-grenade experiments 
which provided wind and temperature observations to 90km from 
which mean conditions up to this level could be deduced . While these 
experiments have been terminated , coverage to this level should soon 
be provided by sate llites. 

The early diagnostic studies showed that the lower stratosphere, 
between the troposphere and about SOmb at middle and high 
latitud es, receives energy from the troposphere. Kinetic energy is 
converted to potential energy in this region and the latter is 
dissipated by radiative processes. Above this driven region at high 
latitudes in winter is a region with temperature gradients similar to 
those in the middle latitude troposphere , with temperature decreasing 
polewards , where potential to kinetic energy conversion may occur. 
Above I Omb the energetics arc not well understood and we had the 
following questions in mind as we commenced the present study of 
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the general circulation of the northern hemisphere middle stratos
phere for the year 1972: What is the magnitude of the energy flux 
into and through the middle stratosphere? How does the energy 
absorbed in the middle stratosphere compare with the energy gene
rated in situ? What are the physical reasons for the energy flux and 
for its seasonal change? Does the energy reflected by the middle and 
upper stratosphere have significant influence on the tropospheric 
circulation? The main region of interest here is that between l O and 
2mb (-30-43km) although data at lower and higher levels are 
included in the analysis so that the inter-relationships between levels 
may be studied. 

2. DATA AND THEIR REDUCTION 

The basic data used in this study are weekly and monthly grid point 
values of geopotential height and temperature at the 100, 10, 5 and 
2mb levels for all of 1972 which were provided in the original map 
form by various agencies of the National Oceanic and Atmospheric 

Administration of the Department of Commerce, USA. Specifically, 
the I 00 and I Omb levels, which were obtained from the National 
Climatic Center at Asheville, North Carolina, consisted of once
weekly 1200 Z charts for the entire year as analyzed by computer at 
the National Meteorological Center (NMC). The maps for the 5 and 
2mb levels were obtained from the Upper Air Branch of the National 
Meteorological Center and consisted of: once-weekly maps for Wed
nesdays in January-April and September-December; maps for the 
middle week only for months May , June and July ; and maps for the 
middle and last week for the month of August. It should be pointed 
out that the maps at the 5 and 2mb levels were hand drawn by the 
Upper Air Branch of NMC, based on both high-level rawinsonde and 
meteorological rocketsonde data at Smb and mainly rocketsonde data 
at the 2mb level; some satellite data were also used in the analysis. 
The maps are just preliminary determinations of the wind field at 
those levels and represent a first effort by NMC to prepare constant
pressure charts for the upper stratosphere over the entire northern 
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hemisphere. Methods of chart analysis, including station coverage and 
correction procedures, have recently been reported in detail (Staff, 
Upper Air Branch NMC, 1975). 

The data as received on the NMC maps (NWAC No. 555 , Scale 
I: 40.000,000) was reduced for use in this study as follows: 

Grid values at all four levels were linearly interpolated from the 
maps to obtain the geopotential height (within 20 GPM) and the 
temperature (within 0.5°C) at every I 0° latitude and longitude from 
0° to 90°N. Weekly and mean monthly geostrophic wind components 
were then computed at 10° latitude and longitude increments from 
5°N to 85°N and from 5°E to 5°W. Computation of the geostrophic 
wind components using finite difference approximations was as 
follows: (see Appendix I for definitions of notation) 

u .. = 
I, J 

g (H. . - H. . l) 1,J+l 1,J -· 
v .. = ----

), J fa COS </>. A- I - A- I 
I J + J -

This allows computation of u at 5°N plus every 10° latitude to 85°N, 
at 0°E plus every 10° longitude. Similarly, vis computed at 5°E plus 
every I 0° longitude to 5°W, at 0° latitude plus every l 0° to 90° (v = 
O at 90°N). Then by averaging the values of u at 5°N 0°E with u at 
5°N l 0°E and so on around the latitude circles and averaging v at 
5°E 0° latitude with v at 5°E I 0°N and so on along the longitude 
circle, u and v were computed at a common point (i.e. 5°N 5°E, 
l5°N 5°E, 5°N 15°E, etc.) 

It is important to keep in mind the limitations in such a method 
of computation of wind components for a northern hemispheric cap. 
Due to a lack of data at low latitudes together with rather slack 
gradients of geopotential height there, it often proved difficult to 
perform a reliable computation of the wind components south of 
about I 5°N. Where data were doubtful for 5°N or I 5°N computa-
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tions were omitted and the values included for these latitudes will 
therefore be biased and can only be used for gross comparisons. 

The theoretical formulation by Eliassen and Palm ( 1961) was used 
to compute the horizontal and vertical energy flux by the large-scale 
planetary waves, following a precedent set by Newell ( 1964a), Newell 
and Richards ( 1969) and others. To find the energy flux across the 
four pressure levels considered, the vertical gradient of potential 
temperature is required at the four levels. For the l OOmb level use 
was made of data at the 150 and 82mb levels. Temperatures at 
l 50mb were those used in a study by Newell and Richards ( 1969) 
extended from climatological tables (Newell et al., 19172). At 82mb 
the Oxford summaries of satellite data were used (Oxford University 
Department of Atmospheric Physics, 1972), again in conjunction with 
the climatological tables. For the lOmb level, Oxford data at l6mb and 
data in the present study at 5mb were used. Similarly at the 5 mb level, 
data from the present study at IO and 2mb were used. Finally at 2mb 
(about 43km) climatological mean temperatures (and pressures) for 40 
and 45km were used taken from a report by Groves ( 1971 ). 

Utilizing standard statistical formulas, and the notation as outlined 
in Appendix I, the folJowing quantities were computed for each 
pressure level: 

a) At each latitude circle by week: 
[T], [u), [uv], [O], horizontal energy flux, vertical energy flux 
and zonal harmonic analysis of geopotential for wave numbers 
1 to 4. 

b) At each latitude-longitude point by month : 
u, v, f, o, vT, T* 

c) At each latitude circle by month: 
[uJ, [T], [OJ, [vT], [TJ", [v*T*J, [v'T'J, [v*T*J + [v'T'J, [T* 2 J, 
[- *2] [-*2] [-*2 +-*2] [&-*-*] [-*-*] r.;•-·1 [-*-*+-'-,] U , V U V , V , U V , tU V , U V UV , 

[uv], [vu'2], [..jv'21, [ylT'2], [u*2]112, [v*2]112, [T*2J1/2, 

[u'2 + ~], sensible heat transfer by standing eddies, mo
mentum transfer by standing eddies, vertical energy flux, and 
net radiative heating [Q]. 
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d) The following totals and area averages : 
r, e, vertical energy nux. and !Tl by week. 

Finally, the total energy contents {A 1. , A2 , KE , Kz ), energy genera
tion rate by radiative processes (G, ), and conversion rates (CA, CK) 

were computed for each month. 
Not all the quantities listed arc presented here. Many of the 

remainder will be tabulated in a forthcoming review. 

3. ZONAL MEAN WIND AND TEMPERATURE FIELDS 

The individual weekly maps of temperature and geopotential have 
been presented and discussed by the analysts at NMC (Staff, Upper 
Air Branch, luc. cit.) and it is not our intention here to reiterate this 
discussion although we shall make a few comments from the 
synoptic viewpoint later in this paper. Rather , we concentrate in this 
section on zonal mean values, reducing two space dimensions to one, 
to gain an overview of events. 

Monthly values of the zonal mean west-east wind [li) are given in 
Table 1 and displayed in Figure I. In January the zonal wind is 
clearly westerly throughout the region except for small easterly values 
indicated at low latitudes at 5 and 2 mb . The polar-night jet increases 
with altitude to 59 m sec- 1 at 5 mb, 65°N and extends downward, 
over a broad area, to the 100 mb level; it extends into the region just 
north of the upper portion of the middle latitude tropospheric jet, 
which appears at approximately 35°N at the 100 mb level with a 
maximum mean velocity of 24 m sec- 1

. In February , the central 
velocity of the polar-night jet has decreased to 40 m sec- 1 

, although 
it is still positioned at approximately 65°N. If one follows the locus 
of th e maximum downward it begins to move south at about 50 mb 
and extends into the tropospheric jet, which has increased in 
intensity slightly (26 m sec- 1

) although still close to 35°N. We shall 
see later that the temperature increases with latitude at 2 mb and 5 
mb at high latitudes consistent with this maximum. 

There is a significant change in March with the upper level jet 
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maximum shifting southward to 35°N. Temperature now decreases 
with latitude in the upper layer and the maximum speed is at or 
above 2 mb. The locus of maximum winds extends northward with 
decreasing altitude, reaching 65°N at l O mb. Concomitantly the 
upper portion of the tropospheric jet remains relatively stationary 
although somewhat decreased in magnitude (22 m sec- 1 ). The low
latitude easterlies have temporarily disappeared as westerlies have 
expanded to encompass the entire region. This change to westerlies is 
a manifestation of the well known semi-annual oscillation and it is 
more marked at the higher levels in low latitudes. 

By April, the polar vortex has virtually disappeared and easterlies 
have replaced westerlies at high latitudes, reaching a maximum speed 
of 8 m sec- 1 at IO mb and 65°N. The westerly tropospheric jet still 
dominates the circulation at I 00 mb, although its maximum value has 
decreased to 17 m sec- 1

• By May, easterlies ex tend over all latitudes 
above 30 mb, and there are indications of the formation of a low 
latitude easterly jet at and above the 2 mb level probably as a result 
of solar heating. This easterly summer jet increases to 35 m sec -i in 
June and 44 m sec- 1 in July at 2 mb . The position of the 
maximum shifts from south of 20°N in May to 25°N in June and 
July. Likewise , the tropospheric jet has shifted its position northward 
at 100 mb and has become more broad and less intense by July , with 
maximum values of 8 m sec -J at 45°N. August appears to be a 
transition month from the distinct summer regime back to the 
normal winter circulation with westerlies at l 00 mb increasing and 
easterlies at 10, 5, and 2 mb decreasing. From September through 
December, one sees a rapid increase in the polar-night jet with the 
maximum velocity at 2 mb increasing from l l m sec- 1 in September 
to 59 m sec-1 in December. The maximum velocity was located at 
55°N except in November when the polar-night jet at 2mb extended 
from 25°N to 55°N with values of 40 to 44 m sec-• throughout the 
region. By December, the middle latitude tropospheric jet has shifted 
southward to 35°N at l 00 mb and increased in velocity to 28 m 
sec-1 . 

Figure 2 represents a smoothed meridional distribution of weekly 
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values of [u] at the 5 and 2 mb levels for 1972. Here again, the 
dominant westerly polar-night jet is evident at high latitudes in the 
winter season and the easterly jet at low latitudes in the summer 
months. The maximum velocity in the polar-night jet occurred in 
January at 65°N with speeds of 73 m sec- 1 at 2 mb and 67 m sec-1 

at the 5 mb level. The summer easterly jet attained maximum speeds 
in July at 25°N of 44 m sec- 1 at the 2 mb level and 28 m sec-1 at 
5 mb. Note that the westerlies change over to easterlies earlier at high 
latitudes than at low latitudes in the spring and the higher latitudes 
again precede the lower latitudes in the change back to westerlies in 
the fall transition. One item brought out by this presentation, not 
evident from the monthly means, is the evidence for weakened 
westerly winds at the end of February followed by a recovery in 
March to higher values before the change over to summer easterlies. 
The evidence for the semi-annual oscillation at low latitudes can also 
be seen with maximum westerlies at 20°N occurring at the end of 
March and in November. 

The analysis so far has only drawn on the year l 972 and it is 
legitimate to question the representativeness of this year. It will be 
necessary to analyze several more years of observation at 5 and 2 mb 
before one can make judgments on this point. However, it is possible 
to compare the lower portion of the cross-sections here with mean 
monthly cross-sections for the 5 year period 1963-68 for 10-200 mb 
which have been presented elsewhere (Newell et al .. l 974a). Such a 
comparison shows a remarkable similarity between the 10 and l 00 
mb levels for 1972 and the longer term mean, the main differences 
occurring in the periods of change between March-April and August
October and even these differences are quite minor. 

Encouraged by the similarity in the wind cross-sections and 
recognizing that the temperature cross-sections constructed from data 
at IO and l 00 mb do not give a fair picture of the complex structure 
between these levels, we present temperature cross-sections for 
1963-68 together with the monthly values for 1972 at and above 10 
mb in Figure 3. Temperature values for l 00, l 0, 5 and 2 mb for 
1972 are presented in Table 2. Comparison between the tabulated 
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values for 100 and 10 mb with the cross-sections of Figure 3 shows 
great similarity and we deduce that 1972 was close to the climato
logical average in this layer. January exhibits two cold regions: one 
centered at the tropical tropopause and disappearing just above 50 
mb, the other in polar regions centered between 30 and 50 mb but 
continuing up to just above 5 mb. These cold regions are separated in 
the lower layers by a warm region which is at 50°N at l 00 mb. At 2 
mb there are warm regions in the tropics and at the pole with lowest 
temperatures at about 55°N. In February the polar cold region is a 
little warmer than in January and the minimum near 30 mb has 
moved down in altitude. The temperature minimum at 2 mb remains 
at 55°N. There is a substantial difference between 1972 and 1964-68 
at high latitudes near l O mb. In March the warm-cold-warm confi
guration at 2 mb has given way to a decrease with latitude, yet traces 
of the former configuration remain at 5 mb. Polar regions have 
warmed and in the climatological picture at lower levels the polar 
cold region around 50 mb has descended further. In April there are 
higher temperatures. than in March throughout the upper levels and at 
high latitudes at the lower levels. It is quite remarkable that with all 
these substantial changes taking place in the January-April period the 
temperature pattern in the vicinity of the tropical tropopause has 
remained essentially the same {as may be seen from a comparison of 
the 200°K and 215°K isotherms in January and April). Clearly, the 
monthly changes in the temperature structure of the winter I 0-2 mb 
layer do not adhere to a recognizable pattern such as that indicated 
by Van Loon et al. ( 1975) for the 30 mb level. 

A substantial change in the character of the temperature patterns 
occurs in May as the maximum temperatures move from tropical to 
polar regions. At all levels the pole is warmer than middle latitudes. 
Again note the invariance of the isotherms in the vicinity of the 
tropical tropopause. The patterns for June show a further increase 
which ranges from 5°K at the pole at 2 mb to 2°K in lower layers, 
except near the tropical tropopause. July shows evidence of still 
further increases at the highest levels and high latitudes, but accompa
nied by slight cooling at 5 and l O mb at low latitudes. There is 
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cooling at all high latitudes between July and August although the 
maximum temperature remains over the summer pole. The reversal 
back to winter conditions occurs between August and September as 
the maximum moves to low latitudes. By October the polar cold 
region has reformed above 30 mb, substantially higher than the level 

it disappears at in the spring. Temperatures dropped by up to l 5°K 
at the higher levels. The temperature gradients steepen during Novem

ber as the pole cools further. At low levels a maximum occurs at 
about 55°N. Finally , in December we see again the steep gradient of 

January, with the cold pole, the minimum at 30 mb and moving 

down with time, and the almost-invariant tropical tropopause pat

tern. 

4. MEAN TEMPERATURE AND ENERGY FLUX PATTERNS 

Weekly values of the zonally averaged temperature are shown in 
Figure 4 for latitudes between 35°N and 85°N. At the higher levels 
maximum values occur in the summer; there are large amplitude 
oscillations in the winter and spring-the latter being the well-known 
sudden warmings. In some of these oscillations values close to the 
summer maxima are attained. Previous work suggests that these 

oscillations are related to changes in the energy flux from the 
troposphere to the stratosphere (e.g .. Newell, I 964a; Dopplick, I 97 I; 
Quiroz, 1975; Labitzke ct al., 1975) and we have therefore computed 
approximate values of the energy flux patterns. The formulation of 
Eliassen and Palm ( 1961) was used; it applies to large-scale, statio

nary, adiabatic waves and utilizes the geostrophic approximation. This 
gives the energy flux towards lower pressure as: 

f [8*v*J 
[pw] = [u] a[eJ/az 

and the meridional energy flux as: 

[pv] = -- p[u] [u*v*] 
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Values of these fluxes appear in Tables 3 and 4 for the mean 
monthly values of the basic parameters. Weekly values of the flux 
towards lower pressure (henceforth termed vertical energy flux for 
brevity) are plotted in the lower half of Figure 4. Largest values 
occur at about 65°N throughout the winter months generally coin
ciding with the peak in the mean zonal wind: they are predominantly 
positive, with smaller values at the higher levels. Maximum values 
occur in February with minimum values close to zero during the 
summer easterly regime. A careful perusal of Figure 4 shows a close 
association between sharp temperature changes at higher levels and 
prior increases in energy flux from the troposphere. The main feature 
of the horizontal energy flux pattern, shown in Table 4, is the 
equatorward transport of energy away from the polar night jet 
region. 

Mean monthly conditions were used to compute the divergence of 
the wave energy flux (both horizontal and vertical components) and 
results for selected winter months are shown in Figure 5. At lower 
latitudes in the lower stratosphere there is always a sink of energy 
(cf Newell, l 964a) while at higher latitudes a source appears in the 
lower stratosphere in January (cf Newell and Richards, 1969) that 
gradually changes to become a sink by March. In the middle layer 
there is a sink throughout the winter. 

5. ZONAL HARMONIC ANALYSIS 

A substantial amount of work has been done on the zonal harmonic 
analysis of the stratospheric general circulation at levels up to 10 mb: 
for example that by Boville (1961 ), Teweles (1963), Muench (l 965), 
Hirota and Sato ( 1969), and Sato ( 1974). Similar work at higher 
levels has been limited by the lack of hemispheric coverage. We made 
a conventional zonal harmonic analysis from geopotential data at 10° 
longitude intervals for each 10° of latitude. Based on the findings of 
the earlier studies we confined the analysis to wave numbers one to 
four. Our best time resolution was one week between data sets in the 
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winter and we could not therefore effectively study the fifteen day 
oscillations discussed by Hirota and Sato. 

Amplitude data, representing the perturbations of the geopotential 
field, are shown in Figure 6 for the 2mb and Smb levels. Maximum 
values occur in high latitudes in winter, with very small values in the 
summer as might be expected from perusal of the synoptic charts 
which show an almost pure zonal flow from east to west. The 
amplitudes of wave numbers three and four are considerably smaller 
than those of wave numbers one and two although they follow the 
same general pattern with season and latitude. Wave number two has 
a slightly greater overall amplitude than wave number one at 5mb 
and 2mb, although one would have to examine several years of data 
to clarify this point. Comparison of Figure 6 and Figure 2 shows that 
both wave numbers tend to maintain their maxima at high latitudes 
in winter and there is a fairly close association with the zonal wind 
maximum, even to the extent of a small poleward displacement of 
both parameters early in the year and the finding that both are 
further south, near 55°N, at the end of December. There is also some 
indication that the geopotential amplitude maxima are slightly to the 
south of the zonal wind maxima, as predicted by Simmons (1974). 
Another prediction from the theory of Simmons is that maximum 
amplitudes of the geopotential perturbations occur in the 30-40 km 
layer. Figures 7 and 8 present the data in cross-section form from 
which the hypothesis may be tested. Figure 7 gives amplitudes based 
upon mean monthly data for the winter months. In January and 
February there were double maxima in the vertical in wave number 
one with a minimum at about 5 mb; wave number two showed a 
continuous increase with altitude. In March maximum values for both 
wave numbers at high latitudes occur at about l Omb. Figure 8 is a 
time-height section of the weekly values of amplitude at 60°N; 
except in March wave number two increases in amplitude with 
increasing altitude whiJe wave number one more frequently shows a 
maximum at 5 or l Omb. It is a challenge to the theoreticians to 
present an interpretation of these findings. For our part we mention 
three possibilities : the maxima at 5-lOmb could be due to additional 
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reflection of wave number one, producing an enhancement there 
(although the theory of Charney and Drazin ( 1961) would predict a 
higher reflection coefficient for wave number two than for wave 
number one); the temperature perturbations associated with wave 
number two may lose energy by radiative dissipation at a slower rate 
than those of wave number one; the kinetic energy from wave 
number one could be selectively absorbed by the dynamical processes 
occurring at and above 2mb, with the subsequent conversion to 
potential energy and radiative dissipation. We have not subjected the 
various parameters involved in these ideas to harmonic analysis as 
would be necessary in order to make a full investigation of these 
possibilities. 

The synoptic maps at 2 and Smb contain the geopotential infor
mation from which these time variations of wave numbers one and 
two were drawn but because they represent the sum of the waves it 
is difficult to draw a direct association. At the beginning of January 
the Smb synoptic maps show a high pressure region near the 
Aleutians at 50°N and another over the Atlantic at about 30°N with 
an extensive low pressure system centered near the pole and North 
Greenland with two troughs, one over the Central United States and 
the other from Finland to the Black Sea region. This general pattern 
of highs over the Pacific and Atlantic and a low in polar regions 
persisted throughout January at 5 mb with the two highs being 
joined by a third over India, then the Atlantic system and the latter 
amalgamating into a high over the eastern Mediterranean. The low 
pressure system predominated over the pole until early April when 
it was replaced by a high pressure system at Smb. By May this latter 
system completely dominated the polar region and remained there 
until September, being relatively symmetric and covering much of the 
hemisphere during the height of the summer. Isotherms are parallel to 
the geopotential isopleths and the whole hemisphere is enveloped in a 
relatively steady easterly flow. In much of October and November 
the low pressure system in polar regions dominated the circulation 
and it was not until December that the highs regained the promi
nence they had in early 1972. 
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Large values of the vertical energy flux computed on a weekly 
basis, as shown from Figure 4, are associated with large values of the 
energy flux convergence in the I 00-Smb layer. The values have been 
compared with the geopotential amplitude data of Figure 6; there is a 
general, although not a detailed, correspondence between the maxi
ma. 

The phase data from the harmonic analysis also carry significant 
information about the phenomena; these appear in Figure 9. It is well 
known that if the phase indicates a tilt of the waves westward with 
increasing height then an upward energy propagation is implied (cf 

Muench, 1965). Hence in this figure if the curve at the lower level 
(say Smb) lies to the right of that at the upper level (say 2mb) then 
an upward propagation by that component is implied. There is a clear 
cut difference between wave numbers one and two. In early January 
there is an upward propagation of energy and an eastward drift of 
wave number one at the Smb and 2mb levels. Then westward 
propagation starts and continues until the end of March, with some 
further upward propagation in early March. The wave motion stands 
out with great clarity and passage westward round the globe occurs in 
about four weeks corresponding to a velocity of about 8 msec- 1

. 

Some predictions of this type of wave have been made by Simmons 
(loc. cit.). At the end of March the pattern breaks down first at Smb, 
the in mid-April at 2mb, and in this breakdown period the phase 
relationship is such that apparently a downward propagation of 
energy occurs. In early November the wave is again propagating 
westwards, changing to eastwards for December. At the IO and 
I OOmb levels there is little indication of this clear cut feature with a 
rather large oscillation in the horizontal wave propagation direction 
and strong evidence for upward propagation of energy. 

Wave number two at 2 and Smb also oscillates in propagation 
direction with the two levels fairly close in phase except in late 
March and April. At I Omb the phase of wave number two is fairly 
constant in longitude in the early part of the year, when there is an 
upward energy propagation. 

The filtering effect produced by the lower stratosphere gives an 
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unusually clear portrayal of the properties of wave number one at 
5mb and 2mb. The source for the excitation of this travelling wave is 
not known. There is a possibility that interference between the 
travelling wave number one and the more nearly stationary wave 
number two gives rise to large modulations of the energy flux. Quiroz 
( 1975), using satellite radiance data, has suggested that the interac
tion of an eastward travelling wave with a standing wave in the 
thermal field resulted in major stratospheric warmings. The presence 
of a variety of travelling waves in the stratosphere has previously 
been reported by Deland ( 1973) based on satellite observations of 
vertically averaged temperature. He found indications, from the 
radiometric channel which is centered at 30mb (Channel 8, SIRS, 
Nimbus 3), of a westward travelling wave number one motion with a 
period of about one cycle per month. In our own case the clear cut 
wave number one is confined to high latitudes and is not evident at 
40°N. 

6. SOME ASPECTS OF THE ENERGY BUDGET 

While it is not yet possible to perform a detailed study of the time 
evolution of the energy budget of the middle stratosphere, such as 
the study of daily data for the 100-1 Omb region by Dopplick (1971 ), 
the present data set facilitates an examination of monthly conditions 
for the l 0-2mb region. Following the established procedures, such as 
those given by Dopp lick (l 971) as adapted from Lorenz (l 95 5), we 
computed the contents of kinetic energy and available potential 
energy from the wind and temperature data, the conversions between 
the forms of energy insofar as they depend upon the quasi-horizon
tal motions, the generation of potential energy by radiative processes 
and the transfer of energy across the lOmb and 2mb pressure 
surfaces. 

A. ENERGY CONTENTS 

We evaluate four energy contents as follows: 
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the zonal available potential energy 

Az = cp f'y[T]" 2 dM 

2 

the eddy available potential energy 

Al:'. = CP f'y[T* 2
] dM 

2 

the zonal kinetic energy 

1 - -= - J ( [ u ]2 + [ v ]2 ) dM 
2 

and the eddy kinetic energy 

KF = .!.._ J[u* 2 + v* 2 + u'2 + v'2
) dM 

2 

The bar in these formulations refers to time averages over a period of 
one month; data from one to five Wednesdays is therefore incorpo
rated and where one only is involved deviations from the time 
average ( u' and v ') are obviously zero. Table 5 contains values of 
monthly mean temperature averaged over an isobaric surface, devia
tions from which are used in the computation of Az. The stability at 
I OOmb and the direct influence of the sun at higher levels are 
evident. 

Values of [T* 2 J112 appear in Table 6. Maximum values occur in 
winter at high latitudes close to the polar night jet. In the 10-2mb 
region there is little change with altitude, with values at 2mb a little 
greater than those at 5mb south of 60°N, but magnitudes are 
considerably larger than those at lOOmb. 
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Kz contains mean zonal and meridional motions; the former have 
already been presented (Table l) while the Jatter reduces to zero with 
our use of the geostrophic approximation. Table 7 and 8 contain 
values of [u* 2 J112 and [v* 2 J1 12 . They may be compared with values 
for the I 00-1 Omb region presented in Table 8.3 and 8.4 of Newell et al. 
(l 974b). The parameter [u* 2 ] 112 displays in both data sources above 
1 OOmb a double maximum in winter with a distinct minimum near 
65° N close to the polar vortex mean position. At l OOmb there is one 
maximum further south associated with the tropospheric westerly jet. 
Highest overall values occur in November, January and February at 5 
and 2mb. The patterns of [v* 2

)
1 12 again show maxima in the 

winter, with a single maximum associated with the polar night jet. At 
l 0, 5, and 2mb values are considerably greater than those normal for 
the 1000-lOOmb layer ; the highest values occur at 2mb although 
there is not a systematic increase with altitude. 

Time standard deviations of u and v are presented in Tables 9 and 
I 0. They constitute a significant contribution to the content of eddy 
kinetic energy. In spite of their limitation to at most five Wednesdays 
per month the values show good agreement with those reported by 
Richards (1967) for the 100 to l Omb layer which are based on all 
days of the month. 

Energy contents computed from these parameters are shown in 
Table 11 for the 10-2mb layer. The first point to note is that the 
kinetic energy contents are greater than those of available potential 
energy whereas in the lower atmosphere the latter exceed the former 
by almost an order of magnitude. In the 10-2mb layer the motions 
then dominate the temperature gradients, as is obvious we inspect the 
large temperature changes that occur in winter in response to changes 
in the energy flux from below, a flux which may be regarded as an 
input to the kinetic energy content. The second point to note is 
that KE is comparable to Kz in winter and again this is evident 
from an inspection of the synoptic charts which show large asym
metries in the flow. With regard to the relative magnitudes of A2 
and AE we note that AE exceeds Az in January , February and 
April, the reverse being true in other months. Throughout the 
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summer AE is extremely small as may have been deduced from the 
synoptic maps. 

B. ENERGY CONVERSIONS 

The conversion between the two forms of available potential energy 

is given by: 

a[fl 
-c h[v*T* + v'T'] dM 

p a a¢ 

[T] - a[e]'· 
-c fr=-- [w*T* + w'T'] ---- dM 

p [e J ap 

Sensible heat flow down the meridional temperature gradient gives 
a positive contribution to CA (A2 to AE ). The second term could 
not be computed here owing to lack of information about vertical 
motion for the IO to 2mb layer. As v'T' is based on such a small 
sample an alternative value for CA with this term omitted is also 
shown in Table 11 and can be seen to be somewhat smaller. Both 
formulations show a substantial conversion from A2 to AE in winter, 
a situation similar to that in the middle latitude troposphere. 
Richards ( 1967) and Dopp lick ( 1971) find the same sense of the 
conversion for the 100-1 Omb layer and the integrands of CA for 
winter show clearly the association of the down-gradient heat trans
port with the polar night jet (see Newell et al., 197 4a). 

The conversion between the two forms of kinetic energy is given 
by: 

I a [IT] 
--f[ii*v* + u'v'] cos </> - - --- dM 

a a¢ cos </> 

a[uJ 
-J[u*w* + u'w'] -- dM ap 
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Again the second term cannot be evaluated with the present data. 
Negative values indicate that the Reynolds stresses are acting to build 
up the mean zonal flow. Evidently this is the prevailing situation in 
winter as may be seen from Table 1 l. Meridional cross-sections of the 
integrand of CK have recently been presented (Newell et al., l 974a) 
for the 200-lOmb region and the association between the angular 
momentum transport and the mean zonal flow is clear . 

There are two important conversion terms which cannot be 
evaluated with the present data set. The conversion between A2 and 
K 2 is given by: 

Cz = - J[w)"[ix]" dM 2:: Jf[ugj [VJ dM 

Physically, the conversion of A2 to K2 is a result of mean sinking 
motion in the colder latitudes and mean rising motion in the warmer 
latitudes. Neither [ w] or [v] in the alternative formulation could be 
computed from the present data set. There was a similar limitation 
on the conversion from AE to KE which is given as: 

CE = - J[w*&* + w'a'J dM 

C. ENERGY GENERATION 

Generation of zonal available potential energy occurs in the 
stratosphere when there is radiative heating at warmer latitudes and 
radiative cooling at colder latitudes. The approximation derived by 
Lorenz (1955) for this quantity is: 

G = h [QJ" [T]" dM z 

The radiative heating Q has three main components: 

Q = Q C' 02 + Q03 + Q solar 

where Qc 
O 2 

represents infrared heating by the l Sµm band of C02 , 



224 GEOFISICA INTERNACIONAL 

Q
0 3 represents infrared heating by the 9.6µm band of 03, and Qsolar 

represents heating due to the absorption by ozone and ultraviolet 
radiation. 

We were fortunate to be able to obtain up-to-date estimates of 
these terms from work by our colleagues. Basic information needed 
includes temperature cross-sections, ozone concentrations, and carbon 
dioxide concentration. We constructed temperature cross-sections for 
each month from data given in the references in Table 12. We 
assumed carbon dioxide had a constant volume mixing ratio of 320 
parts per million. We used these two pieces of information as input 
to a program developed by our colleague Gerald Herman to compute 
the infrared heating due to C02 for each month. We obtained ozone 
concentration data from our colleague Thomas Dopplick for levels 
below 30 km and from modelling work by Cunnold and Alyea for 
levels between 30 and 70km. These values correspond closely to the 
few measurements that have been published (see Cunnold et al., 
1975). The data were also used by Cunnold to compute solar heating 
by ozone absorption, which was supplied to us. We used the ozone 
concentrations, smoothed across 30km, in conjunction with the 
aforementioned temperature data, as input data to a computer 
program developed by our colleague Walter Slade to compute the 
infrared heating due to ozone. 

Cross-sections of the three separate components of the radiative 
heating rate are shown in Figure IO for January and July. For the 
infrared components, maximum cooling is associated with the higher 
temperature region near 50km. The sum of these components is 
shown for two mid-season months in Figure 11. Values of G

2 
were 

computed for each month for a series of layers, seven of which are 
listed in Table 13 so that the values for the I 0-2mb layer which are 
included in Figure 12 may be placed in a proper perspective. 

In the winter there are three characteristics regions in the energy 
generation: the lower stratosphere, where zonal available potential 
energy is destroyed by radiative processes and which we have earlier 
termed a refrigerated region (e.g., Newell, l 964b) by analogy with 
the fact that temperature gradients are maintained by an external 
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source of energy; the middle and upper stratosphere where energy is 
generated, and the mesosphere where energy is destroyed. The 
boundaries between regions vary even during a particular season. The 
mesospheric driven region occupies the layer above 0.09mb in 
October-January but comes down to 2mb in February and March. In 
the summer essentially the whole region is driven so that energy must 
be provided through another mechanism to maintain the radiative 
loss. The energy lost from the lower stratosphere is largest in summer 
and this probably reflects a general raising of the region of the 
troposphere relative to the pressure surfaces so that l 97mb is closer 
to the tropopause and therefore the l 97-76mb layer includes more of 
the total volume of the driven region. The tropospheric heat engine is 
surmounted by a refrigerator in the lower stratosphere while the 
winter middle stratospheric heat engine is also surmounted by a 
refrigerator in the lower mesosphere. The rate of energy generation in 
the middle stratosphere ranges up to about 40 x l 0 1 8 erg sec- 1 in 
October (division by two permits these numbers to be compared with 
those in our previous papers, cf Newell, 1963, l 964a). This may be 
compared with the mechanical energy which is absorbed in the 10-2 mb 
region, as a result of forcing from below. 

The details of the physical mechanisms involved are fairly clear. 
Warm air is cooled more than cold air in the lower stratosphere. 
Warm air is heated while the cold air is cooled in the middle 
stratosphere in winter whereas the converse occurs there in summer. 
A similar approach is necessary for the computation of the generation 
of eddy available potential energy by radiative processes. Unfortunately 
ozone concentrations as a function of longitude, necessary for this com
putation, have not yet been published for the 30-70 km region . 

D. ENERGY TRANSFER TO AND FROM OTHER REGIONS 

For the Northern Hemisphere 2-1 Omb layer energy may be trans
ferred to or from the Southern Hemisphere, the region below 1 Omb 
and the region above 2mb. We have computed the convergence of the 
vertical energy flux in the 2-1 Omb layer by means of the Eliassen and 
Palm approximation referred to previously, this energy being an input 
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to KE by the large scale quasi stationary waves. A similar input by the 
mean motions to Kz, could not be computed due to lack of data on 
the mean meridional motion. The input to KE is shown in Figure 12 
together with the other terms that arc known. Monthly values are 
listed in Table 14 together with fluxes and the resultant divergence 
between pressure levels. 

E. ENERGY BALANCE CONSIDERATIONS 

Figure I 2 pre sen ts us with an overview of the energy balance on a time 
scale of one month. We have to bear in mind that there are four 
terms which are deemed significant which cannot be evaluated 
directly: GE, C\, C2 , and [p]"l w]". the transfor of mechanical 
energy from adjaCL'.nt layers into Kl.. There are in addition cross

equatorial fluxes of various forms of energy which we think are 

small. We can of course make rough estimates of these four terms 
from balance considerations with the assumption that the energy 
contents do not change significantly during the month. We have 
tacitly assumed in making balance estimates that the time changes 
between months are not important. To reconsider this further we 
note that Az decreases from 1.3 to 0.5 (units: I 0 2 5 ergs) between 
January and February corresponding to a conversion rate of 3 x 

I 0 1 8 ergs sec-• . This is fairly typical of A
2 

changes with K
2 

changes 

being somewhat larger. Let us consider the balance approach for the 
month of January to see where it may lead. From the balance for A 2 
we deduce a value for C2 of 42 units (one unit is 1018 ergs sec- 1

). 

The sense is such that warm air must be sinking and cold air rising. 
From the temperature cross-sections it seems that much of this 
contribution comes from rising motion over the cold pole and sinking 
motion in middle latitudes. Radiative processes are insufficient to 
maintain the meridional temperature gradient against its reduction by 
the quasi-horizontal sensible heat transport and the forced mean 
circulation does much of the work. The energy involved can easily be 
supplied through the conversion CK and hence originate from the 
layers below. Balance considerations for KF then suggest that CE is 
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directed towards this form again, as in the troposphere, and has a size 
of about 10 units. In turn we would then deduce that GE is about 
50 units and acts to reduce AE, this being in line with events in the 
30-1 Omb region where large amplitude waves lose energy by the 
process of the warmer regions cooling to space at a greater rate than 
the cooler regions. A similar approach applied to the February values 
gives Cz ~ 0 and the surplus energy supplied to Kz via CK must be 
returned to the troposphere by [p]"[w]". More energy is supplied to 
KE than appears in the transformation CK and the difference of 
about I IO units must pass to AF via CF , a process in which warm air 
is forced to sink and cold air to rise. In turn warm regions cool more 
than cold, as for January, and AE is reduced by GE. The process is 
illustrated in Figure 13 of Newell et al. ( I 974a). The longitudinal 
temperature gradients at high latitudes arc then largely maintained by 
the motions, in turn supplied with mechanical energy from below. In 
April-June the conversions are much smaller and there are indications 
that the pressure-work term associated with the mean meridional 
motion may be responsible for some of the energy supply. As we saw 
from the table of G2 values radiative processes act to reduce the 
meridional temperature gradients in summer in the middle stratos
phere. In September and November radiative processes act to build 
up the meridional temperature gradient (more cooling at high latitu
des) as in the troposphere and A2 increases. Vertical fluxes are small 
in this period. In November and December the flux from below 
increases, as does CK and K2 . In .January and February the vertical 
energy flux far outweighs the generation by radiative processes. Ai:: 
exceeds A

2 
in January and February presumably because the large 

vertical motions forced by the energy from below dominate the 
longitudinal temperature field; this is not the case in November and 
December. AF is small throughout the summer, as is evident from the 
synoptic maps. 

Overall we have the following picture: radiative processes create 
the meridional temperature gradient in the early winter; the large 
scale eddies convert this gradient to longitudinal gradients which are 
then dissipated by radiation al processes; there is a steadily increasing 
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contribution of energy from the troposphere as the winter progresses. 
In February this energy supply from below swamps the energy 
involved in the transformations in the l 0-2mb layer and at this point 
large temperature changes occur at high latitudes in response to the 
forced circulations; the warming at high latitudes shown in Figure 4 
results in a large decrease in Az. 

F. PHYSICAL REASONS FOR CHANGES 

In the above description we have said what happens but not why. The 
latter is difficult and elusive. One class of problems is concerned 
with the region just above the tropopause where a considerable 
amount of energy is absorbed throughout the year and radiatively 
lost. The energy originates in the planetery waves in the troposphere. 
It is absorbed in the lower stratosphere both in the summer when the 
winds become easterly and in the winter when they are westerly . 
Absorption conditions thus cannot be dependent solely upon the 
wind but must also depend upon vertical stability. 

Energy reaches the middle stratosphere (i.e., passes through lOmb) 
in substantial amounts starting around November and there are large 
pulses in January and February. The latter occur at the time when 
we might expect reduced vertical transmissions as westerly winds have 
increased. Do these pulses originate in the troposphere or are they 
due to changes in conditions in situ? If the former is the case what 
are the physical mechanisms for increased upward flux? One possibi
lity is the so-called blocking highs in the troposphere which are often 
associated with an above-average horizontal transport of sensible heat. 
Another possibility is that radiational cooling of the ground layer 
above a snow surface which varies spatially from week to week alters 
the standing wave pattern, which is impressed on the higher levels, 
and thereby the vertical energy flux. If events are governed by 
conditions at the higher levels we might speculate that higher 
transmission occurs when the regular motion or oscillations of wave 
number one bring it into a certain phase position with wave number 
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two, in other words an interference process occurs. We hasten to 
point out that we do not know the answers to these questions. 

CONCLUDING COMMENTS 

Apart from a study of the energetics of a stratospheric warming by 
Miller et al. ( 1972) and our previous work using a crude 6-month 
climatology (Newell, 1963) there has been little work on the detailed 
energy budget of the region above 30 km. The present study is 
limited to one year, which was the total length of time that 
hemispheric coverage was available when we performed our compu
tations. Since then data for a further six months has become 
available. The variability at these upper levels seems quite large 
particularly in winter and data for several more years must be 
analyzed before we can claim to have established the climatology and 
the mean energy budget. 

At this stage it should perhaps be stressed that once-weekly maps 
are not sufficient to catch the active propagating waves that appear 
to be present. A three day time resolution is desirable. 

It is also imperative to obtain longitudinal coverage of ozone 
concentration at these upper levels in order to obtain correct 
radiative heating rates. (This same comment was made in our 1963 
paper on the same topic.) 

We stress the problem which apparently exists in reconciling the 
energy budget of the middle stratosphere in summer: radiative 
processes destroy zonal available potential energy. Is there an unknown 
energy source or are there cumulative errors in the radiation compu
tations? 

Finally we have argued elsewhere (Newell, l 964a) that total ozone 
is a sensitive indicator of the vertical flux of energy through the 
lower stratosphere. If this is correct we have an additional reason for 
aiming to understand the details of the stratosphere energy budget. 
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APPENDIX I 

NOTATIONS AND DEFINITIONS 

er = 
R 
T 
() 

t 

po o 
p 

K 

a 
g 

</> 

I\ 
n 
f 
H 

u 

specific heat at constant pressure = 1.0046 x I 0 7 erg gm - , ° K -, 
gas constant for dry air= 2.8704 x 106 erg gm-, ° K- 1 

temperature in degrees Kelvin ( Poo) k 

p.otential temperature in degrees Kelvin = T --
time P 

I OOOmb 
pressure 

R 
- = 0.28 6 for dry air 
Cr 

radius of the earth = 6.371 x 108 cm 
gravitational accclera tion = 9 .8062 x I 0 2 cm sec - 2 

latitude , measured northward 
longitude , measured eastward 
earth's angular velocity = 7.292 x 1 o-s sec-1 

Coriolis parameter= 2 n si n<t> . 
geopoten tial height 

" oH 
west wind component (positive if from west) = -·- ~ -

fa a¢ 

v 
att 

south wind component (positive if from south) = g (fa cos<t>)- 1 

a 11. 

dp 
w vertical velocity in pressure coordinates = 

dt 

dz 
w vertical velocity in height coordinates = 

dt 

p density 
a specific volume 
Q rate of non-adiabatic heating per unit mass 
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dM increment of mass== pdxdydz == a2 cos </) d</)d;\ (- :p) 

(
= pep a'r)- 1 

'Y == T - R ap == stability parameter 

x arbitrary dependent variable 
x == time average of x 
x' == deviation from time average 
[x] == zonal average of x 
x* == deviation from zonal average 
[x}"== deviation from meridional average 
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240 GEOFISICA INTERNACIONAL 

Month 100 mb JO mb 5 mb 2 mb 

Jan. 207.3 226.9 238.2 255.8 
Feb. 206.1 228.3 240.4 257.8 
Mar. 207.1 229.6 241 .5 261.7 
Apr. 208.1 232.8 246.6 265.3 
May 208.4 235.4 247.4 267.4 
June 208.7 235.0 249.0 267.0 
July 208.0 235.4 247.5 269.4 
Aug. 207.5 233.5 245.6 263.2 
Sept. 206.9 231.4 244.0 259.3 
Oct. 205.8 227.8 239.7 255.7 
Nov. 205.0 225.1 236.6 251.8 
Dec. 205.6 224.4 236.5 252.9 

TABLE 5. Mean Temperature Averaged Over an Isobaric Surface , 'f. Units: °K. 
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TABLE 12. Data Sources for Radiative Heating Rate Computations 

Parameter Region (km) Source of data or calculation technique 

T 0- 22 Oort and Rasmusson ( 1971) and 
Crutcher and Meserve (1970) 

T 22-44 Tahnk (1973) 

T 44- 70 Theon, Smith, Casey and Kirkwood (1972) 

03 0- 30 Dopplick (private communication) 

03 30-70 Cunnold (private communication) 

C02 0-70 Herman (1972) 

003 0- 70 Slade (1975) 

Oco2 0- 70 Herman ( 1972) 

Qsolar 0-70 Cunnold (private communication) 
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Figure 1. Meridional cross-sections of monthly mean values of zonal wind component. 1972. Units: meters sec-
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Figure 2. Weekly pattern of zonally averaged zonal wind component at the 2 mb (top) and 5 mb (bottom) 
levels. 1972. Units: meters sec- 1• 
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Figure 4. Weekly pattern of zonally averaged temperature, [Tl, in units of °K, and vertical 
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Figure 4. Continued. 
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Figure 12. Energy budge t components for the 10-2 mb layer for each m onth. Units : 
Con ten ts in I 02 5 ergs, and conversion rates in IO 1 11 ergs se~ - 1 . 
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Figure 12. Continued. 
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