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degree of Doctor of Philosophy

ABSTRACT

An observational approach is used to investigate seasonal changes
in the atmospheric energy balance. Results are given for 1000-100 mb
for the globe, Northern Hemisphere, Southern Hemisphere, tropics and
extratropical Northern Hemisphere. 1In the latter region the data was
sufficient to extend the analyses up to 10 mb. Factors governing the
temperature distribution are also discussed as they form an integral
part of the investigation and provide a check on the consistency of
the results.

The vertical distribution of latent heat release is estimated,
based on a cloud weighting scheme at middle and high latitudes and
theoretical studies near the equator. Net diabatic heating rates are
obtained by combining the latent heat release with radiative heating
rates presented by Rodgers and boundary layer heating given by Budyko.
A dominant feature in all seasons is the maximum heating in the middle
troposphere near the equator which is associated with latent heat re-
lease in the ascending branch of the Hadley circulation.

Diabatic heating rates are used to compute the generation of zo-
nal available potential energy (AZ). Global values indicate that over
the long run radiation destroys AZ while latent heat release and
boundary layer heating produce AZ. In the tropics the destruction
of AZ due to radiative processes is balanced by a production due to
latent heat release; boundary layer heating, although comparatively
small, is essentially responsible for the net generation. In middle



and high latitudes radiation produces AZ in all seasons except summer;
the other components are small and the net generation is approximately
equél to that given by radiative heating alone. In the Northern Hemi-
sphere it appears that the generation of eddy available potential
enefgy (AE) is much smaller than the.generation of AZ, although daily
fluctuations of the former were not available,

The conversion from available- potential energy to kinetic energy
is primarily due to eddy processes. AZ is converted to AE in all sea-
sons and almost all of the conversion takes place outside the tropi-
cal regions. The conversion from AE to eddy kinetic energy (KE) was
not computed, but values given by Jensen suggest that most of the AE
is converted to KE. There is also a conversion from KE to zonal kine-
tic energy (KZ) in all seasons. Mean motions, although secondary, are
a significant factor in seasonal changes in the energy budget, parti-
cularly at low latitudes in the winter hemisphere where the Hadley
circulation converts AZ to KZ. The Ferrel cell causes a conversion
from KZ to AZ in middle latitudes.

Frictional losses appear to occur mainly through dissipation of
KE. There is reasonable compatibility between the generation rates
computed herein and the dissipation rates estimated from conversions
to KE and KZ.

Thesis Supervisor: Reginald E. Newell
Title: Professor of Meteorology
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DEFINITION OF SYMBOLS

radius of earth, assumed to be 6.378 x 108 cm
specific heat at constant pressure

2Q sin ¢, Coriolis parameter

acceleration due to gravity

atmospheric pressure

pressure at 1000 mb

time

east-west wind component, positive eastwards
geostrophic east-west wind component, positive eastwards
north-south wind component, positive northwards
vertical velocity, positive upwards
geopotential height

eddy diffusion of heat

frictional force per unit mass vector on a constant pres-
sure surface

frictional force per unit mass in eastward, northward
directions

1- pKPK, efficiency factor

reference pressure, global mean pressure on an isentropic
surface

total diabatic heating
gas constant for dry air
temperature

horizontal wind vector on a constant pressure surface
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dm g a2 cos ¢d¢drAdp, an element of mass

ds a2 cos ¢ d¢dr, an element of horizontal area
o specific volume

B stability parameter, defined in Eq. (5.1)

Y stability factor, defined in Eq. (6.14)

6 potential temperature

K Rd/cp

A longitude, positive eastwards

p atmospheric density

¢ latitude, positive northwards

w vertical velocity, dp/dt, in a pressure coordinate system
r existing lapse rate of temperature

rd dry adiabatic lapse rate of temperature

® gz

Q earth's angular velocity

Vp horizontal gradient on a constant pressure surface
overbar time average

prime deviation from time average

[ ] average around a latitude band

asterisk longitudinal deviation from [ 1]

[ mj global average on a constant pressure surface
[ 1" latitudinal deviation from [‘b]

[x'y'] transient eddy

[;*;#] standing eddy



CHAPTER 1

INTRODUCTION

There have been numerous articles in the literature concerned
with the general circulation and heat and energy balances of the
atmosphere. A monograph published by tﬂe World Meteorological Orga-
nization and written by Lorenz (1967) offers one of the more compre-
hensive reviews on these subjects. Lorenz discusses the problem of
explaining the observed circulation, not only as seen today but as
noted over 200 years ago by Edmund Halley (1686) and George Hadley
(1735). EHe includes discussions of observational, theoretical and
numerical model aspects of the circulation, processes which main-
tain it and the energetics of the atmosphere. Another notable con-
tribution based mainly on observational studies is a collection of
76 papers on the momentum, energy and water vapor budgets of the at-
mosphere, edited by Starr and Saltzman (1966),

Not until recently have sufficient data become available in the
tropics and data paucity has always been a problem in extratropical
regions in the Southern Hemisphere because of the vast ocean areas.
Reqent research programs, such as the Line Islands Experiment and
the Barbados Oceanographic and Meteorological Experiment (BOMEX),
have stressed tropical circulations over ocean areas and air-sea
interactions. Riehl (1969) compares the role of the tropics in the
general circulation of the atmosphere, as he sees it today, with his

views on the same subject nearly 20 years ago (Riehl, 1950). His
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discussion includes comments on the interactions between middle lati-
tude and low latitude circulations. Currently there are many efforts
to blend the knowledge on tropical circulations, now forthcoming at
an accelerating pace, with the more established knowledge on extra-
tropical circulations to obtain the global picture. The Global Atmo-
spheric Research Program (GARP) has this task as one of its main ob-
jectives,

The purpose of the present study is to use the observational
approach to investigate seasonal changes in the general circulation
and heat and energy budgets of the atmosphere. 1In the chapters which
follow, consideration is given to changes in the global patterns, as
well as those in regions of limited volume. In previous studies there
have been no attempts to use observations to calculate seasonal varia-
tions in the global energy budget and therefore no basis for comparing
results obtained for restricted regions. There have also been no at-
tempts on a global scale to compute seasonal changes in the vertical
distribution of heat released in precipitation processes; hence, for
example, estimates of the generation of potential energy, which de-
pend on total diabatic heating rates, have been scarce. To date,
only Dutton and Johnson (1967) have computed hemispheric generation
rates and their values are based on a two-layer model and represent
the mean annual conditions for the Northern Hemisphere.

In this thesis an attempt is made to estimate seasonal changes
in the vertical distribution of latent heat release and the subse-

quent generation of zonal available potential energy. The time and
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space scales are small enough to incorporate and illustrate some of
the larger synoptic scale circulation patterns, such as the Indian
summer Monsoon; yet they appear to be large enough so that sufficient
data is available for‘statistically significant results. The main
objective in the thesis is to arrive at a better understanding of
the atmospheric energy balance. To achieve this it is necessary to
consider the factors involved in the energy budget calculations;
these are discussed in Chapters 2-5, In Chapter 2 the data sources
are given. In Chapter 3 the diabatic heat sources are presented and
the methods used to derive vertical profiles of latent heat release
and boundary layer heating are discussed. In Chapter 4 the global
circulation patterns are presented and particular attention is given
to the tropical and subtropical regions. In Chapter 5 the factors
governing the temperature distribution are discussed as this is an
integral part of the investigation and provides a check on the con-
sistency of the results. Finally in Chapter 6 seasonal changes in
the atmospheric energy balance are presented. Results are given in
the form of energy box diagrams for the globe, the Northern Hemi-
sphere, the Southern Hemisphere, the tropics and the extratropical
Northern Hemisphere. Energy transports between different regions,

such as tropics and higher latitudes are also inferred,
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CHAPTER 2

DATA SOURCES AND PROCESSING

This chapter describes the sources of data used in deriving
global values of wind, temper;ture and eddy transports of momentum
and heat. For each quantity there is a list of references which
states where the data are either given or can be found. If the quan-
tity was calculated this is noted also. The procedures used to pro-
cess these data are given after the data references, A description

of the data sources and methods used to derive the components of dia-

batic heating is given in Chapter 3.

2,1 Data Sources
1. Zonal wind u
(a) Crutcher (1961, 1966): seasonal averages were extracted
for 90N-40N, 1000-100 mb.
(b) Newell and Richards (1969): three months averaged together
using IQSY data for 90N-20N, 100-10 mb.
(c) Newell et al. (1970a): seasonal averages based on 7 1/2
years data for 40N-30S, 1000-10 mb.
(d) Heastie and Stephenson (1960): one month averages were
extracted for 30S-60S, 1000-100 mb.
(e) Schwerdtfeger and Martin (1964): seasonal averages were
extracted from 40S-90S, 1000-30 mb.

(f) U.S. Navy Marine Climatic Atlas of the World, Vol, VII,
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3.

13.

Antarctic (1965): seasonal averages were extracted for

stations in the Antarctic sector, 1000-30 mb.

Meridional wind v

(a)
(b)
(c)
(d)

(e)

)

same as 1(a).

same as 1(b).

same as 1(c).

Vincent (1968): three months averaged together using IQSY
data to compute [5] for 90N-20N, 100-10 mb.

Holopainen (1967): seasonal averages of [;] extracted for
90N-30N, 1000-100 mb.

Vernekar (1966, 1967): one month averages of [%] extracted

for 90N-30N, 1000-100 mb.

Temperature T

(a)

(b)

(c)

(d)

(e)

(£

Goldie et al. (1958): one month averages were extracted
for 90N-40N, 40S-50S, 700-100 mb.

Hann and Siring (1943): one month averages were used for
January and July and their average was used for April and
October; extracted for 90N~40N, 40S-50S, surface.

same as 1(b).

same as 1(c).

Weyant (1966): one month averages were extracted for 60S-
90S, 700-100 mb.

Morin (1966): one month averages were extracted for 60S-

90S, 200-100 mb.
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4, Momentum fluxes [ET;Tj, [EEG;Q

(a)
(b)
(c)
(d)

5. Heat

(a)

(b)

(c)

(d)
(e)

same as 1(a) for both [:T;Ti and fE*Ska.

same as 1(b) for both EGchl and [Gkiﬁq.

same as 1(c) for [57371; [ﬁ*;% for 1000-100 mb only.

U.S. Navy Marine Climatic Atlas of the World, Vol. VII,
Antarctic (1965): seasonal Qalues of [Iﬁiﬁﬂ calculated
from wind statistics.

fluxes [v'T7), [v#T4

Wiin-Nielsen (personal communication): three months aver-
aged together of total heat flux used for 90N-40N, 1000-
100 mb.

Oort and Rasmussen (personal communication): seasonal
averages for total heat flux used for 90N-40N, 1000-100 mb.
same as 1(b) for [V'_'f‘_'i and _\7;‘_'1'-*] .

same as 1(¢) for [v'T"); [v*#TH for 1000100 mb only.

J. B. Robinson (personal communication): six month aver-

ages used for 30S-90S, 1000-100 mb.

2.2 Data Processing

From 90N-30S values of u were taken at each 20 degrees of longi-

tude, each 10 degrees of latitude and for the pressure levels 1000,

850, 700, 500, 400, 300, 200, 150, 100 and 70 mb and zonal averages

were then computed. Because of data paucity above 70 mb and in the

region 30S-90S from 1000-100 mb, only zonal averages were computed.

The same procedure was used to obtain values of v but, with the
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exception of the region 20N-20S, 1000-100 mb, zonal averages were
not used in any further calculations, In the Northern Hemisphere
values of [;} computed by Holopainen (1967), Vernekar (1966, 1967)
and Vincent (1968) using "indirect' methods were adopted. 1In the

Southern Hemisphere [G] was computed from
Z[V] z - (a"coszcﬁ)-l 3% ([,27\77] cos;¢)

where

2= f-(ocoss) 35 ([a]coss)

together with the continuity equation. The values of [; thus ob-
tained were used to compute vertical motion, mass flux, temperature
advection and terms in the energy budget.
Temperature data were processed in the same manner as zonal

wind data with two exceptions. First, no upper air data below 700
mb were available outside the tropical region; vertical cross sec-
tions of T* were analyzed using surface temperatures taken from maps
presented by Hann and Siiring (1943) and values of T at 850 mb were
thereby deduced. Secondly, temperature data as a function of longi-

tude were available on a global basis.
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CHAPTER 3

DIABATIC HEATING

Diabatic heating in a column of air occurs as a result of radia-
tive flux convergence, phase‘changes and heat exchange between the
earth's surface and atmosphere. Solar radiation is the ultimate
source of radiative energy in the atmosphere while thermal (terres-
trial) radiation provides the energy sink. There is net radiative
cooling in most of the region studied (1000-10 mb) with the excep-
tion of the tropical region above 150 mb. Latent heat release is the
predominant diabatic heating source in the troposphere above the at-
mospheric boundary layer. The turbulent heat exchange near the
earth's surface, henceforth called boundary layer heating, is gener-
ally from the earth to the atmosphere because the ocean surface tem-
peratures are usually warmer than the air ‘above. In addition at low
latitudes and in the summer hemisphere at middle latitudes the under-

lying land surfaces are relatively warm.

3.1 Radiative Heating Rates

Net radiative heating rates in pressure layers from 1000-10 mb
at intervals of 10 degrees latitude between the equator and 70°N for
January, April, July and October were taken from Rodgers (1967). His
heating rates were derived from visible and near infrared solar flux
and long wave thermal flux. For atmospheric data he used the follow-

ing: temperatures based partly on a 5-year sample taken from the
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MIT General Circulation Library data and partly on the sources pre-
sented in Chapter 2 (Data Sources 3a and 3c); cloud statistics given
by London (1957); water vapor data up to 400 mb provided by Dr. E.
G. Rasmusson; and ozone cross sections from Hering and Borden (1964).
For the concentration of tropospheric water vapor above 400 mb an
interpolation scheme was devised and the s%ratbspheric content was
assumed to be constant at 0.002 g/kg. The concentration of carbon
dioxide was also assumed to be constant with a mixing ratio of 0.49
g/kg. Unfortunately radiative heating rates as a function of pres-
sure were not available in the Southern Hemisphere and it was neces-
sary to assume seasonal symmetry about the equator, e.g. values at
30N in January were substituted for those at 30S in July. Values
were extrapolated from 70N to the pole and a smoothed set of results

for the Northern Hemisphere is given in Table 3.1,

3.2 Latent Heat Release

For an entire latitude band mean monthly amounts of surface pre-
cipitation are good indicators of the total columnar latent heat re-~
lease since they represent the excess heat available to the atmosphere
by cloud generative and dissipative processes. The vertical distri-~
bution of latent heat release is the most difficult part of the dia-
batic heating to assess as no direct measurements are available., In
the tropics it is generally agreed that the major rain producing pro-
cess is coalescence; therefore the main phase change is from vapor

to liquid. As a consequence the most important source of latent



18.

heat release is condensation. At higher latitudes the Bergeron-
Findeisen ice crystal process becomes an important precipitation
mechanism. It has been known for some time that both ice crystal
formation and coalescence are required in middle latitudes to pro-
duce raindrops of the observed size (see, for example, Houghton,
1950). Recently, Houghton (1968) has suggested that the ice crys-
tal process is more important in middle latitude precipitation.

Ice crystal growth occurs most rapidly at temperatures between -10°C
and -15°C (Mason, 1962) and is mainly due to direct sublimation of
water vapor onto crystals and collisions with supercooled water
droplets. In the former process latent heat release takes place
above the freezing level. In the latter process water vapor may
condense above the freezing level or it may condense below the freezing
level and be lifted to temperatures colder than 0°C.

In the present work the level of maximum latent heat release
outside of the tropical regions was assumed to occur near 0°C or at
temperatures slightly below freezing. Condensational heating was
considered to be the primary source of latent heat release and the
latent heat of vaporization was used to convert zonally-averaged sur-
face rainfall amounts to values of tétal columnar latent heat release.
A sﬁall addition was made to the columnar latent heat release at higher
latitudes to allow for precipitation reaching the ground in solid form
such as snow. Also final values in the vertical distribution of latent
heat release were adjusted to allow for a small percentage of heating

due to fusion above the melting level.
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For the most part past studies on the atmosphéric heat balance
have included only annual averages of each of the budget components
as a function of latitude and investigations into the heat budget of
the Southern Hemisphere are particularly lacking. Davis (1963) in
an analysis of the atmospheric heat budget calculated the seasonal
changes of latent heat release for diféerent vertical layers (his
lowest single layer was 1010-500 mb) but his results were only avail-
able from 70N-20N. Budyko and Kondratiev (1964) give latitudinal
distributions of total condensational heating for both hemispheres,
based on surface rainfall amounts, but their results include only
annual means. For the present investigation the annual average values
of total latent heat release by Budyko and Kondratiev were plotted on
a graph together with Davis' values in the Northern Hemisphere for
January, April, July and October. Curves of the meridional distribu-
tion of total latent heat release were then estimated for each of the
four 3-month seasons centered about Davis' months (see Fig. 3.1).

The latitude of maximum latent heat release was assumed to occur
where the maximum upward motion in the Hadley circulations was ob-
served (see Chapter 4). The seasonal trend of maximum values was
also found to be in good agreement with the monthly distributions of
precipitable water presented by Tuller (1968).

The scheme used for distributing latent heat release in the
vertical was based on northern hemisphere cloud statistics at middle
and high latitudes and model profiles of vertical motion in the vici-

g;ty of the equator, where the cloud statistics did not appear to be
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as reliable. A method similar to that of Davis (1963) was used to
estimate latent heat release profiles for latitudes from 80N-30N.
Zonal averages of percentage of sky cover for each of six cloud

types (cirrus, altocumulus-altostratus, stratus, cumulus, nimbo-
stratus and cumulonimbus), as well as mean bases and tops are given
in a report by Telegades and London (1954) for the northern hemisphere
winter and summer. Weighting factors, based on liquid water content,
drop size distribution and the average depth over which precipitation
occurs (Davis, 1961), were applied to each cloud type in pressure
layers of 100 mb thickness and a weighted percentage of each type

was derived. From the normalized weighted percentages the fraction
of latent heat released within each layer was estimated (see Table
3.2). These values were then applied to the total columnar latent
heat shown in Fig. 3.1 between 80N and 30N for the periods December-
February and June-August.

This cloud weighting scheme was also tried at low latitudes but
the absence of convective clouds in the statistics used, particularly
cumulonimbus (Cb) above 450 mb, lead to insufficient heating in the
upper troposphere and the scheme could not be used. The reason for
such low mean cloud tops in Telegades and London's tropical data is
not known but we can be certain that a few relatively large Cb, such
as those in the Intertropical Convergence Zone, were present (see
for example, Malkus and Riehl, 1964). Perhaps these were included
in the original data set and lost in the averaging process or they

may not have been observed due to lack of stations in the tropical
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network. Because Davis' weighting factor for Cb is .75 a cloud cover
of less than one percent would be sufficient to produce the latent
heat release required in the upper tropical troposphere to compen-
sate for the radiational cooling.

According to Riehl (1950) the tropical upper troposphere receives
most of its latent energy supply from a few tall cumulonimbus clouds.
Malkus and Ronne (1954) used cameras to investigate the growth of
convective towers at the tops of large Cb. Their results showed that
Cb, which averaged 9 km in width, could produce towers at heights of
10-12 km (250 mb) within 20 minutes. These "bubbles'" had an average
diameter of 1.3 km and lasted approximately 5 minutes, Vertical velo-
cities within the bubbles were estimated at about 10-12 m sec_l.
Using their observational evidence as a guide, Malkus and Ronne esti-
mated the amount of latent heat release from large Cb of this type.
They assumed that a Cb, 2 km on a side, embedded in an environment,
30 km on a side, had an average upward vertical velocity of 10 m
sec—l. From mass continuity considerations, the downdraft in the
environment was 4 cm sec-1 which is in agreement with computed val-
ues of synoptic-scale vertical velocities. Using water vapor con-
tents of 3 g/kg ana 0.5 g/kg in the rising and sinking air they cal-
culated a net upward vapor transport of 6 x 107 g sec_1 which pro-
"duced a latent heat transport of 3.6 x 1010 cal sec-l. Averaged
over a 10 degree latitude belt centered on the equator this gives
a latent heat release of approximately 400 cal cm._2 day-l, a value

which compares favorably with Budyko and Kondratiev's value of 300
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cal cm_2 day—l, derived from Fig. 3.1. Thus, if the estimates of
Malkus and Ronne are correct, it appears that less than 1% of active
Cb coverage is required in the equatorial zone to maintain a heat
balance., In a later investigation, Riehl and Malkus (1958) estimated
that active giant clouds, reaching heights of 40,000-50,000 ft (150
mb) would have to occupy approximately'l% of the area in the 10 de-
gree equatorial latitude belt to maintain a heat balance., The find-
ing herein that only a few tenths of a percent of Cb in the tropical
upper troposphere would be sufficient to produce net heating is in
good agreement with the results of both Malkus and Ronne and Riehl
and Malkus.

The adopted values of latent heat release near the equator were
based on the results of a theoretical study by Malkus and Williams
(1963). They used a numerical model, based on buoyancy considera-
tions, to compute ascent rates as a function of altitude for differ-
ent tropical environments. One group of vertical velocity profiles
was derived for a mean tropical atmosphere (with respect to tempera~-
ture and humidity) consisting of large convective cloud elements of
radii 1-3 km. A profile was selected from this group corresponding
tolcloud elements of radius 1,5 km ascending through a saturated en-
vironment, since it appeared to represent the best average conditions
according to results described above (e.g. Malkus and Ronne, Riehl
and Malkus). This choice ensured that condensation was occurring

and that latent heat release was accompanying the strong updrafts.

It was assumed that the distribution of latent heat release was



23.
proportional to the vertical profile of ascent rates. The values of
vertical vg}qgity‘were normalized so that a percentage of the total

latent heat relgasg could be calgulated for each pressure layer of

100 mb thickness. This procedure was only applied at latitude bands

e b gyt

.

centered at the equator and at 10 degrees latitude in the summer
hemisphere where the strongest rising ﬁotions in the Hadley circula-
tions occurred. Profiles of the normalized ratios at these latitudes
were blended with those at 30N to give the profiles at intermediate
latitudes for the periods December-February and June-August.

Values of the ratios for the periods March-May and September-
November were obtained by taking the average of the profiles from
the other two seasons. All profiles except those at the equator and
10 degrees latitude in the summer hemisphere were adjusted, as noted
previously, to allow for some latent heat release due to fusion.
Since no cloud statistics were avai}able for the Southern Hemisphere
northern hemisphere ratios for the corresponding seasons were used.
In each latitude band values of total latent heat release, shown in
Fig. 3.1 were multiplied by the corresponding ratios for each pres-
sure layer and vertical distributions of latent heat release were
obtained. Meridional cross sections for each season were plotted,

analyzed and smoothed, and the results are given in Table 3.3.

3.3 Boundary Layer Heating
Boundary layer heating (BLH) is confined mainly to the lowest

one or two kilometers; in the present investigation it is assumed
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that all of the BLH takes place from 1000-700 mb with the largest
contribution occurring below 900 mb., Under the present assumption
there are only two pressure levels, 1000 mb and 850 mb, at which
BLH can be distributed. The adopted values of BLH are presented in
Table 3.5 and were computed as follows. Analyzed maps presented in
the Budyko Atlas (1963) were used to compute zonally-averaged values
of total columnar BLH in each 10 degree latitude band from 60N-60S
for January, April, July and October. Values given by Davis (1963)
for the same months from 70N-20N were also used. Polewards of 60
degrees latitude reliéble values were not available but approximnate
values were obtained by extrapolation based mainly on the Budyko
Atlas. Curves illustrating the total columnar BLH are given in Fig.
3.2

Approximately two-thirds of the total heating was assigned to
the lower half of the boundary layer and the remaining portion was
assigned to the upper half. The boundary layer over which the heat-
ing was distributed varied in depth, increasing from 1000-900 mb at
high latitudes to 1000-700 mb near the equator. This latitudinal
distribution was selected so that the boundary layer extended up to
at least the level of the mean convective cloud base. Ratios of the
total columnar BLH were derived for pressure layers of 50 mb thick-
"ness and the results are given in Table 3.4. Cross sections were
analyzed and the values obtained at 1000 mb and 850 mb are presented
in Table 3.5. Although the adopted values of BLH are only rough ap-

proximations their contribution to the heat budget of the atmosphere
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is comparatively small. For example, the annual a&erage value of
total BLH given by Budyko and Kondratiev (1964) for the globe is
only about 227 of the condensational heating. Comments concerning
the patterns of BLH, radiative heating and latent heat release are

given in Chapter 5 where their effects on temperature changes are

discussed,
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CHAPTER 4

GLOBAL CIRCULATION

In this chapter the quantities [EJ, [ﬁ], [;J, [6], mass flux,
[—LF—\-I.'—} s [G*\-r*} . [v-'TI‘"—] and [;*T*] are p'resented; these quantities

provide the basic information used in Chapters 5 and 6.

4,1 Temperature Field

The most comprehensive study of upper air temperature over the
world is the Geophysical Memoir by Goldie, Moore and Austin (1958).
It contains meridional cross sections, mean soundings and a large
selection of maps for the months of January, April, July and October.
In the present study temperature maps for each season at all of the
mandatory pressure levels between 1000 mb and 70 mb were analyzed by
hand for the region 40N-40S using station data. Abqve 70 mb, year
to year differences, data paucity and instrumental inaccuracies pre-
cluded long term map analyses and only zonal averages, based on lati-
tude band means (Kidson et al., 1969) were obtained. The maps are
not presented as they will soon appear in a monograph by Newell et
al. (1970a).

When the tropical data were combined with data at other latitudes
(see Chapter 2) a coherent temperagure pattern was observed for each
season. The features most significant to discussions in Chapters 5
and 6 were:

(1) longitudinal temperature variations in the troposphere were
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larger at middle latitudes than at low latitudes in all seasons,

hence AE (see Eq. 6.13) is larger in the former region;

(2) a very warm region was found in the middle and upper troposphere
in June-August over India and China, presumably due to latent
heat release in the sumﬁér Monsoon rains;

(3) lowest temperatures occurred near 100 mb in December-May; accord-
ing to Reed and Vleck (1969) and Newell et al. (1969) a stronger
Hadley circulation in January-February is responsible for inten-
sified upward vertical velocities and, hence, increased cooling
aloft due to adiabatic expansionj

(4) at the equator the highest temperatures in the middle and upper
troposphere were located near 180 degrees longitude and are pro-
bably due to latent heat release in the rising branch of the
"Walker Circulation" which is discussed in detail by Bjerknes
(1969); relatively colder air was found directly above the warm
air, again suggesting cooling due to adiabatic expansion.

There appear to have been no previous attempts other than the
referenced work by Goldie et al. to map the global temperature field
on both sides of the equator. A comprehensive study of the field over
the Northern Hemisphere for the year 1950, divided into two six-month
seasons, has been performed by Peixoto (1960a) and will be referred
to later. For the Africa-Indian Ocean region the most recent study
is that by Thompson (1965). In discussing the energy budget (Chapter
6) it is desirable to have temperature values for the entire field.

Zonal mean temperatures derived for the globe, using techniques
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described in Chapter 2, are shown in Table 4.1 for the four seasons.
Some of the characteristics of the temperature patterns are, of course,
eliminated by the spatial averaging. Table 4.1 shows that the high-
est tropospheric temperatures in June-August are located near 20N,
whereas maximum diabatic heating (see Chapter 5) was found near 5N.
Our tropical map analyses (Newell et al., 1970a) suggest that the
high temperatures at 20N are caused by two effects, heating over the
desert regions of North Africa and Saudi Arabia supplied to the lower
levels and latent heat release over the Bay of Bengal and India sup-
plied to the middle and upper levels during the summer Monsoon. ‘' Meri-
dional cross sections of temperature based on the map analyses are
presented at 20E and 80E in Fig. 4.1 for June-August and illustrate
this point. The cross sections were obtained by subtracting the
meridional average of the temperature (derived for each pressure sur-
face from values at increments of 10 degrees latitude between 40N-40S
inclusive) from the values at each latiﬁude. The maps of Africa and
the Indian Ocean region presented by Thompson (1965) show maximum
temperatures located along 20N in July at all pressure levels. 1In
compiling zonal averages this region represents nearly one-third of
the distance around a latitude circle and is sufficient, therefore,
to produce the highest zonal mean temperature. On the other hand the
" location of maximum diabatic heating in the tropics is mainly a reflec-
tion of the region having the most latent heat release.

In the Northern Hemisphere, vertical cross sections of net radia-

tive heating at each 10 degrees of latitude are presented by Katayama
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(1967) for January and July. In addition he presents maps for both
months showing total columnar latent heat release due to condensation.
His values of latent heat release were vertically distributed using
the ratios given in Table 3.2 and they were combined with his radia-
tive heating rates to give values of diabatic heating., His results
show maximum latent heat release of 800hcal cm_2 day‘_1 near India;
however, his zonally-averaged net diabatic heating rates were a maxi-
mum near 10N. Thus, the present results are in general agreement with
those of Katayama.

Zonally-averaged temperatures were used to construct the mean
profiles given in Fig. 4.2 at 80N, 60N, 40N, 20N and the equator for
December-February and June-August., At low latitudes in January the
mean tropopause height is located near the 90 mb level and is charac-
terized by the coldest temperatures. The temperatures decrease (in-
crease) below (above) the tropopause at a nearly uniform rate. At
high latitudes the tropopause is near 300 mb; the temperatures above
this level are nearly isothermal and the lapse-rates below are approx-
imately the same as at low latitudes. From 200-40 mb the highest tem-
peratures are near 55N. The same remarks are essentially true in
June-August, except that the tropical tropopause heights are lower
(100 mb) and the middle latitude sounding at 40N lies between those
at 20N and 60N so that there is no reversal in the temperature gradient
in the lower stratosphere. In addition the subtropical temperatures
in the troposphere are higher than the tropical temperatures. Note

that in both periods at all latitudes, with the possible exception
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of the winter pole, the temperature is essentially the same near the
200 mb level. This feature actually occurs at 190 mb in December-~
February where the temperature is -58°C and near 240 mb in June-
Auéust where it is -42°C. Maps of the tropopause pressure and tem-
perature are presented by Goldie et al. (loc. cit.); they also repro-
duce a number of mean temperature soundings for typical statioms

which illustrate the variety of tropopause found.

4,2 Zonal Wind Field

Buch (1954) presented maps of mean wind components based on ob-
served winds for the year 1950 divided into two six-month seasons for
levels 850-100 mb for the Northern Hemisphere, Heastie and Stephen-
son (1960) present global maps based on winds calculated from mean
contour heights for the four months January, April, July and October
for levels 700-100 mb. Crutcher (1959) prepared a set of maps for
mean wind components and other wind statistics for levels 850-100 mb
for the Northern Hemisphere. Three-month seasons were used corres-
ponding to the present combinations. For most stations at least 5
years of data were used. From these Crutcher (1961) subsequently com-
piled a set of meridional cross sections for each 10 degrees of longi-
tude from which zonal means can easily be obtained. Crutcher's data
‘were mainly based on observed winds although occasionally in data-
poor ocean areas the gradient wind relationship (although not the geo-
strophic approximation) was used. More recently Crutcher (1966) has

prepared monthly maps for the wind components for 1000 mb. Surface
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wind data wereused when 1000 mb was below the land or sea surface.

As noted in Chapter 2, wind data from Heastie and Stephenson (loc.

cit.) and Crutcher (1961, 1966) were used in conjunction with our

tropical data (Newell et al., 1970a) to obtain global wind fields.

Other references include Obasi (1963a) who presented wind component

maps from 850-50 mb for the Southern HémiSphere for two six-month

periods during the International Geophysical Year (IGY) and Riehl

(1954) who presented maps of streamlines (paralleling the direction

of wind flow) for the surface (January and July) and for 700 mb and

300 mb (two three-month seasons centered on January and July) for

the tropical region.

In the present work the zonal wind component showed the follow-
ing general features:

(1) in middle latitudes there were essentially westerlies at all
levels;

(2) in the subtropics there were low level easterlies and middle and
upper level westerlies;

(3) in the equatorial zone the wind regimes seemed to be a function
of longitude rather than latitude; the western hemisphere was
characterized by upper level Qesterlies with easterlies below
while the eastern hemisphere was characterized by upper level
easterlies with westerlies below.

A dominant feature in the circulation pattern was the strong
easterly maximum which occurred in June-August in the upper tropo-

sphere over southern India. Peak velocities of more than 30 m sec—1
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were attained between 150 mb and 100 mb. In the 16wer troposphere
weak westerly winds were observed over India and our analyses at the
intermediate levels show a latitudinal increase of temperature accom-
panying the vertical wind shear (see Fig. 4.1b).

Meridional cross section; of the zonal wind component along 75W
and 80E are presented from 40N-40S for.December-February and June-
August in Figs. 4.3 and 4.4. They represent typical wind patterns in
the Western and Eastern Hemispheres and illustrate the differences be-
tween the tropical circulations in each hemisphere. In compiling
zonal averages for energy budget calculations this feature is obviously
significant.

Mean zonal winds were obtained on a global basis in the same
manner as temperature, using the data sources and techniques outlined
in Chapter 2. The values are given in Table 4,2, An important dif-
ference between December-February and June-August is that the northern
hemisphere jet core weakens considerably in June-August whereas the
southern hemisphere jet core has almost the same central speed in both
seasons. In the southern hemisphere winter there is evidence of a
secondary maximum near 50S in addition to the main subtropical jet at
30S. The data coverage in the Southern Hemisphere is not very ex-
tensive but indicates that the jet stream meanders more than its
counterpart in the Northern Hemisphere which may account for the
double maximum in the zonal averages. Streten (1969), in an investi-
gation of extratropical cyclones and anticyclones in the southern

hemisphere winter of 1962, found that cyclone frequencies at 700 mb
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appeared to have maxima near 40S and 60S. This is not inconsistent
with the present analyses of a double wind maximum at 30S and 50S in
southern winter. In another study Solot and Angell (1969) using
"ghost" balloons at 200 mb in the Southern Hemisphere also found a
double jet. Their annual mean values of the zonal wind maxima were
35 m SEC—l at 20S and 29 m sec:_1 at 458 and they noted that the double
maximum was most pronounced in spring and summer. In contrast, the
present analyses suggest that the double jet structure is most pro-
nounced in winter and spring, that it is about 10 degrees latitude
further south and that no double maximum occurs in the summer season.
Zonally-averaged values of u in the equatorial upper troposphere
are relatively small because, as already noted, there are generally
easterlieé in the Eastern Hemisphere and westerlies in the Western
Hemisphere. Only in northern summer when the zonal wind component
is near zero in the Western Hemisphere, concomitant with strong eas-
terlies in the Eastern Hemisphere, are the zonally-averaged easterlies
very extensive in the tropics. Thus it appears that longitudinal

asymmetries are very important near the equator.

4,3 Mean Meridional Circulations

In contrast to the temperature and zonal wind component, the
" meridional wind component is very difficult to obtain from the direct
wind measurements., Essentially the problem is that the day-to-day
variations are often larger than the long term mean; at higher levels,

this difficulty is enhanced by instrumental errors, tidal effects, etc.
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The situation is particularly bad at middle latitudés where the

winds are most intense and the day-to-day fluctuations are several
meters per second compared with a mean of about one meter per second

or less. The fluctuations generally diminish towards low iatitudes
except in the upper troposphe;e. Notwithstanding the difficulty the
importance of north-south transports of water vapor, mass, heat, momen-
tum and energy at various levels by mean motions is so great that each
independent effort to appraise them has some value.

The significant features in the meridional wind component were:
(1) evidence of a three wave pattern in the troposphere at middle

latitudes in both hemispheres except during the summer season;
(2) the familiar pattern of northeast and southeast trade winds in

the subtropical Northern and Southern Hemispheres;
(3) cellular motions in meridional planes in the tropics which ap-
pear to have systematic seasonal variations.

The tropical circulations were dominated by low level convergence
into a region south of the equator in December-February and north of
the equator in June-August. The upper level maps showed divergence
from a region a little south of the equator in December-February and
a little north of the equator in June-August. In the middle tropo-
sphere, magnitudes of v were very weak and it was difficult to dis-
tinguish a coherent pattern. In March-May and September-November a
similar pattern was evident but the corresponding convergent and di-
vergent regions were located approximately over the equator.

Meridional cross sections of ‘the north-south component of the
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wind at 80E are presented for December-February and June-August in

Fig. 4.5. 1In December-February cellular circulations are implied in
both hemispheres with low level convergence and upper level divergence
in the vicinity of 10S. The northern hemisphere cell appears to be
stronger., In June-August a cellular structure is not evident, pre-
sumably because of the Monsoon Circulation. The pattern of v in the
upper troposphere is the same as that presented by Keshava Murty (1968)
for the Indian summer Monsoon. Further discussion of this point is
given in Chapter 6.

Because of the difficulties noted at the beginning of this sec-
tion observed values of the meridional wind component were not gener-
ally used to obtain zonal averages; instead, [5] computed by "indirect"
methods was used. Only in the tropical region 20N-20S, where direct
values were found to satisfy the momentum budget (Kidson et al., 1969;
Newell, et al., 1970a), were observed values of [3] used. In the
Northern Hemisphere, as noted in Chapter 2, values of [;} were based
on the results of Holopainen (1967), Vernekar (1966, 1967) and Vincent
(1968). Holopainen calculated indirect values of [;] from 1000-100 mb
using the angular momentum and continuity equations, assuming that
vertical eddy fluxes of zonal momentum were negligible in the free
atmosphere. Vernekar obtained mean meridional velocities in the same
region using the vorticity and thermodynamic equations, forcing the
circulation from observed eddy transports of heat and momentum. Vin-
cent used the zonal momentum and continuity equations in an iteration

process to compute values of [G] and [;] in the stratosphere which
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were forced from momentum and heat sources. Unforéunately in the
Southern Hemisphere no comparable three month seasonal studies were
available and the expression given in Chapter 2 was used to approxi-
mate values of [;]. For comparison there is an investigation by
Gilman (1965) who used momengum and mass balance considerations to
infer indirect mean meridional circulations from 1000-75 mb for two
six month periods during the IGY. The present results for three
month winter and summer seasons are in good agreement with those of
Gilman with respect to sign; only in the extratropical boundary layer
is there a disagreement in magnitudes, with the present values being
smaller. This is probably because Gilman included vertical eddy momen-
tum transports in his calculations, whereas they were excluded in the
present study.

The adopted values of [5] are given in Table 4.3 for the four
seasons along with the vertical averages for each latitude. Tucker
(1959) evaluates the vertical average of [;] and applies this as a
correction to the values at each level. The resulting velocities
automatically satisfy the condition that there is no mass flux through
the latitude circle; this is not strictly true as there are mean pres-
sure changes in latitude belts caused by net mass transports, but
these changes (see Gordon, 1953) may be used to show that vertical
averages do not normally exceed a few millimeters per second. Most
of the vertical averages in the present work were less than 10 mm

sec ~. Values of [5], derived from continuity, assuming w = - pgw

and applying the equation of state appear in Table 4.4,
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Mean meridional circulation patterns were derived from Eq.

(4.1).
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The results are shown in Fig. 4.6 for four seasons and illustrate

the following features:

(1)

(2)

3)

(4)

)

at low latitudes there is one large thermally direct (Hadley)
celi in December-February and June-August, centered in the
winter hemisphere and spanning the whole of the tropical région;
a small weak direct cell is centered in the subtropical summer
hemisphere and has apparently been distorted in the Northern
Hemisphere, preéumably by the strong Monsoon circulation;

at low latitudes in the intermediate seasons there are two Had-
ley cells, one in each hemisphere, with rising motion near the
equator; in September-November the circulation is strongest in
the southern hemisphere cell, while in March-May the two cells
are about equal in strength;

at middle latitudes there are indirect (Ferrel) cells in both
hemispheres during all seasons; the southern hemisphere cells
are generally weaker but this may be due in part to the assump-
tions used to compute [G];

at high latitudes there are polar direct cells in both hemi-
spheres except during northern summer;

in December-February and September-November the tropospheric
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cells (in the Northern Hemisphere) extend into the stratosphere

and show a poleward tilt with height above the tropopause at

least up to 30 mb.

The mass circulation of the northern winter Hadley cell is approx-
imately 1.5 x lO14 g sec_l and for the southern winter cell is about
1.9 x lO14 g sec-l. These compare with.values of 2.3 and 1.8 x 1014
g secnl obtained by Palmen and Vuorela (1963) and Vuorela and Tuominen
(1964), respectively, using Crutcher's northern hemisphere data.

Manabe and Smagorinsky's (1967) model experiment gives 1.4 x 1014 g

sec—l. In March-May the strengths of both the northern and southern
hemisphere Hadley cells are the same while in September-November the
southern cell is twice as strong as the northern cell. 1In is inter-
esting to note that the total mass circulation in the two Hadley
cells is roughly the same in each season. Viewed collectively the
mean meridional circulation patterns show a seasonal variation which

is very important in the heat and energy balances of the atmosphere.

These effects are discussed in detail in Chapters 5 and 6.

4.4 Horizontal Eddy Transport of Momentum

In the present formulaticn of the energy budget only zonal
averages of the eddy momentum transport are needed, whereas for tem-
perature and wind components both longitudinal variations and zonal
averages are required. Zonal averages of transient and standing eddies
were obtained using the same data as for wind components (see Chapter

2). From 30S-90S, only the contribution due to transient eddies was
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available. Currently maps of u and v are being analyzed at middle
and high latitudes in the Southern Hemisphere and the standing eddy
contribution to the momentum flux should be available in the near
future. Cross sections of [ET;T] are given in Fig, 4.7 for December-
February and June-~August and show a strong middle latitude poleward
flux in both hemispheres and a cross-equatorial flux in the upper
troposphere from the winter to the summer hemisphere. The latter

flux was noted by Obasi (1963b) and stressed by Tucker (1965) who

did a detailed study of momentum flux near the equator based on seven
stations. The cross sections also show equatorward fluxes at high la-
titudes in the troposphere and strong poleward fluxes in the winter
stratosphere. The poleward fluxes in the southern hemisphere tropo-
sphere are larger than those in the Northern Hemisphere and they are
comparable in both seasons whereas the fluxes in northern winter are
larger than those in northern summer.

The standing eddy fluxes usuall& had the same sign as the tran-
sient eddy fluxes except in the southern hemisphere tropical-upper
troposphere in June-November; magnitudes were generally smaller ex-
cept in the tropical upper troposphere where they were frequently
comparable and in northern hemisphere middle latitudes above 500 mb
where they were approximately one-~half as large as the transient
eddies in September-February.

When the sum of the transient and standing eddy terms is consi-
dered, the patterns for the troposphere in middle latitudes are simi-

lar to the results obtained by Starr and White (1954) and Buch (1954)
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for the Northern Hemisphere and Obasi (1963b,1965) for the Southern
Hemisphere. These studies used station data plotted on maps as a
base, rather than geostrophic winds, and may therefore be compared
with the present work although the year was divided into two, rather
than four, seasons. The significance of many of the factors noted
above will become evident in the discussion of the energy balance in

Chapter 6.

4.5 Horizontal Eddy Transport of Sensible Heat

The earliest measurements of eddy heat fluxes on a hemispheric
basis were made by White (1954) who calculated values for the North-
ern Hemisphere for the year 1950 using stations grouped into latitude
bands from 31N to 70N. His results showed a strong poleward flux at
850 mb with a secondary peak near the tropopause; both maxima occurred
at about 55N. He also found that the middle latitude flux in the
lower stratosphere was poleward; with minimum temperatures observed
in the tropics this poleward flux was directed towards warmer tem-
peratures or against the gradient. This was the first discovery of
the stratospheric countergradient heat flux on a hemispheric basis
although it had been noted by Priestley (1949) in the data for a sin-
gle station. Later investigations by Murakami (1962) and Peng (1963,
1 1965) for the 18 months of the IGY period showed that the stratospheric
heat flux by transient eddies was predominantly poleward except at
high latitudes. The implications of this countergradient flux will

be discussed in Chapter 6.
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The Northern Hemisphere data for 1950 have been examined in
greater detail by Peixoto (1960a) whose results also include the
tropical regions. Statistics were obtained from grid point values
read from analyzed maps for six month winter and summer seasons as
well as for the complete year, The results obtained did not differ
greatly from White's but the tropical ;nalyses showed the transient
eddy flux to be predominantly equatorward south of 30N. The winter
fluxes were approximately twice as strong as those in the summer.

The equatorward heat fluxes in the tropical troposphere have
been discussed in more detail by Peixoto (1960b) and Starr and Wallace
(1964). Peixoto was first to suggest that this equatorward flux was
countergradient. His conclusion was based on annual averages of tem-
perature and sensible heat flux data for the year 1950 and the equa-
torward flux was strongest in the middle and upper troposphere, ex-
tending as far polewards at 28N at 500 mb. Starr and Wallace re-
examined Peixoto's data (1960a) for the winter and summer seasons
(six months each) and noted that, with the exception of the upper and
lower levels of the tropical troposphere in summer, the sensible heat
transport by transient eddies was countergradient. The standing eddy
coptributions were available only for the winter season and showed the
same general pattern as that by transient eddies. It should be noted
that these results need not necessarily apply to shorter climatologi-
cal periods such as individual months or even three-month seasons.
For example, zonal mean temperature cross sections for January and

July presented by Goldie et al, (1958) show the tropospheric latitu-
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dinal temperature maxima to be near the equator and 30N, respectively.
Thus, if the tropical heat fluxes were equatorward for each month, the
term "countergradient" would not apply to July.

In the present work zonal averages of the total eddy heat flux
were obtained on a seasonal basis from 90N-30S, 1000-10 mb using data
sources given in Chapter 2., From 305-90S only six-month averages of
the transient eddy component were available; hence the values in
southern winter have undoubtedly been underestimated. The latter
values were extracted from maps and are currently being updated by
Professors J. Peixoto and V. P. Starr using additional data sources.

The total heat flux patterns are illustrated in Fig. 4.8 for
December-February and June-August. The general features of the ear-
lier studies are evident; there are poleward fluxes at middle and
high latitudes with maxima at 850 mb and near the tropopause at about
50 degrees latitude in both hemispheres, and there are equatorward
fluxes in the tropics. Note that there is a flux convergence near
the equator in the summer hemisphere. It appears to be associated
with the maximum rising motion in the main winter Hadley cell. The
poleward limit of the equatorward fluxes in the winter hemisphere is
found in the descending branch of the Hadley cell. With the lapse
rate being less than dry adiabatic, ascending motion corresponds to
cooling while descent is associated with heating. The effect of the
equatorward fluxes, therefore, is to conduct heat away from the source
regions in the descending branch and toward the heat sink in the as-

cending branch.
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The standing eddy fluxes are generally smallef than the tran-
sient eddy fluxes. They are most prominent in the tropical and sub-
tropical upper troposphere in the Northern Hemisphere where they of-
ten oppose the equatorward flux due to the transient eddies; other-
wise the pattern of the totai eddy flux is the same as for the tran-
sient eddy flux alone. Although the zénally—averaged horizontal tem~
perature gradients are weak in the tropics (see Table 4,1) the equator-
ward heat flux in the troposphere is not countergradient throughout
the entire year. In June-August when the temperature maximum in the
middle and upper troposphere moves to about 20N the northern hemi-
sphere flux is actually down a weak temperature gradient., The factors

noted above will become more meaningful in Chapters 5 and 6 where the

atmospheric heat and energy balances are discussed.
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CHAPTER 5

TEMPERATURE CHANGES

One method of examining the atmospheriq heat balancé is td con-
sider the various factors which control the mean temperature distri-
bution. In a specific region, temperature changes may be due to dia-
batic heating (or cooling) and to heat transport by atmospheric mo-
tions., These factors are related explicitly in the First Law of Ther-

modynamics, which, when temporally and zonally averaged, is given by

Eq. (5.1)

2L LD+ (3] - (eeotY 5 [ oo T et
- [T o]

RU 7 — % 7 |
+ -E;F[GB—?-#(A’ 7-*_] + DH (5.1)

where

=12 firs] - R p=7 I
B = "[’]3pj”[9]"””[7]’ 3
qVF ‘ P
The terms on the right hand side (RHS) of Eq. (5.1) were evaluated
from the data presented in Chapters 3 and 4 with the exception of the

=

vertical heat fluxes and the last term which represents the eddy



57.

diffusion. Typical magnitudes of the fi;st three terms on the RHS

of Eq. (5.1) were one degree per day, whereas the fourth term was on
the order of 10-l degrees per day and was only important in the lower
boundary layer. Estimates of the fifth and sixth terms using verti-
cal heat fluxes presented by‘ﬁanabe and Hunt (1968) for an 18-level
general circulation model were also on the order of 10‘_1 degrees per
day but the former approached values near one degree per day in the
middle latitude upper troposphere. Since typical values of the time
derivative are on the order of 10—1 degrees per day the seasonal heat
balance can be treated as a steady state problem and if contributions
by the last term are insignificant the balance is governed, to a
first approximation, by diabatic heating (cooling), adiabatic compres-
sion (expansion) and meridional eddy convergence (divergence) of sen-

sible heat.

5.1 Diabatic Heat Sources
Meridional cross sections of net diabatic heating are given in

Fig. 5.1 for each season. In general they show heating in the tropi-
cal troposphere and stratosphere extending to middle latitudes in the
stratosphere and cooling elsewhere with the exception of the lower
boundary layer where heating predominates at middle latitudes. In
the troposphere seasonal changes in the latitudinal distributions of
maximum heating near the equator are a direct reflection of the maxi-
mum latent heat release which occurs where the rising motion in the

Hadley circulation is most intense; the highest values are located
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between 500 mb and 400 mb near 5 degrees latitude in the summer hemi-
sphere. The latitudinal extent of net heating at low latitudes de-
creases from about 35 degrees in the middle troposphere to less than
20 degrees in the upper troposphere and increases again to about 80
degrees in the lower stratosphere. The center of gravity of the net
radiational heating in the stratosphere is in the spring and summer
hemispheres and extends to the summer pole at 10 mb.

Diabatic cooling takes place throughout most of the middle and
high latitude troposphere in both hemispheres because net radiative
cooling predominates over latent heat release., Largest cooling ‘rates
occur in the middle troposphere during the fall and winter seasons,
with maximum values reaching 2.0 deg day_'l over the polar cap (recall
that net radiative heating rates in the Southern Hemisphere are re-
flected from the Northern Hemisphere). Table 3.1 shows that the
largest values of radiative cooling at middle and high latitudes in
the Northern Hemisphere are approximately 0.7 deg day"l more in
January and October than in April and July. In middle latitudes the
radiative cooling rates in July are more than in April but there is
also more latent heat release in July (see Table 3.3). Note that in
the Southern Hemisphere near 700 mb and 50S diabatic heating occurs
in a small region during December-February and September—November.

" This is due to a decrease in radiative cooling in southern spring and
summer, In addition there is a secondary maximum in precipitation
at 50S in southern summer (see Fig. 3.1) which produces more latent

heat release. Radiative cooling in the stratosphere reaches maximum
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values of 1.2 deg (?[ay_l at the upper levels near the pole in fall
and winter. In summer at high latitudes the stratosphere approaches
radiative equilibrium,

Near the surface seasonal variations in diabatic heating are
mainly influenced by changes in the boundary layer heating (BLH). For
example, in northern hemisphere middle latitudes maximum values of dia-
batic heating at low levels are centered further to the north in June-
August when the large land masses are relatively hot, Analyses of
BLH due to sensible and latent heat, based on ship data taken in the
Atlantic region from 30N-255, are presented by Garstang (1967). They
show that the ocean-to-atmosphere exchange in this region is mainly
caused by latent heat transport. Another interesting feature is the
intense diabatic cooling which occurs near the surface at 50S in
December-February. Budyko's maps (1963) of turbulent heat exchange
show that during the summer months there is a broad band (approxi-
mately 15 degrees latitude in width) of atmosphere-to-ocean flux which

extends around the global oceans.

5.2 Adiabatic Subsidence

The second term on the RHS of Eq. (5.1) represents the heating
(cooling) due to adiabatic compression (expansion). Since the poten-
tial temperature increases with height the stability parameter, P s
is always positive and downward motion produces heating, commonly
referred to as subsidence heating while upward motion produces cool-

ing. Values ofw, used to compute .this term were also used to compute
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vertical velocities (see Table 4.4), while values of the stability
parameter were computed from zonal mean temperatures given in Table
4.1. Meridional cross sections of adiabatic subsidence are illus-
trated in Fig. 5.2 for each season. In general tropospheric patterns
show seasonal symmetry about the equator with cooling in the tropics
and high latitudes associated with asceﬁding air and heating in the
subtropics and middle latitudes associated with descending air. Above
100 mb data were only available from 90N-20N and the alternating pat-
terns of cooling and heating are generally polewards of their tropo-
spheric positions. The monthly trend of stratospheric mean meridional
circulations has been discussed elsewhere (Vincent, 1968).

In the troposphere cooling due to adiabatic expansion in the
rising branch of the Hadley circulation is approximately the same in
all seasons and tends to balance the diabatic heating. Maximum values
of about 1.0 deg daym1 occur near 500 mb at 5S in December-February
and March-May and at 5N in the other two periods. Tropospheric heat-
ing rates due to adiabatic compression in the descending air show
much greater seasonal fluctuations. Maximum values of approximately
1.5 deg day—1 occur in the winter hemisphere and are associated with
the stronger downward motion in the ferrel and Hadley cells; in the
sumﬁer hemisphere values decrease to about 0.2 deg day_l. In both
hemispheres the highest heating rates are nearest the equator in the
winter and spring seasons and in each season they are closer to the
equator in the Southern Hemisphere than for the corresponding season

in the Northern Hemisphere. Tropospheric cooling rates in the rising
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branch of the Ferrel cell show a marked seasonal variation in the
Northern Hemisphere but not in the Southern Hemisphere. Maximum
values in the Southern Hemisphere are approximately 0.1 deg day"1
in all seasons and are located near 60S., The values are probably
too small because of the assu&ptions used to compute mean meridional
circulations (see Chapters 2 and 4). In the Northern Hemisphere
maximum cooling of app;oximately 0.6 deg day_l occurs in winter near
55N when three cells are evident. In spring the highest cooling
rates remain near 55N but values have decreased to about 0.4 deg day-l.
In summer when vertical motions are weak and only two cells are evi-
dent peak values continue to decrease and are located further north.
In fall values increase again as the winter pattern is approached,

As noted in Chapter 4 the stratospheric circulations in fall
and winter appear to be an extension of the tropospheric circulations
and there is a poleward tilt with height in the patterns so that two
cells essentially dominate the stratospheric circulation. Miyakoda
(1963) and Perry (1967) found a similar two cell structure in the
stratosphere for January 1958 and January 1963. During fall and
winter cooling rates at low latitudes are approximately one-third
of those in the troposphere whereas heating rates at middle latitudes
are almost as large as the tropospheric values in December-February
and approximately one-half the tropospheric values in September-
November. 1In spring there is subsidence heating in most of the
stratosphere south of 65N and peak values reach 0.25 deg day"1 be-

tween 30 mb and 20 mb at 55N; in summer values are small. At high
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latitudes maximum cooling of about 2.0 deg day-l occurs in winter
near 20 mb. This value is approximately three times as large as the
corresponding maximum value in the troposphere. In the other seasons,

cooling rates are comparable to those in the troposphere.

5.3 Eddy Heat Flux Convergence

The third term on the RHS of Eq. (5.1) represents the heating
(cooling) due to the convergence (divergence) of sensible heat trans-
port by transient and standing eddies. Meridional cross sections of
the eddy heat flux convergence are presented in Fig. 5.3 for each
season. The tropospheric patterns generally show weak convergence
near the equator, moderate divergence in the subtropics and middle
latitudes and strong convergence at higher latitudes. Above 100 mb
data were only available from 90N-30S and Fig. 5.3 generally shows
patterns of convergence and divergence at the same latitudes as in
the troposphere except in June-August when there is very little heat
transport. South of 30S only six-month averages of sensible heat
transport by transient eddies were available and spring and fall
values were taken as the average, consequently the convergence pat-
terps for these seasons are identical.

In the high latitude troposphere of both hemispheres there is
generally a large supply of heat due to eddy heat flux convergence
which compensates for radiation cooling and cooling by adiabatic ex-
pansion in the ascending branch of the Ferrel cell. Values are some-

what sporadic near the polar regions but suggest that peak heating



63.

occurs at the lower levels. Values in the Northern'Hemisphere tend
to be larger than those in the Southern Hemisphere but the latter do
not include contributions by standing eddies and are based on six-

month averages.

5.4 Atmospheric Heat Balance

To summarize the major factors which control the heat balance of
the atmosphere a set of curves is presented for each season (Figs.
5.4-5.9) showing meridional distributions of the three terms discussed
above at selected pressure levels. The levels chosen were 700, 400,
200, 70 and 20 mb since they generally give the most comprehensive
representation of the results.

1. December-February

At 700 mb (Fig. 5.4a) there is a reasonable balance among the
terms from 9ON-40S except near 75N where the heat flux convergence
may have been underestimated and near 35N where there is also too
much cooling., In the latter region there is some heating at low
levels in the Ferrel cell due to mean meridional flow down the tem~
perature gradient but this amounts to less than 0.1 deg day—l. It
should be recognized that latitudes of peak heating and cooling can
be estimated only to within about 5 degrees; thus, for example, an
approximate balance could be achieved near 35N if peak heating due to
subsidence and peak cooling due to heat flux divergence were shifted
about 5 degrees polewards and equatorwards, respectively. From 40S-

70S the results indicate too much heating and over the south polar
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cap they show excessive cooling but as noted previously the patterns
at middle and high latitudes in the Southern Hemisphere are not as
well known as those over the remainder of the globe. 1In the Northern
Hemisphere the curves show quite clearly the relative importance of
the three major terms at 700 mb, At high latitudes diabatic cooling
is balanced mainly by the eddy convergence of sensible heat whereas
heating (or éooling) due to mean vertical motions is secondary. From
45N-10N there is an approximate balance between heating due to subsi-
dence and cooling due to sensible heat flux divergence, while in the
equatorial region diabatic heating is nearly equivalent to cooliﬁg by
adiabatic expansion.

At 400 mb (Fig. 5.4b) two features are outstanding. First, in
the equatorial zone the heat balance is similar to that at 700 mb but
peak values are larger reflecting the increased importance of latent
heat release. Secondly, polewards of the tropical region there is a
tendency for the heat flux convergence and the subsidence terms to
oppose each other with heating generally predominating; however, dia-
batic cooling (mainly radiational cooling) is sufficiently large to
produce values of net cooling on the order of one degree per day.
Consequently, other factors such as vertical heat transports or small
scale diffusion must be important in this region if a heat balance
'is to be maintained. A cross section of vertical eddy heat fluxes
presented by Manabe and Hunt (1968), shows that there is a supply of
heat to the upper troposphere and based on their figure a rough calcu-

lation of the fifth and sixth terms on the RHS of Eq. (5.1) was per-
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formed. Maximum heating of almost 1.0 deg day—1 occurred between

500 mb and 300 mb near 35N in the region of strong baroclinic distur-
bances; estimated ‘heating rates at 400 mb were 0.2, 0.3 and 0.7 deg
day—1 at 70N, 50N and 30N. Their results indicate that large scale
vertical eddy heat transports may be an important heat source in the
extratropical middle and upper troposphére.

At 200 mb the meridional distributions of the three terms are
similar to those at 400 mb with the major exception that radiational
cooling at middle and high latitudes has substantially decreased so
that an approximate heat balance is again maintained. Note also that
diabatic heating near the equator has significantly decreased because
of the reduced role of latent heat release. At 70 mb (Fig. 5.8a) the
three terms generally balance except north of 65N where it appears that
vertical motions are too large. At high latitudes the heat source is
due to eddy heat flux convergence while the heat sink is due to radia-
tion and adiabatic expansion in the rising air; at middle latitudes
the heating is due to subsidence while cooling is due to radiation
and eddy heat flux divergence; and in the tropics radiational heating
balances the cooling by expansion in the ascending motion while the
contribution of eddy heat transport is small, At 20 mb (Fig. 5.8b)
the patterns are similar to those at 70 mb except the magnitudes of
the terms are larger at middle and high latitudes.

In a recent study Murgatroyd (1969) computed mean meridional
and vertical velocities and examined the heat balance of the upper

troposphere and lower stratosphere. His results for a six month
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winter season in the Northern Hemisphere are in agreement with the
present results for December-February except for the contribution
by the subsidence term in the stratosphere. The major difference
appears to be that Murgatroyd's mean meridional cells, although they
extend from the troposphere into the stratosphere, do not tilt pole-
wards with height near the tropopause ahd in the lower stratosphere.

2. March-May

The meridional distributions of the three terms are similar to
those in December-February but values have generally decreased es-
pecially at middle and high latitudes in the stratosphere. A notable
exception to the similarity between seasons is the chénge in the sub-
tropical tropospheric subsidence distributions which is a direct re-
flection of changes in the mean meridional circulation patterns., In
both seasons, however, the distribution of cooling in the rising
branch of the Hadley circulation remains the same. In the stratosphere
there is a poleward progression of tﬁe patterns between the winter
and spring seasons which tends to follow the migration of the mean
meridional circulation (Vincent, 1968). At 700 mb and 200 mb (Figs.
5.5a and 5.5c) there is generally a heat balance except over the
south polar cap where, as noted previously, the results are not well
known. At 400 mb there is a balance at low latitudes but, as in
December-February, there is too much cooling in middle and high lati-
tudes. In the Northern Hemisphere where results are more reliable
excessive cooling amounts to about 0.5 deg day_l at high latitudes

and 1.0 deg day_1 in middle latitudes. If the results of Manabe and
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Hunt (loc. cit.) are applicable to all seasons, heating due to verti-
cal eddy heat transport is approximately 50% of the apparent surplus
cooling and consequently an important factor in maintaining the heat
budget of the upper troposphere. In most of the stratospheric region
the three terms considered show an approximate heat balance (see Fig.
5.8¢c, d). |

3. June-August

The three terms (see Fig, 5.6) generally show seasonal symmetry
with the period December-February. For example, in middle latitudes
at 700 mb, peak values of diabatic heating occur at 40 degrees latitude
in the winter hemisphere and 55 degrees latitude in the summer hemi-
sphere; however, there is more heating in southern winter and summer
than in the corresponding seasons in the Northern Hemisphere. This
is due to higher values of latent heat release which reflect the
larger precipitation amounts in the middle latitude region of the
Southern Hemisphere. In June-August in the descending branch of the
Hadley circulation there appears to be too much subsidence heating in
the troposphere. Vertical velocities given in Table 4.4 show that
maximum values of almost 6.0 mm sec-1 are associated with these large
heating rates. In contrast, peak values of vertical velocity in the
descending branch of the Hadley circulation in northern winter are
approximately 4.5 mm secn1 while values in the ascending air are
about 4,0 mm sec"1 during both periods. At 400 mb the curves again
illustrate a cooling imbalance of about 1.0 deg day_l in middle and

high latitudes and, as noted previously, there is a need for addi-
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tional heat sources in the upper trop05ph¢re.

In the southern hemisphere winter the Ferrel cell does not ex-
tend above the 200 mb level whereas in the northern hemisphere winter
the extension of the cell into the stratosphere is a dominant feature
of the circulation. At 200 mB, therefore, the cooling due to adia-
batic expansion at high latitudes which was evident in the Northern
Hemisphere in Fig. 5.4c is not evident in the Southern Hemisphere in
Fig. 5.6c.

A comparison of heating rates, due to eddy heat flux convergence,
between northern and southern winters suggests that the computed values
at high latitudes in the southern hemisphere troposphere are too small
during June-August. If seasonal averages instead of six-month averages
were available and the standing eddy contribution was known, values
of eddy heat transport and perhaps heat flux convergence would be
larger in southern winter. It was noted above that values of each of
the three terms in the northern hemigphere stratosphere were extremely
small in June-August and no further comments are presented. For con-
venience the scale of the values in Fig. 5.9a, b has been increased
by four.

4, September-November

The meridional distributions of the three terms are similar to
those in March-May with two exceptions. First, as noted previously,
there is more diabatic cooling (mainly radiational cooling) in the
northern hemisphere troposphere during the fall season than during

spring. Since southern hemisphere values of radiation are reflected
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from northern hemisphere values, diabatic heating curves in the south-
ern hemisphere troposphere also show more cooling in fall than in
spring. Secondly, the September-November distributions of subsidence
heating in the northern hemisphere troposphere are shifted about 10
degrees to the north of their positions in March-May. The major equa-
torward migration of the northern hemisphere tropospheric mean meri-
dional circulation patterns apparently takes place between fall and
winter as the subsidence curves for December-February and March-May
are nearly identical. The three terms generally balance each other

in the troposphere except at middle and high latitudes in both hemi-
spheres between 500 mb and 300 mb where there is too much cooling and
at middle latitudes in the Southern Hemisphere between 700 mb and 850
mb where there is too much heating. The former occurs during all sea-
sons and reference to the work of Manabe and Hunt (loc., cit,) has al-
ready been discussed in detail. In another study Berggren and Ny-
berg (1967) investigated the vertical eddy heat transport by sensible
and latent heat for the region from 90N-30N in October, 1961. Their
results showed a total flux upwards through the 700 mb surface which
gave an equivalent warming to the middle and upper troposphere rang-
ing from 0.4 deg day—1 at 85N to a maximum value .of 2.6 deg day‘_1 at
50N. They suggest that heat transports by vertical eddies are at
"least as large as those by horizontal eddies and perhaps one to three
times larger; enough to compensate for the intense radiational cooling
above 700 mb by themselves. The general conclusion reached by Berggren

and Nyberg is in agreement with Manabe and Hunt and strongly suggests
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the need for additional estimates of this term.

The excessive heating at low levels in the middle latitude South-
ern Hemisphere appears to be due to too much diabatic heating (see
Fig. 5.7a) which could result from overestimating the latent heat re=-
lease or from using reflected 'radiative heating rates. There is also
a heat imbalance at 700 mb in the Northérn Hemisphere at middle lati-
tudes which apparently is due to the abrupt changes in the meridional
distribution of heat fiux convergence. If the curve were smoothed
from 60N-30N an approximate heat balance would be achieved,

The stratospheric distributions of heating due to subsidence and
eddy heat flux convergence are similar to those in March-May, but the
distributions of radiative heating are different. The change is most
notable at 20 mb (cp. Figs. 5.8d and 5.9d) where the curves shift
about 30 degrees latitude between the two periods; peak heating is
near 15N in March-May and 15S in September-November. There appears to
be too much cooling in September—Novémber at high latitudes especially
from 30-20 mb where imbalances average about 0.6 deg day-l. It is
worth noting that maximum decreases in temperature occur in this re-
gion during September-November with cooling amounting to approximately

0.2 deg day—l.
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CHAPTER 6

ATMOSPHERIC ENERGY BUDGET

The sun is the ultimate source of energy in the earth-atmosphere
system; its rays create internal energy as they heat the‘atmosphere
and underlying surfaces. Air motions due to differential heating and
the earth's rotation are the source of kinetic energy; frictional dis-
sipation is contiﬁually removing atmospheric kinetic energy. A funda-
mental question in studies of the atmospheric energy balance is, "How
does the energy from the sun get converted into kinetic energy to re-
plenish frictional losses?" 1In this chapter seasonal changes in the
atmospheric energy budget are discussed and attention is given to this

question,

6.1 Available Potential Energy

In a column of air from the surface to the top of the atmosphere
much of the incoming solar radiation reaches the surface and heats the
land and oceans. Vertical currents are set up and heat exchange takes
place between the earth and atmosphere. There is also a heat exchange
due to phase changes in water such as evaporation and condensation.
In addition the presence of clouds affects the net radiative heating.
Each of these factors contributes to diabatic heating (see Chapters
3 and 5) which is responsible for generating internal energy. For a
dry hydrostatic atmosphere the internal energy in a vertical column is

proportional to the potential energy and an increase (decrease) in one
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form of energy is accompanied by an increase (decrease) in the other
form of energy. Thus, it appears that internal energy and potential
energy should be considered as a single form of energy. This concept
was originally introduced by Margules (1903) who investigated the
energetics of local storms. He called the sum of the tw§ energy forms
total potential energy (TPE). Margules.also introduced the concept of
available potential energy but called it available kinetic energy.
Lorenz (1955a, b; 1967), subsequently expanded these concepts to in-
clude the general circulation of the atmosphere and formulated the
equations for the availability of energy on a global basis. He defines
the available potential energy as the difference between the TPE of
the atmosphere and the TPE of the reference state. The reference
state is achieved when the isentropic and isobaric surfaces are paral-
lel to the ground. Lorenz suggests that frictional heating probably
raises the TPE of the existing state as much as it raises the TPE of
the reference state. Therefore, only nonfrictional heating is an im-
portant source of available potential energy. The reversible adiaba-
tic processes which convert TPE into kinetic energy do not alter the
TPE of the reference state, consequently they can account for a conver-
sion of available potential energy to kinetic energy. The sink of
kinetic energy is frictional dissipation. Over the long run as much
available potential energy must be generated by nonfrictional heating
as is converted into kinetic energy or kinetic energy dissipated by
friction. Thus, the atmospheric energy cycle consists of a generation

of available potential energy by nonfrictional heating, a conversion
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of available potential energy to kinetic energy by adiabatic processes
and a dissipation of kinetic energy by friction. This concept has

been adopted in the present investigation.

6.2 General Equations for Enérgy Balance
Following Lorenz (1967), the available potential energy for the

atmosphere is given by
_ -l -X D 1+ 1+X
A= (+%) cq p ff (p-P ) dods (6.1)
()
The time rate of change of available potential energy is

%_ﬁ SQN dm + Iw«c dm (6.2)

where the integral is over the mass of the atmosphere.

For a dry hydrostatic atmospheré, neglecting topography these
are the exact equations for available potential energy. In Eq. (6.2)
the first integral on the RHS represents the generation of available
potential energy while the second integral represents the conversion
of available potential energy to kinetic energy. The quantity N,
which equals 1 - (Pr/p)x where Pr is the reference pressure, has been
called the efficiency factor by Lorenz (1955b, 1967) and Dutt;n and
Johnson (1967) and specifies where on an isentropic surface heating
(cooling) creates (destroys) available potential energy most effi-

ciently.
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Lorenz (1955b) gives a detailed discussion of N and computes the
generation of available potential energy for a simple model using only
net radiative heating rates. Our results and those of Dutton and
Johnson (loc. cit.) suggest that generation by latent heat release is
equally as important. Lorenz (1967) gives a hypothetical cross sec-
tion of N which is similar to the cross sections presented herein for
December-February and June-August (see Fig. 6.1).

The present values of the efficiency factor were derived using
seasonally-averaged values of [E] to compute [3] as a function of
pressure and subsequently to compute the mean reference pressure‘[?r]
as a function of potential temperature. In the exact expression the
reference pressure is the value of pressure on an isentropic surface
and is therefore a function of longitude as well as latitude, pres-
sure and time.

Dutton and Johnson (loc. cit.) present cross sections of N along
longitude 75W for January, April, July and October, 1958 but their re-
sults are in a 9-coordinate system and the efficiency factor has been
multiplied by 5z/36. Since the gradient is positive everywhere in
the atmosphere the signs of their results for January and July can be
compared with those in Fig. 6.1. There is good agreement between the
patterns during both periods; note particularly that in December-
February values near the polar tropopause are the same in both hemi-
spheres whereas in June-August values are 2-3 times larger in the

Southern Hemisphere,

The generation of available potential energy depends on the tem-
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perature distribution as well as diabatic heating. For example, if

the isothermal surfaces were everywhere parallel to the isobaric sur-—
faces there would be no energy generation, nor would generation occur
if the various diabatic heat sources described in Chapter 3 cancelled
each other. The generation of available potential energy depends on
the correlation between temperature and.diabatic heating and, in par-
ticular, the intensity of the energy cycle depends on the temperature
distribution. The seasonal distributions of temperature and the fac-
tors which govern them have already been discussed in detail in Chap-
ters 4 and 5. Lorenz (1955a) developed the following approximate ex-

pressions for available potential emergy

a4

A= 2 (LGP 77 e

=l A~ n o
%6- = 5‘5(5‘—[’) T Q T dm +fwgcdm (6.4)

which are generally more useful in diagnostic computations than Egs.
(6.1 and 6.2) because most data are available at constant pressure
rather than at constant potential témperature. Note that the first
intégral on the RHS of Eq. (6.4), which represents the generation of
available potential energy, explicitly depends on a spatial correla-
tion between diabatic heating and temperature.

The kinetic energy of the atmosphere can be defined as

K = SVE ;’lvg_ J-m_ (6.5)
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and the time rate of change of kinetic energy as
3K |

In Eq. (6.6) the first integral on the RHS represents the conversion
of available potential energy into kinetic energy and the second in-
tegral represents the loss of kinetic energy due to frictional dissi-
pation., A direct assessment of the dissipation of kinetic energy is
extremely difficult because of the limited knowledge about friction.
Values are usually based on the term.WP-Vp¢ in Eq. (6.11) which is a
measure of the work done on the air as it flows down the pressure
gradient. This term is commonly referred to as cross-isobar flow.
Numerous investigations have helped to provide a better understanding
of the distribution and time variability of kinetic energy dissipa-
tion; particularly notable are the recent theories concerning the im-
portance of frictional dissipation above the atmospheric boundary
layer, mainly near the upper level jet, and the apparent diurnal varia-
tion in the free atmosphere.

A colleague, Major D. Ferruzza, presents a detailed discussion
of kinetic energy dissipation (Newell et al., 1970b) and his table of
frictional losses has been reproduced in Table 6.1. Note that an
‘average estimate for the rate of frictional dissipation is about 5000
ergs c:m_2 sec—l. Kung (1969) suggests that the intensity of the gener-
al circulation is greater than previously assumed (Oort, 1964) and

cites his own results as well as those of Dutton and Johnson (1967),



Table 6.1: Frictional Dissipation Estimates by Various Investigators
(ergs em™2 sec™1)

Total "Boundary'" Layer 400-150 mb
Value Thickness Value Thickness 7% of total Value % of total
Brunt (1926) 5000 0-10 km 3000 0-1 km 607 -— -—-
Smith (1955) 8500 1000-100 mb — -—
Jensen (1961) 4284 1000-50 mb 3358 1000-925 mb i9% 521 127%
Holopainen (1963) 10400 Sfc-200 mb 4200 Sfc-900 mb 40% ) 3600+360 (35+10) 7%
Oort (1964)* 2300 1000-100 mb —— -—
kung (1966a) 6380 Sfc-75 mb 1870 * 29% - -—
Kung (1966b) 7180 Sfc=50 mb 1732 Sfc-900 mb 247 ’ 1561 227
Kung (1967)*t 4120 Sfc~50 mb 1573 Sfc~900 mb 387 551 137%
Kung (1969)* 5584 Sfc-50 mb 2027 Sfc-868 mb 36% 940 17% .
Ellsaesser (1969) 4634 1000-0 mb 1529 1000-900 mb  33% 1680 36%
Trout and
Panofsky (1969) ———— mem—————— —-— 1320* -

* computed from "surface" winds
+* mean annual values
x 25000-40000 feet

‘68
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Ellsaesser (1969) and Trout and Panofsky (1969) as evidence. He
states that dissipation rates are too low because of underestimates
in the free atmosphere,

Seasonal and diurnal variations of energy dissipation have been
computed and discussed by Kung (1967, 1969). His results show that
dissipation rates are about 507 greater in winter than in summer
while spring and fall values are near the annual mean. When he com-
bined six months of data together for 0000 GMT and 1200 GMT there
was no apparent diurnal variation in the winter period (November-
April) except possibly above 400 mb where negative dissipation occurred
at some levels at 1200 GMT. 1In the summer period, however, there was
a definite tendency for larger dissipation rates at 0000 GMT; between
300 mb and 70 mb negative dissipation occurred at 1200 GMT.

It should be noted that frictional dissipation is basically a
small scale phenomenon and that methods of investigating it have been
based mainly on large scale consideratioﬁs. Moreover, in observation-
al studies the smaller scale features often go undetected. In view
of this and the wide range of results by various investigators it ap-
pears that accurate esﬁimates of the intensity of the large scale
general circulation based on frictional dissipation rates need further

refinements.

6.3 Treatment of Restricted Regions
Although available potential energy is defined only for the en-

tire atmosphere, it is possible to treat the contribution of a limited
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region of mass mj to the available potential energy of the entire

atmosphere, Using the exact equations P. J. Smith (1969) has shown that

c 3 x
Apr g (A5 T

If Py and p, are taken to be constant, the time rate of change of Aj

is found to be

_i_:t/_)_t; L/QA/G’M +£/.wozc/m

-

- Cff V,'(/V\\{ T)dm ‘953%’(’\/“7ij (6-8)
”y' 'ﬁf

Likewise if the kinetic energy of the limited region is defined to be
Kj- g -'23“72—‘ dm (6.9)
mb
¢

then the time rate of change of Kj is
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For the entire atmosphere the conversion from available potential
energy into kinetic energy involves the integral of wo over the mass
of the atmosphere; however, for a limited region the following rela-

tionship holds:

wadm - -V ¢ dn = Vadn_( 2 .
i,/- L/-f’l’ | j,,,/.vf p ¢ %_;l,wqéa’m (6.11)

If the boundary terms are identically zero the conversion of avail-
able potential energy to kinetic energy in the limited region will

be given by the integral of woa over the mass of the region. When the
boundary terms are not zero an increase in the kinetic energy in the
region may result from boundary flux of energy rather than a direct
conversion of available potential energy. Similar treatments of
limited regions using the approximatg expressions in Eqs, (6.3) and
(6.4) have been derived by various researchers including Oort (1964)

and Muench (1965).

6.4 Zonal and Eddy Forms of Energy
Because of the observed zonal symmetry of the motion and tempera-
ture fields in the atmosphere, a plausible resolution of the approxi-
mate expression involving available potential energy (Eq. 6.3) is to
- replace the mass and motion fields by the amounts associated with the
zonal average and the amounts associated with the eddies. Also, to

reduce the computational requirements for diagnostic studies over



93.

long time periods, the fields of mass and motion are averaged over
time before space. Under such a resolution the zonal available po-

tential energy (AZ) and the eddy available potential energy (AE) be-

2
AZ=2(v[T]" dm o
AE = ’? f Y[—f;‘-z] dm (6.13)
where

S\ TSICY
[T]] o(p-p) ) [8] P97

ID (6.14)

Here the integral is over the entire mass of the atmosphere. Like-

wise the zonal kinetic energy and the eddy kinetic energy are

3{ g(@]z"' [V]L) dm (6.15)

1l

KZ

)

KE

2 2
L [-x2, =
Zf[“ +v*]4/m (6.16)
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The energy budget equations for each type of energy have the form:

._é~ = -CZ~-C |
S5F AZ = 62-C A

24 - - CA
%ﬂf: GE-CE +

2 Kz=(CZ2 +CK=DZ
¥ Kz z +

2 KE= CE -cKk— DE
ot

where

c2= (v [a] [T] dn
GE= GfV[&* T ] dm
CE =~ [ [ & + 2*T] dm

c2==§[&]"[2]dm =[£[5)][7] dm

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)
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CH= flo o wod s () dm

Cos¢

+ f[m + E*&;*] _D__E‘l q’m © (6.25)

- Cff Y—[T—J- [ﬁ+ Z:*Tf] —-Z)-L'él”dm (6.26)

Z=—((fﬁ][f};] +[7][Es]) dm | 6.27)

f[ + TT + ¢ *;‘;*-l- V“E*“]‘[m (6.28)

The picture of the energetics of the atmosphere becomes more compli-
cated as now there are conversions between the eddy and zonal forms
of both available potential energy and kinetic energy. It is very
difficﬁlt to say a priori which way many of the conversion processes
proceed and it is necessary to turn to atmospheric observations in
order to assess the energetics for the 299a1 and eddy forms of energy.

Other resolutions of the approximate equations for available potential

»
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energy have been developed and a summary of three possible resolu-

tions is given by Oort (1964).

6.5 Global Energy Budget

The data described in Chapters 2 and 3 were used in Eqs. (6.12-
6.16, 6.21-6.26) to compute approﬁimate values of the contents, gen-
erations and conversions in the atmospheric energy budget. As noted
previously all of the quantities were not available on a global basis.
Unfortunately, covariance terms which included "vertical velocity"

) were not known; hence, the conversion CE; for example, was not
calculated. In addition the contributions of time fluctuations to

GE, AE and KE were not known and no attempt was made to compute values
of the dissipation terms, DZ and DE. The results are shown in the
form of energy box diagrams (see Figs, 6.12-6.18) as a function of
three-month seasons for several differen; regions whose boundaries

are defined by latitude and pressure,

Global values are given in Fig. 6.12. AZ in 7-8 times larger
than KZ in all seasons. In addition the zpnal forms of energy
appear to be much larger than the corresponding eddy forms But, as
noted above,'time variations were not included in computihg eddy
forms of energy. Thus; AE and KE have ug@oubtedly been under-
estimafed. For e#ample, values of Aﬁ wer; based on longitudinal
deviations from seasonal averages (T*z) instead of daily averages

(T*z). KE estimates were only available from 90N-30S and also will

be too small. A cross section of the integrand of AZ is presented
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for December-February in Fig. 6.2. Similar cross sections were ana-
lyzed for the other periods. Maximum values of almost 7 x 107 ergs
g = were located over the summer pole in the lower stratosphere and
near the winter pole in the troposphere. In March-May and September-
November maximum values of 2-4 x 107 ergs g-l occurred at high lati-
tudes in both hemispheres. 1In 1ow‘and middle latitudes values were
comparatively small except near the equatorial tropopause (100 mb
level) where they were 1-2 x 107 ergs g_l during all seasons. Cross
sections of the integrand of AE showed maximum values in December-
February near the surface between 55N and 65N which approached 4'x
107 ergs g-l. In the Southern Hemisphere values were much smaller
than those in the Northern Hemisphere reflecting a stronger zonal
symmetry in the temperature field of the former region. Cross sec-
tions of the integrand of KE were only available from the North Pole
to 30S and the largest values (6 x 105 ergs g-l) occurred in the vici-
nity of the northern hemisphere winter jet stream. Cross sections of
the integrand of KZ reflected the zonal wind component, which is given
in Table 4.2 for all seasons. Maximum values of nearly 6 x 106 ergs
g— were associated with the northern hemisphere winter jet stream.
This region also showed the greatest seasonal variations with values
decreasing to almost 1 x 106 ergs g—l by June-August. In the South-
ern Hemisphere two specific regions showed large values of KZ, one
associated with the middle latitude upper tropospheric jet and the

other associated with the higher latitude stratospheric jet which

was evident in all periods except December-February. The latter, of
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course, only showed large values at 100 mb, as this'was the upper-
most level considered on a global scale. 1In the vicinity of the tro-
pospheric jet, KZ varied seasonally only from 2.8-4.3 x 106 ergs g—l
which was considerably smaller than the corresponding variations in
the Northern Hemisphere; howeéer, at 100 mb near 555 seasonal values
ranged from 1.1-4.1 x 106 ergs g—l with the low value occurring in
December-February when.the stratospheric jet was not evident.

The generation of zonal available potential energy, GZ, was com—-
puted by two methods: one based on an approximation to the exact
expression for the integrand of the first term on the RHS of Eq. (6.2)
and the other using Eq. (6.21)., 1In the first method the adopted in-

tegral for GZ was
GZ -—j fﬁ] [#7] dm (6.29)

Cross sections of the integrand of GZ computed by each method are
given in Figs. 6.3 and 6.4 for December-February and June-August. In
general the features of the patterns by each method are similar ex-
cept, (1) there is usually more destruction above 150 mb when the
efficiency factor is not included and (2) the large generation rates
over polar regions of both hemispheres are at a higher altitude and
central values in the rising branch of the Hadley circulation are
smaller when the efficiency factor is included. The patterns by

each method of computation for the other two seasons are represented
approximately by the average of those in December-February and June-

August.
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Values of GZ by both methods are given in the upper right hand
corner of each energy diagram with the top value being that obtained
from Eq. (6.29). Note that in all seasons the use of the efficiency
factor has resulted in larger values. Dutton and Johnson (1967) give
a critical evaluation of diagnostic studies of the atmospheric energy
budget and note the dangers of using the approximate expression in
Eq. (6.21) instead of the exact expression based on the efficiency
factor. Their average annual value of GZ using N is approximately
285 x 1020 ergs sec“l for the global atmosphere which is about two
times larger than the seasonal values presented in Fig. 6.12, It is
difficult to determine what factors are responsible for this differ-
ence in generation rates. Perhaps the use of different coordinate
systems, data sources and methods of computation are the reason; how-
ever, it is believed that Dutton and Johnson's partitioning of
Lettau's (1954) diabatic heating components into two free atmosphere
layers and a lower boundary layer is the major problem. For example,
their distribution gave 447, 417 and 157 of the total GZ produced by
net radiation, latent heat release and boundary layer heating. In
the present investigation the relative roles of these heat sources
are considerably different. Generation rates based on Eq. (6.29)
are given in Table 6.2. Note that the annual mean (average of the
‘seasonal values) of GZ shows that radiative processes tend to destroy
AZ whereas latent heat liberation is the primary source of AZ. These
results agree with the opinion stressed by Peixoto (1965) and suggest

a change of perspective from the classical viewpoint that a radiative
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imbalance between low and high latitudes is the direct primary driving
force for the general circulation. The results also show that bound-
ary layer heating makes a significant contribution to GZ. The same
general trend was found when the values .of [6] in the integrand of

Eq. (6.21) were divided into components.

Table 6.2: Distribution of Global GZ Produced by Net Radiation,
Latent Heat Release and Boundary Layer Heating (1020 ergs sec~l)

Components TOTAL Percentage of Total
RAD 1H BLH RAD LH BLH
Dec~Feb 22,5 86.8 35.9 145,2 15 60 25
Mar-May 14.6 88.4 38.9 141.9 10 63 27
Jun-Aug ~47.6 121.0 55.3 128.7 -37 94 43
Sep-Nov -19.0 99.5 41.4 121.9 -16 82 34
Ann Mean - 7.4 98.9 42.9 134.4 -7 75 32

Because the complete exact expression for GZ could not be calcu-
lated it is difficult to infer which of the approximations, Eq. (6.21)
or Eq. (6.29), gives the more precise values. Both have been presented
in the energy box diagrams but the discussion hereafter will be based
on the generation rates computed using Eq. (6.29).

If we assume that seasonal changes, small scale diffusion and
the upward flux of AZ through the 100 mb level are small compared to
the conversion from AZ to AE, then there is a large imbalance in the
AZ box in all seasons. That is, much more AZ is generated than is re-
quired for conversions to AE and KZ. The apparent surplus, based on

GZ calculations using N, ranges from 60-100 x 1020 ergs sec_1 with an
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average annual value of about 80 x 1020 ergs sec—l. The results of
Wiin~-Nielsen (1967) for the Northern Hemisphere during the period

February 1963-January 1964 indicate that AZ decreased about 8 x 1020

ergs sec—1 during March-May and increased about 6 x 1020 ergs sec

in September-November, whereas the values in winter and summer showed
little change; consequently, seasonal changes alone can not account
for the surplus produced in AZ. The energy flux of AZ upwards through
100 mb, by the boundary term in Eq. (6.9), has been estimated by my
colleague, Captain T.G. Dopplick, to be 0.05 x 1020 ergs sec — for

the region 90N-20N in January 1964 (Newell et al., 1970b)., Clearly,
this effect is not too important unless the value magnifies cénsidera—
bly in other months and regions. It also seems unlikely that small
scale diffusion could consume an appreciable amount but our knowledge
of this quantity is very limited. Thus it would appear that we are
left with an unexplained surplus of AZ. In Chapter 5 it was suggested
that vertical eddy heat transport might be an important source in
maintaining the heat baiance of the upper troposphere at middle and
high latitudes. Rough estimates of the vertical heat flux term in

Eq. (6.26) were computed for December-February and June-August using
heat fluxes from Manabe and Hunt (1968) in conjunction with the pre-
sent temperature data; the contributions were found to be negligible.

Hence, for the present, the apparent surplus in AZ remains an unre-

solved problem. Further comments are given later.
The energy box diagrams show that the global conversion CA is

always from AZ to AE and that it is largest in December-February



being about 2.5 times greater than in June-August. Bear in mind

again that the use of six-month averages for meridional heat fluxes
bet?een 308 and 90S tend; to decrease the global value of CA in June-
Augﬁst. In March-May and September—November;.the values of CA are
approximately the same and are between those of the other two seasons.
Cross sections of the integrand of CA for December—Fébruary and June-
August are given in Fig. 6;5. There is reasonable symmetry in the
patferns for the respective winter and summer seasons in each hemi-
sphere,

The conversion, CZ, was based on the expression f[; [};] in Eq.
(6.24) rather than [;]"[&]" since the latter requires [B] = 0 on each
pressure surface which is probably incorrect in regions of limited
volume., Our discussion later is concerned with restricted regions,
thus for consistency thg former expression was selected. Note that the
expression involves the product of the mean meridional flow and the gra-
dient of geopotential, such that a positive value increases CZ in Eq.
(6.24). Therefore, if fhe mean flow is down the gradient of geopoten-
tial there is a conversion from AZ to KZ. In the actual computations
of CZ the observed zonal wind component was substituted for the geo-
strophic wind and the singularity in [;;] at the equator was avoided.
The method by which the values of [;] were obtained is desciibed in
Chapter 2.

The seasonal values of CZ in the energy boi diagrams are small

compared to CA and CK and are strongly influenced by the Hadley circu-

lation. In December-February and June-August when the tropical
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circulation mainly consists of a strong and extensi&e winter hemi-
sphere Hadley cell (see Fig. 4.6), the conversion is from AZ to KZ.
In March-May and September-November the Hadley cells (one in each
hemisphere) are less extensive and considerably weaker and CZ is from
KZ to AZ (although it is near‘zero in the latter period), illustrat-
ing the increased role of the middle lafitude indirect (Ferrel) cells.
Cross sections of the integrand of CZ are given in Fig. 6.6 for
December-February and June-August. In both periods the largest con-
versions from AZ to KZ occur in the winter hemisphere on the middle
latitude side of the poleward branch of the main Hadley cell where

fv is positive and the zonal wind is westerly. In June~August there
is also a conversion from AZ to KZ in the summer hemisphere in the
equatorward branch of the Hadley cells. The tropical data of geopo-
tential which were used in the atmospheric energy transport calcula-
tions given by Kidson et al. (1969) show the largest values in the
upper troposphere near 55 in December-February and near 25N in June-
August. Thus, the conversions from AZ to KZ in the upper branches

of the Hadley circulations are brought about by air motions down the
gradient of geopotential. It is encouraging that two independent
analyses, using [ﬁ] and [5], give the same result, since one is based
on direct wind observations and the other is dependent on temperature.
In both periods there are conversions from KZ to AZ in the middle la-
titude upper tropospheric regions of both hemispheres which are re-
lated to the Ferrel cells.

The conversion CK was computed from Eq. (6.25) but the vertical
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momentum fluxes were not included; in addition, from 30S-90S only

the transient eddy momentum fluxes were available for the first term.
The energy box diagrams show that the conversion is from KE to KZ in
all seasons and that the seasonal changes in CK are small compared to
those for the other conversions. Furthermore it appears that the
values of CK due to transient eddy momentum fluxes (given below and
to the left of the total CK value) are responsible for most of the
conversion. Cross sections of the integrand of CK are given in Fig.
6.7 for December-February and June-August. The most noticeable fea-
ture in the CK patterns is the seasonal symmetry, that is, winter in
one hemisphere is almost a mirror image of winter in the other hemi-
sphere and likewise for sﬁmmer. Another interesting feature is the
conversion from KZ to KE in the upper tropical troposphere in both
seasons with maximum values occurring near 5 degrees latitude in the
winter hemisphere. This arises because there are westerlies at mid-
dle latitudes in both hemispheres and tropical easterlies with maximum
values located near 5 degrees latitude in the summer hemisphere, in
conjunction with momentum fluxes from the winter to the summer hemi-
sphere which have maximum values near 5 degrees in the winter hemi-
sphere. Consequently, in the upper tropical troposphere, between
about 15 degrees in the winter hemisphere and 5 degrees in the summer
hemisphere, the eddies act in the classical sense and tend to reduce
the kinetic energy of the zonal flow by transferring momentum down
the gradient. A smaller less extensive region of KZ-KE is evident

during the other two seasons.
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On a global basis, KZ always gains through the combined pro-
cesses of CZ and CK. CK builds up KZ in all seasons and CZ builds
up KZ in December-February and June-August. Only in March-May is
there an appreciable loss of KZ through CZ and in this period the
conversion from KE to KZ overéompensates. A net balance in KZ is
maintained by a continuous dissipation at the earth's surface, in the
lower boundary layer apd in the free atmosphere. Table 6.3 summarizes

the effects of CZ and CK on KZ.

Table 6.3: Global Conversions to KZ (1020 ergs sec—l)

C(AZ-KZ) C(KE-KZ) Sum
Dec~Feb 4.0 14.8 18.8
Mar-May ~-4.7 15.8 11.1
Jun-Aug 5.9 11.5 17.4

KZ can only be lost by dissipation and by a boundary flux through
100 mb. The latter has been estimated by Captain T. Dopplick as 0.6
X 1020 ergs sec“1 for the region 90N-20N in January 1964 (Newell et
al., 1970b). Thus, it appears that most of the zonal kinetic energy
must be lost through frictional dissipation. Estimates of frictional
dissipation of total kinetic energy derived by several investigators
were already noted (see Table 6.1). Since none of the studies was
on a global scale a direct comparison is not possible. Extending a
typical estimate of 5000 ergs cm'-2 sec-l to the globe gives a total

dissipation of 250 x 1020 ergs secfl, while the estimate here is
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about 15 x 1020 ergs se(:m1 for the dissipation of KZ. Hence if total
dissipation rates have not been overestimated it appears that most of
the frictional losses occur as KE dissipation.

An estimate of the KE dissipation was obtained using values of
the conversion from AE to KE (CE) presented by Jensen (1961) for the
Northern Hemisphere for the months January and April. Combining re-
sults for the two months gave a value of CE of about 4000 ergs cm-2
sec_l, which when extended to the globe is 200 x 1020 ergs sec .
Since the value of CK is about 15 x lO20 ergs sec_l, an estimate of
the dissipation of KE is approximately 185 x 1020 ergs sec_l which is
much larger than the present estimate for the dissipation of KZ. Fur-

ther estimates of CE are required in order to show more explicitly the

relative roles of KE and KZ dissipation.

6.6 Northern Hemisphere vs Southern Hemisphere

The energy box diagrams for the Northern and Southern Hemispheres
are given in Figs. 6.13 and 6.14. Seasonal values of GZ and AZ infer
a phase lag of less than 90 days and their ratio yields a time response
of about 15-20 days for each season. The largest values of both GZ
and AZ occur in the winter hemisphere while the smallest values occur
in June-August in the Northern Hemisphere. The latter may be due to
warmer underlying land surfaces which tend to reduce temperature dif-
ferences. The results of KZ show the same tendencies as GZ and AZ,
suggesting a rather rapid response by conversion processes.

As for the globe, the values of GZ in each hemisphere were
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partitioned according to diabatic heating components. The results

basid on Eq. (6.29) appear in Table 6.4.
f

/

i

Table 6,4: Distribution of GZ by Components (lO20 ergs sec—l)

Northern Hemisphere * . Southern Hemisphere

RAD I BIH TOTAL ~ RAD LH  BLH IOTAL
Mar-May - 2.6 41.9 21.4 60.7 17.2  46.5 17.5 81,2
Jun-Aug -89.2 90.7 29.7 31.2 41.6 30.8 25.6 98.0
Sep-Nov  -21.0 62.4 23,5 64.9 2,1 37.1 17.9 57.1

Note the following features: (1) in the winter (summer) hemisphere
radiative processes produce (destroy) Az; (2) latent heat release
and boundary léyer heating produce AZ in all seasons; (3) seasonal
variations are most pronounced in the radiative heating component
while boundary layer heating is relat;vely stable,

In the Northern Hémisphere,Aas noted in Chapter 4, Katayama's
maps (1967) were used to compute values of net diabatic heating
which were combined‘with the present values of temperature in Eq.
(6.22) to yield values of GE. The results (see Fig. 6.13) show that
GE is much larger in January and indicate that it is small compared
to GZ but recall that GE may have been underestimated. A cross sec—
tion of the integrand of GE is given in Fig; 6.8 for Januafy. Note
that maﬁimum generation occurs in the lower troposphere at high la-
titudes where values e#ceed 5 ergs g.‘1 sec—l.

The conversion CA is always from AZ to AE in both hemispheres

as for the global region., The largest value occurs in northern winter,

-
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For comparison we have included the northern hemisphere values of CA
computed when the total eddy heat fluxes érovided by Drs. A. H. Oort
and E. M. Rasmusson were combined with our temperature data. Their
heat fluxes produce values of CA that are approximately 70% of those
adopted which were based in part on the total heat fluxes provided by
Prof. A. Wiin-Nielsen, Seasonal variations of CA in the Southern
Hemisphere are much less than those in the Northern Hemisphere but
seasonal values for thé standing eddies of the meridional heat flux
were not available from 30S-90S. Annual values of [W] and [\—r*Tg
in this region given by Robinson (1968) show that standing eddies

are comparatively small. Note that, except for March-May in the
Southern Hemisphere, the seasonal trend of CA is the same as AZ, again
suggesting an immediate response.

The conversion CZ is from AZ to KZ in the Southern Hemisphere dur-
ing all seasons except summer, while in the Northern Hemisphere it al-
ternates with season being from AZ té KZ in winter and summer. The out-
standing feature is the importance of the winter hemisphere Hadley cir-
culation in converting AZ to KZ. The conversion CK is always from KE
to KZ and shows very little seasonal variation in either hemisphere,
Momentum transports by transient eddies give the most important contri-
bution to the integral of CK in the Northern Hemisphere and may do like-
wise in the Southern Hemisphere although standing eddies are not yet
available from 30S-90S. Note that the minimum value of CK occurs dur-
ing northern summer as for GZ, AZ, KZ, and CA.

Values of the net conversions from AZ to AE and KZ are given in

Table 6.5,
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Table 6.5: Conversions from AZ by CA, CZ (1020 ergs sec_l)

Northern Hemisphere ‘Southern Hemisphere
Dec~-Feb 75.4 9.7
Mar-May 28.3 15.0
Jun-Aug 6.3 31.8
Sep-Nov 30.0 24,4

Values of the boundary flux of AZ across the equator were found to
be small compared to CA, a typical magnitude being about 2 x 1020
ergs sec-l. In Table 6.5 the seasonal trend of total conversions

from AZ is similar in both hemispheres. Monthly changes in AZ for

the Northern Hemisphere, as given by Wiin-Nielsen (1967), are in

phase with the tabular values. The southern hemisphere winter value
of 31.8 x 1020 ergs sec-1 is undoubtedly an underestimate since CA
would be larger if three-month rather than six-month averages of [;75T7
had been available. A discussion of the net conversions to KZ by CZ
and CK is delayed until the next section.

To summarize the hemispheric energetics the present results for
the annual energy budget of the Northern Hemisphere are compared with
those deduced by Oort (1964) and Dutton and Johnson (1967) in Fig. 6.9.
The present results are found to be more in agreement with those of
Oort. It should be emphasized that in Dutton and Johnson's work GZ,

CK and CZ are the only transformations based on observational data;
the remaining ones are based entirely on Kung's (1966) total dissipa-

tion rate and balance requirements., In the present work, all trans-

formations were computed from observed data. Oort's results are also
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partly based on balance requirements. It.appears that the value of
CA may have been underestimated in the present investigation; if this
value were increased so that GZ equalled the sum of CA and CZ, then
the diagram could also be completed from balance requirements.

Some facts should be empﬁasized about the treatment of limited
regions. By original definition global'estimates of the parameters
N and Y represent the pnly correct values, therefore, integrals eval-
uated from data in restricted regions can not be directly compared.
As an example the values of N at 500 mb, computed separately from
northern hemisphere, southern hemisphere and global data, are given
in Table 6.6 for December-February. Note the large differences in

the winter hemisphere.

Table 6.6: [ﬁ] in units of 10-2 at 500 mb in December-February
(global vs northern and southern hemisphere distributions)

85N 75N 65N 55N - 45N 35N 25N 15N SN
Global -13.2 -15,7 =13.0 -12.6 -13.0 - 6.0 1.0 5.3 6.3
No Hemo - 9.3 —1106 - 807 - 8:5 - 9.0 - 203 401 8.0 809
55 158 258 35S 458 558 655 75S 8585
Global 6.4 6.3 4.6 0.4 - 5.3 =-11.5 -13.3 -14.5 -13.9
S. Hem. 6.3 6.2 4.5 0.4 -5.2 -10.9 -12,3 -13.4 -12.9

A more serious problem can occur when data on less than a global scale

is used to derive the average value of a variable on a pressure sur-

face which is subsequently used to compute deviations such as (T]".

~
For example, AZ would be much less in the tropics if [T] was based

solely on tropical temperatures rather than on global temperatures.
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Further evidence of this is given in the next section.

6.7 Tropics vs Higher Latitudes

The tropical atmosphere is defined here as the region between
30N and 30S. The values of GZ in the tropics (see Fig. 6.15) are
much less when the efficiency factor is.used because the isentropic
surfaces are nearly parallel to the isobaric surfaces. Recall that
[ﬁl is extremely small in the tropics even though [Q] is relatively
large. Table 6.7 shows the partitioning of GZ in the tropics accord-

ing to diabatic heating components.

Table 6.7: Distribution of GZ by Components (lO20 ergs sec—l)

Tropics (30N-30S)

RAD 1H BLH TOTAL
Mar-May -135.0 123.0 24.8 12.8
Jun-Aug -128.0 122.0 26.1 20.1
Sep-Nov -139.0 120.0 26.2 7.2

Radiation destroys AZ at a high rate while latent heat release counter-
balances by producing AZ. Although small by comparison, the production
of AZ by boundary layer heating is essentially responsible for posi-
tive values of GZ. Note that seasonal variations in each of the com-
ponents is small.

The data used to derive the values given in Fig. 6.15 are essen-
tially the same as those used in Kidson et al. (1969) for the region

24N-24S; when the results of the previous study were extrapolated to
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the region 30N-30S they were very similar except that AZ was consi-
derably smaller, This is because f%j was based solely on tropical
temperature data in the earlier study.

The conversions act in the same directions in all periods and
are largest in December-Febrdéry. CK values are nearly comparable
to those for the globe because the large up-gradient regions equator-
wards of the tropospheric jet streams are included. Note that mean
meridional circulations dominate the conversions in December-February
and June-August when there is a strong Hadley cell centered in the
winter hemisphere, 1In all seasons CZ acts to produce kinetic energy
as suggested by Palmen et al. (1958).

The energy budgets of tropical and extratropical regions in the
Northern Hemisphere are presented in Fig., 6.16 (90N-30N) and Fig. 6.17
(30N-0). 1In three seasons GZ at higher latitudes is much greater than
it is in the tropics, however, in summer values are comparable in the
two regions, This is due in part té seasonal shifts in the patterns
of [ﬁ] and [a] and to reduced diabatic cooling at high latitudes, but
is mainly due to substantial decreases (increases) in the magnitudes
of negative (positive) values of [ﬁ] at high (middle) latitudes.

Table 6.8 shows the effects of each of the heating components on GZ.

Table 6.8: Distribution of GZ by Components (1020 ergs sec )

90N-30N ~__30N-0
RAD TH  BLH TOTAL  RAD  IH  BLH TOTAL
Dec-Feb  107,0 -21.8 5.8 91.0 -58.2 52,0 17.0 10.8
Mar-May  62.5 ~-14.8 6.1 53.8 -65.2 56,7 15.2 6.7
Jun-Aug  -10.6  10.8 16.3 16.5 -78.6  79.9 13.3  14.6
8.5 60.9 -79.7  68.5 14.9 3.7

Sep-Nov 58.6 - 6.2
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Note that seasonal changes are relatively small among the components
at 30N-0. In the extratropical region radiative effects are the main
cause of large seasonal variations in GZ. Radiative processes act

to produce AZ except in summer when they.destroy it at a slow rate.
As noted above the latter is caused by reduced values of cooling in
conjunction with positive values for the efficiency factor at middle
latitudes and negative values at high latitudes.

The reversal of CK between December-May and June-November in the
region 90N-30N is due to the inclusion of the large positive CK re-
gion just south of the jet in the latter period (see Fig. 6.7). A-
gain note the dominance of the Hadley cell in the CZ conversion in the
tropical region, especially in winter. From 90N-30N, however, the
Ferrel cell acts to convert KZ to AZ in all seasons; the value is also
largest in winter., Keshava Murty (1968) has calculated the quantity
u v from 50E to 100E for the latitude belt 30N-0 for the month of
July. He integrates the result over the whole latitude belt and ob-
tains a value of 3 x 1020 ergs sec_l for the conversion of AZ to KZ.
This compares with the present value of 3.1 x 1020 ergs sec_1 for
June-August (see Table 6.9), but for his vertical distribution of CZ
he has 607 contributed by the upper.troposphere and 40% by the lower
tréposphere, whereas the present study suggests a large conversion
from AZ to KZ in the upper troposphere and a small conversion from
KZ to AZ in the lower troposphere.

When the values in Fig. 6.17 are subtracted from those in Fig.

6.15 the results for the region 0-30S are obtained. These results
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when compared with those in Fig. 6.17 show a surplus of AZ in the
summer hemisphere and deficit in the winter hemisphere whereas a near
balance exists in the other two periods. This suggests the possibi-
lity of a transport of AZ across the equator from the summer to the
winter hemisphere.

Table 6.9 offers a convenient summéry of the conversions to KZ

by CK and CZ for the limited regions discussed in this chapter.

Table 6,9: Conversions to KZ (1020 ergs sec-l)

90N-30N 30N-0 90N-0  0-90S

MEAN EDDY MEAN EDDY
CZ CK CZ CK NET NET
Dec_Feb -12nl -206 18-0 8.0 11.3 7-5
Mar-May - 8.1 -0.5 3.3 6.1 0.8 10.3
JUn-Aug - 205 2.7 301 1-8 Sol 12.4
Sep-NOV - 5.2 3-4 300 4-4 5.6 11.2

In March-November, there is apparently a need for more dissipa-
tion in the Southern Hemisphere than in the Northern Hemisphere unless
there is a flux of energy from the Southern Hemisphere into the North-
ern Hemisphere. In northern winter this argument is the same. The
laperal flux of energy across the equator is difficult to assess. In
March-May the resultant values for conversions to KZ are relatively
small in the Northern Hemisphere which is partly due to an extensive
Ferrel cell existing over most of the region north of 25N. In con-
trast the southern edge of the Ferrel cell in September-November is

near 37N, which reduces the value of KZ+»AZ. The same arguments can



115.

be applied to northern hemisphere tropical and extrétropical regions,
That is, in the tropics there is either a need for dissipation of KZ
Oor an energy transport to higher latitudes. The latter appears to be
a necessity in any case as there is a deficit in conversions to KZ in
all seasons except summer and‘it is known that KZ is being dissipated.
In a discussion of KZ transformations for January 1963 for the tropo-
spheric region 9ON—20N? Brown (1967) noted that CK was from KZ to KE
which was opposite to other Januarys. Of course, in the particular
region studied, CK is probably close to zero in winter (see Table 6.9),
but a more important result of Brown's investigation was that the pro-

duction of KZ due to boundary terms was sufficient to overcome the

loss which had occurred through conversion to KE.

6.8. Extratropical Troposphere vs Stratosphere

Most of the data required to investigate the energetics of the re-
gion 100-10 mb were available between 90N and 30N; consequently, be-
tween these latitudes, the analysis of the energy budget was extended
to 10 mb (see Fig. 6.18).

When values in Figs. 6.16 and 6.18 are compared it is seen that
most of the quantities show their greatest differences in December-
February. The increase of KZ in December-February when the upper re-
gion is included is due to the strong zonal winds associated with the
polar night jet. Note that values of the conversion CA decrease in
all seasons except December-February when the upper region is included.

Counter-gradient heat fluxes in the stratosphere convert AE to AZ in
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three seasons but in December-February the temperature gradient is

reversed in the stratosphere and there is a strong poleward heat flux
into the colder polar region. A cross section of the integrand of CA
for December-February from 90N-30S, 1000-10 mb is given in Fig. 6.10.

For the extratropical region the conversion CK in December-
February is from KE to KZ in the 100-10 mb region and from KZ to KE
in the 1000-100 mb region. It is rather remarkable that the upper re-
gion which contains less than 1/10 of the total mass can convert kine-
tic energy at nearly one-half the rate of the lower region. The re~
versal in the upper region is due to a poleward flux of momentum which
is against the zonal wind gradient between 65N and 30N. Note that in
the upper region the conversion from KE to KZ is equally as strong by
the standing eddy component of momentum flux, Fig. 6.11 shows a
cross section of CK from 90N-30S, 1000~-10 mb for December-February.

In winter the values for the conversion from KZ to AZ are large
in the stratosphere as well as in the tfoposphere, due mainly to the
presence of an indirect (Ferrel) cell (see Fig. 4.6) which forces
colder air upwards at high latitudes and warmer air downwards at mid-
dle latitudes. Stratospheric energetics based on some of the same
data have been discussed in detail elsewhere (Richards, 1967; Newell

and Richards, 1969; Newell et al., 1970b).
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ENERGY BUDGET
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CHAPTER 7

CONCLUDING REMARKS AND UNRESOLVED PROBLEMS

The major purpose of this investigation has been to obtain a
better understanding of the global energy budget. The main question
put forth was, "How does the energy froﬁ the sun get converted into
kinetic energy to replenish frictional losses?". 1In an attempt to
obtain the most comprehensive answer to this question the study was
subdivided in the time and space domains; seasonal changes in the
energy balance were considered and results for restricted regions,
grouped according to latitude, were computed;

Considerable insight into the first part of the question was ob-
tained by computing the fraction of AZ generated by each diabatic
heating component. For the globe seasonal changes of each component
showed a well established trend; values over the long run indicated
that radiative processes have a slight tendency to destroy AZ, while
latent heat release and boundary layer heating are sources of AZ.
Latent heat release was found to be more than twice as effective as
boundary layer heating in producing AZ, When restricted regions were
considered, the tropical results showed a strong destruction of AZ by
radiative heating but an equally strong production by latent heat re-
lease., Although boundary layer heating was comparatively small it
was essentially responsible for positive values of GZ in the tropics.
In extratropical regions (only northern hemisphere results were com-

puted) radiation produced AZ in all seasons except summer, The other
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components were relatively small and the net value of GZ was aéproxi—
mately the same as that given by radiative heating alone, again with
the exception of summer . The results show the importance of latent
heat liberation in maintaining the intensity of the global atmospheric
general circulation, A

With the possible exception of CK the energy conversions for the
globe showed marked seasonal variations: CA was from AZ to AE in all
seasons and was largest in winter. In the Northern Hemisphere almost
all of the conversion from AZ to AE took place north of 30N. Tropi-
cal values were extremely small and, in summer, the conversion reversed
and was from AE to AZ, Values of CZ showed the dominance of‘the Had-
ley circulation in the tropics and the Ferrel circulation in middle
latitudes. On a global basis CZ was from AZ to KZ in December-February
and June-August, mainly due to the strong influence of the Hadley cir-
culation in the winter hemisphere. The eddy momentum transport was
generally polewards in both hemispheres, consequently, CK was from KE
to KZ in the tropical regions where transfer was against the zonal
wind gradient, and from KZ to KE polewards of the jet. Values of CK
for the globe were from KE to KZ and appeared to be mostly due to
transient eddies. \

To summarize, it appears that the sun not only acts directly
through radiation, but indirectly through latent heat release and
boundary layer heating, to produce the required available potential

energy for conversion to kinetic energy. This conversion is primarily

due to eddy processes which are strongest in middle latitudes during
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winter, Most of the AZ is converted to AE by downgradient heaﬁ trans-
fer ana subsequently to KE by large scale baroclinic waves. Méan mo-
tions; although of secondary importancg, are a significant facfor in
seasonal changes in the energy budget; particularly at ‘low latitudes
in the winter hemisphere where the Hadley circulation converts AZ to
KZ. There is also a conversion from KE to KZ. Frictional losses
appear to occur mainlylthrough dissipation of KE; KZ dissipation is
secondary.

When viewed collectively the results are encouraging. The mean
annual generation of available potential‘energy (GZ + GE) for the
N globe is abo;t 150 x 1020 ergs sec_‘1 if time fluctuations in GE are
comparatively small; an estimate of the kinetic energy dissipation
(DZ + DE), based on CE (Jensen, 19615; CK and CZ is about 200 x
1020 ergs sec—l. Jensen's value for CE, when extended to the globe,
'is 200 x 1020 ergs sec_l; this is probably an overestimate since
"his results were derived for the region 80N - 20N which for the
most part is characterized by strong baroclinic disturbances, no-
tably absent at low latitudes. The onl§ other estimate of CE, based
on observations, appears to be that by Miyakoda et al. (1969) for two
weeks in January, 1964. Integrating.théir’results gives an approxi-
mate value of 2500 ergs cm—2 secflifor the region north of 20N which
when extended over the whole earth is about 125 x 1020 ergs sec .
The numerical model results of Miyakoda et al. show somewhat larger

values in middle and high latitudes but also illustrate that an appro-

priate value for the hemisphere is smaller than that for the region
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north of 20N. Hence, there appears to be a reasonable compatibility
between the present generation rates and the dissipation rates esti-
mated from conversions to KE and KZ.

As with all studies there are some unresolved problems; one of
these involves the surplus values of AZ which were evident. The ap-
parent surplus probably arises because values of CA have been under-
estimated, particularly in the Southern Hemisphere. New values of
the meridional heat flux by transient eddies are being calculated for
the Southern Hemisphere and preliminary results indicate that the
middle latitude poleward fluxes are considerably larger than the ‘pre~
sent results., Another outstanding problem is the lack of daily values
of vertical velocity on a global basis. These are particularly needed
in order to compute CE which is a missing link in the present study.
As noted in Chapter 5 values of the vertical heat flux would also pro-
vide more useful information concerning the heat balance of the at-
mosphere. Still another outstanding problem is the absence of radia-
tional heating rates in the Southern Hemisphere.

With today's increased observations, satellites and high speed
computers, these problems will eventually be solved and a more com-
plete understanding of the atmospheric general circulation and the

heat and energy budgets will become available,
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TABLE 3.1
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TABLE 3.1

(continued)
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TABLE 3.2
VERTICAL DISTRIBUTION OF LATENT HEAT RELEASE (deg day—l)

(a) December-~February

P(mb) 1000-900 900~800 800-700 700-600 600-500 500-400 400-300 300-200 200-100
Lat. % LHR Z IHR % IHR % ILHR % IHR % LHR % LHR % LHR % LHR
80N 25 0.33 50 0.65 25 0.33 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
70N 10 0.19 50 0.95 30 0.57 10 0.19 0 0.00 0 0.00 0 0.00 0 0,00 0 0.00
60N 4 0.14 50 1.73 30 1.04 11 0.38 5 0.17 0 0.00 0 0.00 0 0.00 0 0,00
50N 0 0.00 33 1.68 33 1.68 20 1.02 10 0.51 4 0.20 0 0.00 0 0.00 0 0.00
40N 0 0.00 15 0:86 31 1.77 31 1.77 15 0.86 6 0.35 2 0.11 0 0.00 0 0.00
30N 0 0.00 10 0.48 26 1.25 34 1.64 20 0,97 7 0.34 3 0.15 0 0.00 0 0.00
20N 0 0.00 8 0.35 22 0.97 32 1.40 24 1,05 9 0.40 4 0,17 ‘1 0.04 0 0.00
10N 0 0.00 6 0.58 14 1.36 22 2.13 23 2,22 19 1.83 12 1.16 4 0.39 0 0.00
0 0 0.00 6 0.91 11 1.66 15 2.26 18 2,71 19 2.86 18 2,71 12 1.81 1 0.15
108 0 0.00 6 0.71 11 1.30 15 1.77 18 2,13 19 2.24 18 2.13 12 1.42° 1 0.12
208 0 0.00 7 0.57 15 1.23 21 1.72 24 1,97 18 1.48 11 0.90 4 0.33 0 0.00
308 0 0.00 7 0,43 19 1.18 26 1.61 23 1.42 16 0.98 7 0.43 2 0.12 0 0.00
408 0 0.00 8 0.54 22 1.49 29 1.95 21 1.42 13 0.87 6 0.41 1 0.07 0 0.00
508 0 0.00 15 1.13 29 2,18 29 2.18 15 1.13 7 0.53 4 0.30 1 0,08 0 0.00
60S 0 0.00 25 1.71 37 2.52 24 1.64 10 0.68 3 0.21 1 0.07 0 0.00 0 0,00
70S 2 0.09 35 1.54 35 1.54 21 0.92 6 0.27 1 0.04 0 0.00 0 0.00 0 0.00
808 4 0.06 42 0.61 36 0.53 17 0.25 1 0.02 0 0.00 0 0.00 0 0.00 0 0.00

*TPT



TABLE 3.2
(continued)

(b) March-May

P(mb) 1000-900  900-800 800-700 700-600 600-500 500-400 400-300 300-200 200-100

lat. 'z IR % LHR % LHR % IHR Z 1LHR %z IHR % 1ILHR % LHR Z LHR
80N 15 0.17 46 0.52 30 0.34 9 0.10 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
70N 6 0.10 43 0.74 32 0.55 16 0,28 3 0.05 0 0.00 0 0.00 - 0 0.00 0 0.00
60N 2 0.07 38 1.28 33 1.11 18 0.60 8 0.27 1 0.03 .0 0.00 0 0.00 0 0.00
SO0N 0 0.00 24 1.24 31 1.61 25 1,30 13 0.67 5 0.26 2 0.10 0 0.00 0 0.00
40N 0 0.00 12 0.67 27 1.52 30 1,68 18 1.01 9 0.50 4 0,22 0 0.00 0 0.00
30N 0 0.00 8 0.37 22 1.01 30 1.38 22 1.01 12 0.55 5 0.23 1 0.04 0 0.00
20N 0 0.00 8 0.32 20 0.81 27 1,09 23 0.93 13 0.53 7 0.29 2 0.08 0 0.00
10N 0 0.00 6 0.52 13 1.12 19 1.64 22 1,90 19 1.64 14 1.21 7 0.60 0 0.00

0 0 0.00 6 0.86 11 1.58 15 2,16 18 2.59 19 2,73 18 2.59 12 1.73 1 0.15
10s 0 0.00 6 0.65 13 1.40 19 2,05 22 2.38 19 2,05 14 1.51 7 0.75 0 0.00
208 0 0.00 8 0.52 20 1.30 27 1.76 23 1.49 13 0.85 7 0.46 2 0.13 0 0.00
308 0 0.00 8 0.48 22 1.33 30 1.82 22 1.33 12 0.73 5 0.30 1 0.06 0 0.00
40s 0 0.00 12 o0.81 27 1.82 30 2,02 18 1.21 9 0.60 4 0.27 0 0.00 0 0.00
508 0 0,00 24 1.81 31 2.33 25 1.88 13 0.98 5 0.38 2 0.15 0 0.00 0 0.00
60S 2 0.14 38 2.66 33 2.31 18 1.26 8 0.56 1 0.07 0 0.00 0 0.00 0 0.00
70S 6 0.28 43 1.97 32 1.47 16 0.73 3 0.14 0 0.00 0 0.00 0 0.00 0 0.00
80s 15 0.22 46 0.67 30 0.44 9 0.13 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00

A



TABLE 3.2
(continued)

(¢) June-August

P(mb) 1000-900 900-800 800-700 700-600 600-500 500-400 400-300 300-200 200-100

Lat. ¥ LR % LHR % LHR % LHR % 1LHR %z 1IHR Z IHR Z LHR 2 LR
80N 4 0.05 42 0.54 36 0.47 17 0.22 1 0.02 0 0.00 0 0.00 0 0.00 0 0.00
70N 2 0.05 35 0.97 35 0.97 21 0.58 6 0.16 1 0.03 0 0.00 0 0.00 0 0.00
60N 0 0.00 25 1.23 37 1.82 24 1.18 10 0.49 3 0.15 1 0.05 0 0.00 0 0.00
50N 0O 0,00 15 0.85 29 1.62 29 1.62 15 0.85 7 0.40 4 0.22 1 0.05 0 0.00
40N 0 0.00 8 0.41 22 1.11 29 1.47 21 1.06 13 0.66 6 0.30 1 0.05 0 0.00
30N 0 0.00 7 0.36 19 0.98 26 1.34 23 1.19 16 0.83 7 0.36 2 0.10 0 0,00
20N 0 0.00 7 0,57 15 1.23 .21 1,72 24 1.97 18 1.48 11 0.90 4 0.33 0 0.00
10N 0 0.00 6 0.77 11 1.41 15 1,92 18 2.31 19 2,44 18 2.31 12 1.54 1 0.13
0 0 0.00 6 0.80 11 1,47 15 2,00 18 2.40 19 2,54 18 2.40 12 1.61 1 0.13
10s 0 0.00 6 0.54 14 1.26 22 1,98 23 2.06 19 1,71 12 1.08 4 0.36 0 0.00
20s 0 0.00 8 0.43 22 1.18 32 1,73 24 1.30 9 0.48 4 0.22 1 0.05 0 0.00
30s 0 0.00 110 0.60 26 1.55 34 2,02 20 1.19 7 0.41 3 0.18 0 0.00 0 0.00
408 0 0.00 15 1,01 31 2,09 31 2.09 15 1.01 6 0.41 2 0.14 0 0.00 0 0.00
50s 0O 0.00 33 2,19 33 2.19 20 1.33 10 0.67 4 0,27 0 0.00 0 0.00 0 0.00
60S 4 0.22 50 2,81 30 1.68 11 0.62 5 0.28 0 0.00 0 0.00 0 0.00 0 0.00
70 10 0.35 50 1.73 30 1.04 10 0.35 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
80s 25 0.36 50 0.73 25 0.36 0 0.00 0 0.00 .0 0.00 0 0.00 0 0.00 0 0.00

‘el



. TABLE 3.2
(continued)

(d) September-November

P(mb) 1000-900 900-800 800-700 700-600 600-500 500-400 400-300 300-200 200-100

Lat. %z LHR %z IHR 2 1HR %2 1IHR %z IHR % 1ILHR Zz IHR % 1LHR 7 LHR
8ON 15 0.09 46 0.52 30 0.34 9 0.10 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
70N 6 0.15 43 1,08 32 0.80 16 0.40 3 0.08 0 0.00 0 0.00 - 0 0.00 0 0.00
60N 2 0.10 38 1.81 33 1.57 18 0.86 8 0.38 1 0.05 0 0.00 0 0.00 0 0.00
50N 0 0.00 24 1.35 31 1.75 25 1,40 13 0.73 5 0.28 2 0.11 0 0.00 0 0.00
40N 0 0.00 12 0.67 27 1.49 30 1.66 18 0.99 9 0.50 4 0.22 0 0,00 0 0.00
30N 0 0.00 8 0.40 22 1.09 30 1.49 22 1,09 12 0.60 5 0.25 1 0.05 0 0.00
20N 0 0.00 8 0.47 20 1.17 27 1.58 23 1.34 13 0.76 7 0.41 2 0.12 0 0.00
10N 0 0.00 6 0.67 13 1.46 19 2,13 22 2.47 19 2,13 14 1.57 7 0.79 0 0.00

0 0 0.00 6 0.78 11 1.42 15 1.94 18 2.32 19 2,45 18 2,32 12 1.55 1 0.13
108 0 0.00 6 0.50 13 1.10 19 1.60 22 1.85 19 1.60 14 1.18 7 0.59 0 0.00
208 0 0.00 8 0,41 20 1.03 27 1.39 23 1.18 13 0.67 7 0.36 2 0.10 0 0.00
30s 0 0.00 8 0.47 22 1.29 30 1.75 22 1.29 12 0.70 5 0.29 1 0.06 0 0.00
408 0 0.00 12 0.81 27 1.82 30 2.02 18 1,21 9 0.60 4 0.27 0 0.00 0 0.00
508 0 0.00 24 1.54 31 1.98 25 1,60 13 0.83 5 0.32 2 0.13 0 0.00 0 0.00
605 2 0.10 38 1.97 33 1.71 18 0.93 8 0.41 1 0.05 0 0.00 0 0.00 0 0.00
708 6 0.20 43 1.41 32 1.05 16 0.53 3 0.10 0 0.00 0 0.00 0 0.00 0 0.00
80S 15 0.22 46 0.67 30 0.44 9 0.13 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00

PP 1



TABLE 3.3

LATENT HEAT RELEASE (deg day'l)

(b) March-May

(a) December—February

700 500 400 300 200 150

850

850 700 500 400 300 200 150

P (mb)

Lat.
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150

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.13

200

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.35
0.86

300

0.00
0.00
0.00
0.00
0.03
0.09
0.14
0.28
1.30
1.90

400

0.00
0.00
0.00
0.02
0.19
0.35
0.43
0.60
1.88
2.35

0.00
0.00
0.02
0.19
0.47
0.73
0.82
1.04°
2.29
2,40

(d) September-November
500

700

0.08
0.22
0.56
1.23
1.64
1.56
1.30
1.38
1.81
1.73

850

0.19
0.52
1.08
1.81
1.35
0.67
0.40
0.47
0.67
0.78

TABLE 3.3
(continued)

150

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.13
0.13

200

0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.16
0.78
0.86

300

0.00
0.00
0.00
0.02
0.15
0.19
0.28
0.56
1.90
1.94

400

0.00
0.00
0.00
0.10
0.31
0.47
0.62
1.17
2,38
2.42

(c) June-August

500

0.00
0.00
0.09
0.29
0.60
0.86
1.04
1.73
2,42
2,51

700

0.11
0.36
0.86
1.51
1.64
1.30
1.17
1.43
1.77
1.81

850

0.11
0.54
0.97
1.21
0.86
0.41
0.36
0.57
0.77
0.80

P (mb)
Lat.
90N
80N
70N
60N
50N
40N
30N
20N
10N

146.
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TABLE 3.4

BOUNDARY LAYER HEATING (deg day—l)

y

147.

(a) Januar
P(mb) 1000-950  950-900 900-850 850-800 800-750 750-700
Lat. 7 BIH % BLH % BLH % BLH % BLH % BLH
60N 67 0.66 33 0.32 == =-=m  em mmee e emeem e eeee
50N 67 1.70 33 0.84 == mm== mm meee e e e e
40N 49 2.05 36 1.51 15 0.63 == ==—= o= emem oo e
30N 49 2.37 36 1.74 15 0.73 == === o= —mee e e
20N 38 1.74 31 1.42 22 1.01 S e
o8N 31 1.22 27 1.06 22 0.87 15 0.59 5 0.20 = -——
0 26 0.72 24 0.67 20 0.56 16 0.45 11 0.31 3 0.08
10s 26 0.60 24 0.55 20 0.46 16 0.37 11 0.25 3 0.07
20s 26 0.87 24 0.81 20 0.67 16 0.54 11 0.37 3 0.10
30s 31 1.27 27 1.11 22 0.90 15 0.62 5 0.21 == -——-
40s 38 0.09 31 0.08 22 0.05 9 0.02 = mmm= e e
50S 49 -0.84 36 -0.62 15 ~0.26 == ==== == —e=— e= e
60s 49 0.08 36 0.06 15 0.02 == ==== == ———— e e
(b) April

60N 67 0.71 33 0.35  —= === == —mem em eeem e e
50N 49 1.21 36 0.89 15 0.37 == —-=== == ——em e e
40N - 49 1.57 36 1.15 15 0.48 = —m== o= emem e e
30N 38 1.96 - 31 1.60 22 1.14° 9 0.46  -= —=mm = ——em
20N 31 1.60 27 1.39 22 1l.14 15 0.77 5 0.26 == ——e-
10N 26 0.94 24 0.87 20 0.72 16 0.58 11 0.40 3 0.11
0 26 0.62 24 0.57 20 0.48 16 0.38 11 0.26 3 0.07
10s 26 0.55 24 0.51 20 0.43 16 0.34 11 0.23 3 0.06
20s 31 0.94 27 0.82 22 0.67 15 0.46 5 0,15 —= —-—-
30s 38 1.31 31 1.07 22 0.76 9 0.31  ~= emmm e e
40s 49 1.53 36 1.12 15 0,47 == === == mmem e oo
50s 49 1.53 36 1.12 15 0.47 == ==m= o= mmem em e
60S 67 2,42 33 1.19 -= === m= —mme em mmem e oo



148.

TABLE 3.4

(continued)

(c) July
P(mb) 1000-950  950-900 900-850 850-800 800-750 750-700
Lat. 7 BLH % BLH % BLH % BLH %Z BLH %Z BLH

60N 49 1.00 36 0.74 15 0.31 —= —m—= == —mem e e
508 49 1.85 36 1.36 15 0.57 o= ———= = —mee e e
40N 38 1.96 31 1.60 22 1.14 9 0.46  —= ——=m o oo
30N 31 1.80 27 1.57 22 1.28 15 0.87 5 0,29 —= ———-
208 26 0.87 24 0.81 20 0.67 16 0.5 11 0,37 3 0.10
10N 26 0.47 24 0.43 20 0.36 16 0.29 11 0.20 3 0.05

0 26 0.55 24 0,51 20 0.43 16 0.34 11 0.23 3 0.06

10 31 0.92 27 0.80 22 0.65 15 0.44 5 0,15 —= ———
20 38 1.3¢ 31 1,09 22 0.78 9 0.32 == mm—— e e
305 49 1.93 36 1.42 15 0.59 = em—=  —— mmem e e
405 49 2,09 36 1.54 15 0.64 == =—m— == e e e
505 67 2.80 33 1,38 == —me= == meee e e e e
60S 67 2.80 33 1.38 == ecmmm mm mmmm e emem e e

(d) October

60N 67 1.26 33 0.62 == ———— == mme— e e e oo
50N 49 1.25 36 0.92 15 0.38 = —mem = e e emee
40N 49 1.77 36 1.30 15 0.54 == —mmm e omeem e e

30N 38 1.84 31 1.50 22 1.06 9 0.44 — ———— — ———
20N 31 1.30 27 1.13 22 0.92 15 0.63 5 0.21 — ———
10N 26 0.70 24 0,65 20 0.54 16 0.43 11 0.30 3 0.08

0 26 0,64 24 0,59 20 0.49 16 0.39 11 0.27 3 0.07

10s 26 0.77 24 0.71 20 0.59 16 0.47 11 0.32 3 0.09
20 31 1.12 27 0.97 22 0.79 15 0.54 5 0,18 == ——em
308 38 1.22 31 0.99 22 0,70 9 0.29 —_— ———— —_— ———
405 49 1,00 36 0.74 15 0,31 -~ —mmm o cmem o mee
50S 49 0.68 36 0,50 15 0,21 == —=m= o= —mem e e
60S 67 0.82 33 0

S
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TABLE 3.5

BOUNDARY LAYER HEATING (deg day"l)

October

JulX
1000

January April

850

1000

850

850

1000

850

1000

P (mb)

Lat.
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0.65 0.39

0.62 0.44
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2.80 0.00

2,80 0,00
1.40 0.00
0.90 0,00

1.90 0.30
2,15 0.15
2.00 0.00

56 0.40
95 0.57
.35 0.54

0
0
1
1
1
2
1
1
0

0.62 0.40
0.90 0.60
1.35 0.72
0.12 0.04
-0.90 -0.12
0.10 0.00
0.30 0,00
0.30 0.00
0.40 0.00

10s
208
308
40S
50s
60S
708
80s
90S



TABLE 4.1
ZONAL MEAN TEMPERATURES (°C)

(a) December-February

P(mb) 1000 850 700 500 400 300 200 150 100 70 50 30 20 10

Lat.

90N -39.0 -24.0 -28.0 =-41.0 -51.0 =-61.0 -61.0 =-65.0 =-69.0 =72.0 =-74.0 =-74.0 -72.0 =-69.0
80N -33.6 -21.0 -26.3 -39.4 -48.5 -58.9 -59.4 -61.4 =-63.7 -67.2 -69.3 -69.4 -67.8 =65.0
/0N -26.4 -18.0 -24.,2 -37.7 -46.5 -57.2 -58,2 -58.1 -59.0 -62.2 -64.1 -64.5 -63.0 -60.7
60N -16.2 -13.0 -19.9 =-34.1 -43.0 =-54.4 -56,0 -54.5 =54.8 =57.4 -58.7 -=59.3 -57.8 -55.1

50N - 6.6 - 7.9 -15.3 =-29.2 -39.0 -51.3 =-55.1 =-52.8 =53.4 =55.5 -=56.3 =56.1 =54.2 =50.7

40N 7.2 -0.2 -7.1 -22.9 -33.5 ~46.8 =-56.1 -56.1 -58.8 -58,2 =-58,7 =56.3 =53.8 -49.3
30N 14.7 7.7 0.8 -14.9 -26.3 -40.0 -55.1 =-60.9 -67.5 -66.0 =61.6 =55.8 =52.2 =45.7
208 20.8 14,7 7.1 -7.9 -19.4 -34.4 -53.9 -64.9 -74.5 -72.6 -64.3 =~55,3 -50.5 -43.1

10N 24,4 17.1 9.3 -5.8 -16.9 -32.2 =-53.6 -66.6 -78.7 =~74.6 =66.6 <-=57.4 =51.6 =43.2
0 25.9 17.6 9.4 - 5.6 -16.1 -31.6 =-53.7 -67.4 -80.5 -73.9 -68.1 -=56.8 =50.4 =43.5
10s 25.4 17.4 9.5 -5.6 -16.0 -31,2 -53,6 =-67.1 =80.2 =73.5 -66.4 -58.6 =51.4 =43.5
20s 23.0 17.5 9.4 -6.0 -16.7 =-32.0 -53.3 -65.6 -76.7 -71,2 -64.8 =54,8 =51.4 =43.0

30 20.3 15.1 7.0 -9.3 -20.6 -35.9 -53.7 =-62.0 -68.9 -66.1 ~60.9 =53.4 <-48.4 =42.0

408 16.0 9.0 1.0 -14.9 -26.5 =41.2 -54.4 -56.6 -58,2

508 7.8 1.5 - 6.1 -21.3 -=31.4 =44.5 -49.0 -49.1 -49.1

60S - 1.3 - 6.6 =-12.2 -27.0 -37.0 -49.5 =49.2 -48,0 =-46.2

708 - 6.6 -11.8 -17.9 -31.9 =-41.3 -52.8 -45.8 =44.3 =42.7

80s -10.5 -13.9 -21.8 =35.5 =45.0 =55.2 <=43.4 -42,5 =41.4

90s -15.0 -16.0 -25.0 =-38.0 -48.0 -55.5 =-41.0 =41.0 <=40.5
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TABLE 4.1
(continued)

(b) March-May

P(mb) 1000 850 700 500 400 300 200 150 100 70 50 30 20 10

Lat.

90N -23.5 -20,5 -27.0 =-40.0 -47,0 =55.0 -46.5 -47.0 -48.5 =-48.5 -48.5 -=47.0 =44.0 -39.0

80N -16.7 ~17.0 -23.5 -37.1 =-44.3 -=53.4 -47.6 -46.8 -46.7 -48.7 -~48.8 -47.8 =45.1 -40.4
70N - 9.9 -12.5 -19.6 -33.8 =-42,0 =52.1 -48.6 -47.0 -46.7 =48.9 =49.0 ~48.5 =46.2 -41.4
60N - 1.2 - 6.5 -14.4 -29.0 -38.0 -50.3 -50.2 -48.4 -=49.1 -50,6 =50.7 =49.9 -=47.0 =42.1
50N 6.1 -1.0 - 9.3 -24,5 -35.0 -47.9 -53.,0 -51.2 -51.9 -52.7 -53,1 =51.5 -=48.0 -=42.3

40N 13.0 5.7 - 2,4 -18.2 -30.0 -44.,3 -56.6 -56,3 -58.1 -58.8 -56.6 =53.2 -=50.6 -45.0
30N 18.0 12.2 6.5 -12,2 -24.0 -~38.8 -55.6 -60.9 -66.4 =-65.7 =59.3 =53.4 -=49.1 -41.0
20N 23.4 17.5 9.1 -7.4 =-18.7 -=33.7 -53.4 -64.6 -73.5 -72.2 -62.9 -=53.4 -48.6 -38.8

10N 25,7 18.5 9.4 -5,7 -16.1 =-31.4 -52.9 -66.2 -78.0 =-73.9 -65.6 =-55.3 -48.6 -38.8
0 26.0 18.1 9.1 -5,5 -15.6 -31.0 -53.3 -67.3 -80.7 -74.,4 -66.8 ~54.9 -48.,7 -=39.6
10S 25.1 17.5 9.0 - 5.4 -15,9 -31.1 -53.2 -66.8 -79.7 -72.7 =-65.7 -54.8 -48.8 -40.0
208 21.8 15.9 7.7 - 6,6 -17.7 -33.3 -53.6 -65.0 -75.3 -70.1 -63.2 -=53.8 -49.0 -41.0
308 17.4 11.2 4.8 -11.9 -22,6 -38.0 -55,1 -61.3 -68.1 =-65.4 -60.0 =53.4 =49.5 =42.0

408 13.3 6.9 -1.1 -18.2 -29.0 -42.9 -56.7 -57.9 =59.2

508 5.4 -0.3 -7.5 -24.0 -34.3 -47.8 -53.9 =53.4 -53.8

60s - 3.0 - 9.1 -12.4 -27.3 -36.8 -48.6 -51.9 -51,3 =50.7

70 - 9.5 -15.3 -19.1 -32.6 -41.8 -52.4 -52.5 =51.7 =50.9

80s -14.2 -20.3 -23.6 -38.0 -46.6 -55.1 -54.0 -53.8 =53.3

90s =-20.0 -24.0 -28.0 -42.5 -51.5 =57.1 -56.0 =56.0 =55.0
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TABLE 4.1

(continued)

(¢) June-August

P(mb) 1000 850 700 500 400 300 200 150 100
Lat.
90N - 7.0 =- 3.0 - 9.5 =23.0 =33.0 -46.0 -42.0 -41.0 =-41.0
8ON 0.2 0.5 - 7.0 -21.4 =31.5 =45.1 -43,9 -41.8 =41.7
JON 6.6 3.5 - 4,3 =19.3 -=30.0 =-43.4 -46.5 ~-43.6 ~43.7
60N 13.9 7.0 - 1.4 =-16.4 =27.0 =-41.6 -48.9 -46.5 =-46.3
50N 18.7 11.0 2.3 =-12.5 =24.0 =-38.6 -50.7 =50.5 =50.3
‘40N 21.0 16.1 7.3 - 8.9 -21.1 -34.4 -51.6 =57.8 ~60.8
30N 23.9 18.8 10.0 - 6.3 -17.1 -31.8 -51.8 -62.5 -68.4
20N 26.1 19.5 10.6 - 5.9 =-16.2 =-31.3 -52,2 =-65.2 =-72.7
10N 26.2 18.1 9.7 - 6.0 -16.4 =31.6 =-53.5 =-66.9 =75.9
0 24.8 16.6 9.0 - 6.0 =16.5 =32.0 -54.0 =-67.5 -77.1
105 22.6 15.4 8.6 - 6.1 -16.9 =32.6 -54.4 =-67.4 =76.8
208 18.7 12.9 6.6 - 7.9 -19.2 -34.9 -54.0 -64.7 -72.8
30 14.9 7.9 0.3 -15.3 =-26.7 -41.0 '=53.1 =59.2 -63.3
40s 10.6 2.9 - 6.0 =23.5 -35.8 -48.6 -53.8 -54.6 =-55.8
505 3.0 - 3.9 =12.2 -28.0 =39.2 =53.1 =57.8 =56.0 =57.7
60S - 4.6 -10.0 -16.7 -32.6 -43.0 -55.8 -63.1 =-63.0 =-63.1
708 -11.2 -17.0 -23.5 =37.5 =-47.0 -59.3 -68.4 =-69.2 =70.3
80S -17.4 =-23.0 -29.9 -42.1 -51.0 =-62.3 -72.7 =74.0 =75.9
90S -22.0 -28.0 =35.0 =-45.0 =54.5 =-65.0 =-75.0 -77.0 =79.0

-40.5
-42.6
-44.6
-47.6
-51.8
-60.2
-64.8
-67.1
-68.4

~-68.4
-68.6

-66.3
-61.8

-40.5
-42.4
~44.5
-47.5
-51.3
-54.5
-57.6
-59.9
-61.8

-62.9
-62.4

_6008
-59.0

-40.5
-42.4
~44.,0
-46.2
-48.4
-49.5
-50.8
-51.9
-53.7

-55.0
-55.0

"'54-6
-54.8

=37.5
-38.9
-40.2
-42.0
-43.8
-45.3
-46.2
-47.6
-48.6

-50.7
-51.3

-50.8
—5200

-32.0
-33.1
-34.0
-34.9
-35.9
-39.2
-39.8
-40.0
-41.8

-43.5

-&305
-45.8
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TABLE 4.1
(continued)

(d) September-November

P(mb) 1000 850 700 500 400 300 200 150 100 70 50 30 20 10

Lat.

90N -25.0 -18.0 =~23.5 -37.0 =-44.5 -=54.5 -51.0 -50.,5 -53.0 =-56.0 -58.2 -62.0 -61.0 -=59.5
80N -16.7 -13.0 -19,7 -33.5 =42.1 -53.0 ~-51.0 -50.4 -52,1 -55.0 ~57.2 -60.0 =57.8 =56.4
70N - 9.9 - 8.0 -15.8 -29.7 -39.0 -51.1 -51.2 -50.3 =-51.3 -54,2 -56.0 -57.8 -53.6 -=53.2
60N -1.2 - 3.5 -11,0 -25,6 -35.5 -48.5 -52.2 -51.5 =52,0 =~54.2 -55,4 -55.9 -56.2 =49.7
50N 6.1 2,0 -6,2 =-21.1 -31.5 -45.0 -53.3 -54.,3 -54.7 =55,9 -56.0 -54.,8 -58.6 -46.9
40N 16.0 8.8 1.4 -14,5 =25.6 -40.1 -54.8 -59.2 -61.9 =-60.6 -58.1 -54.4 -51.1 ~46.8
30N 20.9 14.4 4,2 -9,1 -20.5 -35.2 -54.0 -63.3 =-69.2 -65.3 =59.5 =53.4 =49.3 -43.6
20N 25.2 17.9 8.7 - 6.6 -17.5 -32.6 -53.7 =-66.0 -74.1 =-69.1 -61.1 =53.0 -48.,1 =41.5
10N 25.7 18.1 10.0 - 6.0 -16.6 -31.8 -53.7 -67.3 ~76.8 -70.3 -63.0 =55.0 =49.3 -41.5
0 25.3 17.1 9.6 -5.9 -16.2 -31.6 -53.9 -67.9 -78.5 =-69.9 -64.4 -56.0 -=50.5 -41.5

10s 23.7 16.5 9.6 - 6.2 -16.6 -32.2 ~-54.2 -67.3 -77.2 =-69.1 -62.5 =54.0 -=50.0 =41.5
20S 20.1 15.0 7.9 -8.0 -18.5 -34,4 -54,1 -64.9 -72.6 -67.4 =-61.3 -54.4 =49.5 -42.5
308 16.8 10.1 2.5 -13.2 -24.9 -39.2 -53.6 -59.3 -63.8 -62.0 -58.3 =~52.0 -49.5 =42.5

40S 13.3 6.0 - 3.7 -18.8 -30.0 -44.3 =-52.8 =53.5 =55.0

508 5.4 =-1.9 -11.2 -25.7 -36.4 -49.9 -53.7 -52,5 =51.5

60S - 3.0 - 9.4 -17.3 -32.3 -42.5 -55.8 -61.2 =~-61.0 -60.7

708 - 9.9 -16.0 -23.8 -37.3 -47.4 -60.4 -67.1 -67.8 =-68.6

80s -17.0 -22.6 -29.4 -41,9 =-51.2 -63.6 -70.5 =-72.1 -74.2

90s -23.0 -28.0 -34.0 -45.5 -54,0 -66.0 =73.0 -75.0 =77.0
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TABLE 4.2

MEAN ZONAL WIND (m sec"l)

(a) December-February

1000 850 700 500 400 300 200 150 100

P (mb)

Lat.
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TABLE 4.2

(continued)

(b) March-May

700 500 400 300 200 150 100
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P(mb) 1000

Lat.
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TABLE 4,2

(continued)

(¢) June-August
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P(mb) 1000
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TABLE 4.2

(continued)

(d) September-November

700 500 400 300 200 150 100

850

P(mb) 1000

Lat.
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TABLE 4.3

MEAN MERIDIONAL WIND (m sec‘l)

(a) December-~February

Vert.
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TABLE 4.3

(continued)

(b) March-May

Vert.
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P (mb)

Lat.
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TABLE 4.3

(continued)

(c) June-August
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TABLE 4.3

(continued)

(d) September-November

Vert.,
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TABLE 4.4

MEAN VERTICAL VELOCITY (mm sec'l)

(2) December-February

100

150
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P (mb)
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TABLE 4.4

(continued)

(b) March-May

1000 850 700 500 400 300 200 150 100

P (mb)

Lat.
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TABLE 4.4

(continued)

(c) June~August
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P (mb)

Lat.
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TABLE 4.4

(continued)

(d) September-November

700 500 400 300 200 150 100

850

P(mb) 1000

Lat.
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