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ABSTRACT.

The relationship between global-scale meridional temperature
gradient and eddy meridional sensible heat transport over an annual
eycle is examined and found to display distinet two-valued behaviour,
This occurs in a zone from 45° to 65°N throughout the depth of the
troposphere:; a similar annual c¢ycle in heat transpeort occcurs in the
lower stratosphere also. Inclusion of eddy latent heat transport

enhances the effect.

The two-valued behaviour is caused primarily by the variation of
the stationary eddy component; this is verified in three different
data-sets. The transient eddy heat transpert is‘almost,independent of
temperature gradient; the sum of the two eddy components is found to
be closer to the theoretical relationship with temperature gradient
than is either of them separately. Since such a parameterization is
held generally to apply to the transient eddy component only, the
correctness of separating transient and stationary eddy components in
the conventional way is called into question.

The effect of the stratospheric zonal wind in controlling upward
propagation of stationary waves and hence poleward heat- transport is
irrelevant to this problem.

Spectral analysis shows that low zonal wavenumbers (1-4) describe
well the stationary eddy heat transport in winter and spring; however,
this misses completely the dominating influence of the deep wintertime
trough over the northwest Pacific and eastern Asia.

Annual variations in stationary eddy heat transport are accounted
for by changes in the land-ocean contrast in diabatic heating (thermal
foreing of stationary waves). Variations in meridional temperature
gradient are not directly related to this, but rather to changes in
the latitudinal contrast in zonal-mean heating. Thus the staticnary
eddy heat transport and global temperature gradient are individual
responses to separate foreing mechanisms, though the latter is
probably modified by eddy heat transports.
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LIST OF SYMBOLS AND ABBREVIATICNS.

Only symbols used frequently appear below; others are defined in

the text as they appear.

A Any arbitrary quantity

[A] Zonal-mean of A

A Time-mean of A

A¥ A - [4]

A A -1

B Static stability

Cp Specific heat of dry air at constant pressure
E Total eddy sensible heat transport

Esr Sensible heat transport by stationary eddies
Brg Sensible heat transport by transient eddies
f Corielis parameter ‘

g Acceleration due to gravity

L Total eddy latent heat transport

1, Latent heat of condensation at 0°C

Ly Latent heat transport by stationary eddies
Leg Latent heat transport by transient eddies

P Presgsure

q Specific humidity

r,(v,m) [P/ )R

Re Radius of the Earth

T Temperature

U Zonal windspeed

v Meridional windspeed

w Vertical component of velocity

X Pistance East



¥y Distance North

z Geometric height

Z Geopotential height

3 of/ 3y

A Square of meridional entropy gradient
@ Dry entropy (log. potential temperature)
@ Latitude

3 Longitude

s Streamfunction

W German Weather Service monthly-mean charts
LM Lejenas and Madden (1982)

OR Qort and Rasmusson {1971)

OVH Oort and Vonder Haar (1976)

Ja January

Fe February

Mr March

Ap April

My May

Jn June

Jy July

Au August

Se September

Oc October

No November

De Tecember
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INTRODUCTION.

A major compeonent of the atmosphere's energy balance is the
large-scale poleward ¢transport of heat, which results from the
atmospheric motions caused by heating. This transport is accomplished
partly by the mean meridional circulation, partly by eddies or waves;

in midlatitudes it is the eddies which dominate the transport.

Eddies are conventiocnally divided into two kinds: 'stationary
eddies', the wavelike features which. can be seen on monthly- or
seasonal-mean  charts, and "transient eddies', the travelling
cyclone-scale waves seen on daily weather analyses. Both kinds are
important in transporting heat, though their relative magnitudes vary

considerably through the year.

It has been argued that this distinction is arbitrary, existing
for numerical convenience rather than as a consequence of a true
physical distinection between the twe. The forcing mechanism for
transient eddies is known to be baroclinic instability, which is also
cited by some as being the principal cause of stationary eddies. The
case is far from clear, however: others hold that stationary eddies
result from thermal and/or orographic forcing, yet others that they

are due to some combination of the two mechanisms.

Several thecoretical and numerical studies have related the eddy
heat transport (either the transient component or the total) to the
meridional or zonal-mean temperature structure of the atmosphere.
These are reviewed in Chapter 1, together with some other studies on
eddy heat transport and stationary eddies. The theoretical studies
suggest that the eddy sensible heat transport should be a

single~valued function of temperature gradient; this chapter presents
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observational evidence suggesting that it is a two-valued funection,
the problem which has engendered the present study. A discussion of
the wvalidity of the conventional partitioning into stationary and

transient components is glso presented in this chapter.

The spatial extent of this two-valued behaviour is examined in
Chapter 2, together with the relative importance and effect of other

energy transports.

In Chapter 3, further data relating to stationary eddies, their
heat transport, and the tropospheric temperature structure are
examined in order to define more precisely the nature of the problem.
The Fourier spectrum of the wind and temperature fields constituting

the stationary eddy sensible heat transport is presented.

The heart of this work is contained in the next two chapters,
Some simple theories to account for the problem are considered in
Chapter 4, leading to a discussion of the requirements for a solution

to the problem and the formulation of a solution satisfying these.

A simple energy budget for the atmosphere, incorporating
ocean-atmosphere heat transfer, is derived in Chapter 5 in order to
investigate how longitudinally- and latitudinally-asymmetric diabatic
heating varies through the year: it is this which gives rise (in part
at least) to the observed variations in stationary eddy heat transport

and meridicnal temperature gradient respectively.

In order to investigate what effect transient eddies might have
on the stationary eddy heat transport, a simple analytic model is
developed in Chapter 6, the effect of transient eddies being

represented by a diffusion term.
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CHAPTER 1

THEORIES AND OBSERVATIONS OF

EDDY HEAT TRANSPORT
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Introduction.

All atmospheric {(and oceanic) moticns are ultimately caused by
heating, more precisely by the latitudinal, longitudinal and vertical
variation of that heating. The existence of a meridional temperature
gradient does not in itself imply ¢that there will bhe poleward
transport of heat; however if at some initial time there were no ﬁeat
transport, then the establishment of radiative equilibrium at each
latitude between equator and poles would lead to & meridional
temperature gradient large enough to cause hydrodynamic instability
which would create waves transporting heat. This would alter the heat
balance of the atmosphere and hence the means o¢f maintaining thermal
equilibrium. The situation is further modified by the presence of
oceans {(which act as resevoirs of heat, as well as transporting it),
such that there is heat transfer at the atmosphere-ccean interface:
also by thermal and elevation contrasts between continents and . oceans
inducing waves in the atmospheric flow which are observed to transport
heat polewards. Thus poleward eddy heat transport is a necessary
consequence of atmospheric motions; an understanding of the mechanism
or mechanisms of eddy heat transport is vital to a full picture of the
general circulation of the atmosphere, and may alsoc provide insight

into other aspects of the eddies.

Since the atmosphere's temperature structure in some way induces
heat transport, and heat transport will either maintain or modify the
temperature structure, it has long been considered appropriate to seek
some simple relztion between the two, often in order to parameterize
the fluxes in climate models where explicit representation of eddies
would add an unnecessary computational burden; the proposed relations

can be tested by examination of c¢limate data, and the validity or



- 13 -

otherwise of the assumptions on which the relaticns are formulated
thereby demonstrated. Commonly-used existing parameterizations are
time-independent relations between zonally-averaged eddy sensible heat
transport and zonally-averaged meridional temperature gradient: these

are examined in 3ection 1.1 below.

The tilt of the Earth's rotation axis relative to 1its orbital
plane gives rise to an annual cyele in the insolation, resulting in
annual cyecles in both temperature structure and eddy heat fluxes in
the atmosphere. HRelating these two in ény time-dependent sense raises
the question of whether and how one may affect the other, in that
change in one may precede (and hence be said to !force') change in the
other. The problem of relating them in this way is the subject of the

present study.

7.1 Theoretical Studies.

The starting-point for parameterization of eddy sensible heat
transport has been to regard it as analogous to small-scale diffusion,
with the ¢transport proportional to the temperature gradient: this
approach was first proposed by Defant (1921). Saltzmann (1968) argued
that the constant of proportionality, or "Austausch coefficient”,

should itself be proportional to the temperature gradient, so that

E = k(3[T1/3y)2 (1.1)

where
E is eddy sensible heat transport

k is a constant, to be determined

empirically
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[ 1 signifies a zonal average
Overbar signifies a time average

T and y have their usual meaning

The problem of whether E should be the total eddy sensible heat
transport or only the transient component 1s discussed in Section 1.4
below; suffice it to say at this point that different authors have
interpreted it in various ways, here it is the form of the functional
dependence of edéy heat transport upcn meridicnal temperature gradient

that is of interest.

Green (71970) calqulates the eddy kinetic energy released by
adiabatic redistribution of mass to a state of minimum potential
energy. Given a total variation with latitude in §, log. potential
temperature, of A@. the vertically-integrated eddy sensible heat
transport is given by

1/2[1:'.5115]2 (1.2)

[v§] = o(g/B)
where
B is static stability, 38/3z

=4 is a constant

This is essentially the same relation as Saltzmann propesed, but
is arrived at by a different argument. Green's relation is obtained
by considering conversion of available potential energy to kinetic
energy, whereas Saltzmann's result is derived from linear models of
amplifying baroclinie instability. Stone (1972) used Eady's (1949)
linear model to calculate the sensible heat transport for

small-amplitude baroclinic instabilities from stability theory; his
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relationship is of the form

.

(vl = k87201817 (1.3)

where

© is potential temperature

In addition to relying on linear theory, this derivation makes an
assumption about the velocity scale (dependent on vertical shear and
scale height) which Green's does not have; Green's is a more general
derivation, resting on assumptions which are rather less arbitrary.
However, both arrive at a square-law dependence of eddy sensible heat

flux on meridional temperature gradient.

The different functional dependences on static stability, B, in
Egs. (1.2) and (1.3) arise from the different means of deriving the
relations; Stone suggests that Green's empirical constant o should be
proportional to B. However, the value of B used is a +typical
zZonal-mean value, the annual variation of which is negligible compared
with that of .A§; hence the functional dependence is not important,
and X may reasonably be taken as constant for large-scale zonal-mean

heat transport.

Note that in all of Egs. (1.1), (1.2), and (1.3) the eddy
sensible heat transport is related to the square of the zonal-mean
temperature gradient rather than the zonal-mean {(temperature
gradient)i. Numerically, the difference is of little consequence: for
the variation between January and July temperature gradients it is

about 2%.

Note also that we do not necessarily expect a relation of the
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form of Eq. (1.2) to hold locally, as the 'local' temperature
gradient experienced by a parcel of air is difficult to define (unless

we know accurately its trajectory). Clapp (1970 showed that,

observationally, Eq. (1.2) doces not hold locally.

Held (1978) discusses how the vertical extent of eddy motions
affects the relationship between poleward eddy heat flux and
meridional temperature gradient., Using a simﬁle linear model (based
on Charney's quasi-geostrophic F—plane model), he shows that a
square-law dependence 1s appropriate when the vertical extent of the
eddies is much greater than the scale-height of the atmosphere, which
is the case when the ﬁ“effect is negligible; when the ﬂ—effect is
strong, as in low latitudes, the relevant vertical scale is itself
proportional to the horlzontal temperature gradient, and a fifth-power

relation becomes appropriate.
All these studies have two important fegtures in common : -

(1) The poleward eddy sensible heat transport in
midlatitudes is proportional to the square
of meridional temperature gradient.

(ii) A given temperature gradient will have a unique
value of eddy sensible heat transport
associated with it (for the same static

stability).

The rest of the chapter is mainly concerned with examining the

validity of these two hypotheses.
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1.2 Numerical Studies.

The most comprehensive numerical study to date of the general
circulation of the atmosphere is that by Oort and Rasmusson (1971):
this is described in Section 1.3.1 below. The principal features of
the annual cycle of zonal-mean eddy sensible heat transport shown by

this are:-

(1) Maximum transports occur around January.

(ii) Largest poleward transports occur around 55°N and
.850mb.

(iii) In midlatitudes, a significant eddy heat transport
extends.at least up to 50mb for most of the year.

(iv) In winter, the heat transport due to stationary eddies
is at least as large as the transient component;
in summer it is small and negative whereas the

- transient component is similar to its winter value.

The vertical extent of the transport indicates that, by Held's
(1978) argument, a square-law relation between eddy sensible heat

transport and meridicnal temperature gradient should hold.

Green (1970) tested his square-law hypothesié using data then
available,. finding that theory and observation were in 'promising'
agreement; However his data only covers one whole year and part of
another, whereas Qort and Rasmusson (1971) employ a 5—yeér data-set
which provides a better test of hypotheses (some subsequent studies

have used statistics taken from periods of up to 30 years).

Van Loon (1979) investigated the relationship between eddy
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sensible heat transports and meridional temperature gradients in
winter, He took temperature gradients over 10° of latitude (the
validity of this choice will be discussed in Chapter 2, Section 2.4),
and used eddy transports derived from 29 years of daily data. For
Northern Hemisphere midlatitudes there is a positive correlation
between both total and stationary eddy transport, and the meridional
temperature gradient immediately to the south; a significant negative
correlation between these transports and the temperature gradient to
the north; and only small areas -of statistically significant
correlation between the transient component and temperature gradient.
The strongest positive correlations are between the total or
stationary eddy ¢transport and fthe local meridional temperature
gradient centred about 15° to the south, whereas Stone's (1974) linear
model of eddy heat transport incorporating meridional variation
predicts the correlation to be strongest for heat transport at the
same latitude as the strongest temperature gradient; thus the local
Cemperature gradient is not a good choice for eddy heat transport

parameterization. Two important features emerge from this study:-

(i) The importance of stationary eddy heat transport in
winter, and its strong correlations with temperature
gradient.

(ii) -The weakness of the correlation between transient eddy

heat transport and meridional temperature gradient.

While these give some indication of the relationship between eddy
heat transports and meridional temperature gradients, they do sc for
the spatial domain only. Nothing is said sbout the annual variation

of the various quantities and their relationship in the temporal
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domain, therefore understanding of the physical processes relating
them is limited in that it is impossible to see whether temperature
gradients change because of changes in the eddy heat transport or vice

versa.

The second point is remarkable: the transient eddies result from
baroclinic instability, which in turn depends on the meridional
temperature gradient, also Egs. (1.1) and (1.3} are essentially
derived from baroclinic instability theory, sc we should expect the
transient eddy heat transport to be well-correlated with the
temperature gradient. This problem 1is discussed more fully in

Sections 1.3 and 1.4 below.

Both points cast doubt on current assumptions regarding the
parameterization of eddy heat fluxes. We have no theory comparable
with that for transient eddies to relate stationary eddy heat flux and
meridicnal temperature gradient; parameterizations of transient eddy
heat flux incorporating meridional dependence are in poor agreement

with observed values.

Lorenz (1979) approached the problem from a different angle. He
sought to establish whether motions on different time-scales were
'forced' or 'free'. Forced variations are defined as those which are
responses to changes in external conditions (eg incoming solar
radiation), pgenerally thought of as climatic variations. Free
variations are those which take place independently of changes in
external conditions, fluctuations resulting from instabilities
internal to the atmosphere. In the present context, variations in
eddy heat flux would be forced if changes in the external heating of

the atmosphere forced changes in the temperature gradient which in
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turn forced variations in the heat flux, and free if variations in the
eddy heat flux forced changes in +the temperature gradient. By
calculating covariances of eddy heat flux convergence and temperature
from time-series of geopotential height and temperature for different
time-periods it is possible to see whether variations in the eddy heat
flux on various time-scales are forced or free, and to test +the

validity of the diffusion apprecach to parameterization.

Lorengz found by such covariance analysis that for motions on the
annual and seasonal scale (and of corresponding space-scale),
variations were definitely forced; variations on smaller time-scales
appear to be free; variations on the scale of a month seem to lie on
the boundary between forced and free regimes. In general, it seems
that diffusion theory will not lead to a realistic parameterization of
eddy heat flux except on time-scales of a year down to two months (or

possibly one month)}, and hence on large space-scales only.

Diffusive parameterizations must therefore be used with caution
and will almost certainly not represent well heat fluxes by eddies of
time-scales less than one month, ie the transient eddies; these are
the ones which it is usually required to parameterize. The annual
cycle of stationary eddy heat flux should however be predictable from
the tempe;ature gradients throughout the year and indeed he defined

rhysically by these.

Stone and Miller (1980) determined empirically both linear and
power-law fits between poleward heat transport and meridional
temperature gradient. By wusing monthly-mean wvalues and 1000mb
temperature gradients taken over 30 of latitude, they isolated <the

forced variations as defined by Lorenz (1979). Several interesting
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results concerning midlatitude eddy heat fluxes emerge from their

study:-

{i) The square-law parameterization of eddy sensible
heat transport 1s shown to be approximately

valid for the total eddy transport.

(;i) Eddy sensible heat transport is well-correlated
with temperature gradients either at 1000mb or
vertically-averaged, but not so well-

correlated for higher levels north of 50°N,

(iii) The total eddy sensible heat transport is much
better correlated with temperature gradient
than is either the staticnary or transient

component,

Point (ii) is surprising, since the 1000mb temperature gradient
is not typical of the troposphere as a whole; 500mb or 700mb are more
typical of the baroclinic zone of the tropesphere, so that temperature
gradients at these levels should be well-correlated with the eddy heat
transports, as it 1is these which ostensibly give rise to the

large-scale baroclinic eddies which accomplish the heat transport.

The problem of eddy classification is again raised by (iii). The
authors suggest that there exists a negative feedback mechanism
between stationary and transient eddies, which would be consistent
with the negative correlation between the two over much of the
Northern Hemisphere noted by van Loon (1979). This hypothesis will be

discussed further in Section 1.4 below,
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In general, these numerical studies have shown that while
correlations do exist between eddy sensible heat transport and
meridional temperature gradient, the proposed parameterizations should
be used with caution, since it is not clear which component of the
eddy heat transport can reasonably be thus parameterized: the evidence
is that it should be the sum of the two, whereas existing theory
suggests it should be only the transient component. Furthermore, the
physical link between them is not well-understood, and the eddy time-
and sgpace-gcale is important. The chapter proceeds with =a
re-examination of the validity of propesed parameterizations and a
discussion of the classification of eddies into staticnary and

transient types.

1.3 Eddy Heat Transport: A Problem.

1.%.1 The Data-Set.

The basic data-set used for this study is that of Cort and
Rasmusson {(1971), which contains a comprehensive set of atmospheric
general circulation statistiecs. They analysed daily data principally
from the MIT General Circulation Library for a five-year pericd May
1958 - April 1963 4o calculate monthly, seasonal and annual averages
of zonal-mean statistics of wind, temperature, geopotential height and
specific humidity, as well as appropriate spatial and temporal
variances and covariances (the 1latter including herizontal and
vertical energy transports). A vertical average (1012.5 - 75 mb) and

values at 13 pressure-levels from 100Cmb to 5Cmb are given.
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There are several potential sources of error in these

statistics:- §
(i) Random observational errors - in measurement or
coding.
(ii) Systematic observational errors - all data are

for 0000 GMT irrespective of location,

(iii) Gridding errors - to calculate zonal-means, station
data are transferred to a latitude-longitude grid
by a sophisticated interpolation scheme.

{(iv) The uneven distribution of observing stations (in
particular, the sparse coverage over the oceans and

in high latitudes).

Note also that the statistiecs give no indication eof interannual
variations: these are treated by Qort (1977) using the same data-set,

and will be discussed in Chapter 3, Section 3.7.

Removal of obvious c¢oding errors and a hydrostatiec check to
ensure vertical consistency of temperature and geopotential height for
each radiosonde report in the original data processing eliminated the
largest random errors, leaving the accuracy of measurement as the only
random observational error. For a single measurement this is of the

order of 1K in temperature or 2ms™ in wind; but around 150 (daily)
values were being used, and up to 51 values around a particular
latitude circle, so the error in the zonal- and time-mean becomes

insignificant.

By using only 0000 GMT data throughout, values are selected at
particular locations from particular parts of the diurnal cycle which

may not be typical of those, for example, producing significant
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poleward heat transport, in such a way that the zonal average contains
a systematic error. For example, the radiation correction applied to
radiosonde temperature measurements is possibly inadequate in winter
daytime, so that at low latitudes over the Pacific the temperature at
upper levels will be wrong by 2 or 3K; high levels are in winter
darkness and hence not susceptible to the same error, sco the
meridional temperature gradient would be wrong by at least 10% in this
region (the zonal-mean temperature difference between 20°N and 75°N
being around 25K); however, when the zonal-mean is taken this 1is
reduced to about 5%, Thus winter (QOctober - March) temperature
gradients calculated from this data-set should be used with this taken
into account. This kind of error could also affect eddy sensible heat
transports, but the magnitude of the effect cannot be determined
without some knowledge of their spatial variation, which will be

presented in Chapter 3.

The errors inherent in the gridding process are difficult to
assess, but are probably of similar magnitude to random observational
errors, Again, the effect of using a large quantity of data should
render such errors insignificant (whereas for a forecast model they
could well be important). This does not however apply to data-sparse
regions, such as the Pacific Ocean (coverage over the Atlantic is
rather better). Here, a longer time~series is of no help; we consider
instead the effect on the zonal mean of errors on part of the latitude
circle. A reascnable estimate of winter-time errors arising in the
gridding process somewhere like the Pacific is 2K in temperature and
2ms~! in wind; hence U4Kms=' in the heat transport. If this size of
error exists over 20% of a latitude circle, then the total error in

the zonal mean will be 0.8Kms~'. Taking all the errors together, let
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us say that the total error in the zonal mean is Kms ™' :

this 1is no
larger than the interannual variation (see error-bars on Fig. 1.1).

The problem of errors is further discussed in Chapter 3, Section 3.4,

Provided the errors are no larger than suggested here, I believe
this set of statistics can be taken to describe well the zonal-mean

general circulation of the atmosphere.

1.3.2 Definitions of Key Variables.

In midlatitudes, the bulk of meridional heat transport is
accomplished by eddies (see Fig. 1.2), which are conventionally
divided into Stationary and Transient components. The zonal-mean eddy

sensible heat transports for these are given by

Eer = [Vv¥T*) (1.4a)
Evg = [VT7) (1.4b)
and E = Egq+ Erg.

where
v = v - [v] T*¥ =T - [T]
vi = v - ¥ T' =T-T

ST, TR refer to stationary and transient components

respectively.

" In accordance with Green (1970}, eddy heat transports will be
related to meridional entropy difference: this is here defined between

two latitudes ¢ .9, (§,>%) as

- [-r(qﬂ,)] - [T(sz)] ¥ 103
e +[r(e)

A (1.5)
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In general, A will be taken between 20° and 75°N, a zone
encompassing the main region of barocliniec instability, and also

possessing good data coverage.

In the first part of this study, the heat transports in the
troposphere as a whole are considered. It is therefore necessary to
define a tropospheric pressure-average: this 1is taken ©over
1012.5 - 250mb, 250mbk being roughly the annual-mean height of the
tropopause in midlatitudes. For a quantity A defined at n discrete

pressure-levels, this-average is defined as

&
= Se R

AT Al (1.6)
Z%n
v=1

%p; is in general given by %(Phi - Pi., ), with p, effectively set

at 1025mb, p,,, = 200mb.

Tropospherically-averaged entropy gradients are found by taking

the pressure-average of A's calculated at each level.

The true heighﬁ of the tropopause in fact varies with both
latitude and season; hence tropospheric averages defined as above may
include part of the lower stratosphere, or else omit the upper
troposphere. In particular, entropy gradients taken over 20° - 75°N
ma& include a part above the tropopause near 75°N but below it near
20°N. The following table shows the effect of taking
pressure—averages up to 150mb or 350mb (percentages are differences

from 1012.5 - 250mb for preceding column).
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Table 1.1
Zonal-mean meridional entropy gradients and eddy heat transports

(Units: Kms™') pressure-averaged over different layers, for January

and July.

Range A E¢r Exq E
150 = 1012.5mb 14.0 -=-11% 10.5 8.4 18.9 +1%

Jan 250 - 1012.5mb 15.7 10.1 8.7 18.8
350 - 10712.5mb 16.6 +6% 10.5 9.8 20.3 +8%
150 - 1012.5mb 3.4 -9% -.9 5.7 4.8 +14%

July { 250 - 1012.5mb 3.7 -1.0 5.2 4,2
350 - 1012.5mb 3.8 +3% =1.1 5.2 4,1 -2%

A height average up to 350mb (ie below tropopause for all
latitudes and seasons) changes these quantities by no more than 8%,
while inclusion of the stratosphere up to 150mb has a slightly greater
effect. It appears that the upper height limit is not critical
provided the average includes most of the troposphere and very little

stratosphere.

It could be argued that as the temperature difference between 20°
and 75°N is roughly constant from 2km up to 8km (Green (1970)), a
pressure-average over this region should be typical of the troposphere
as a whole (since it is_ outside the boundary layer and below the
tropopause); but as the maximum eddy transport is at 850mb, such an
average would exclude a major contribution to the tropospheric heat

transport.

The effect of taking individual 1levels rather than the
tropospheric average is discussed more fully in Chapter 2, Section

2.3.
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1.3.3 The Problem.

Fig. 1.1 shows the monthly-mean sensible heat transports for
stationary and transient eddies, and the sum of the two, plotted

against the square of entropy gradient as defined above. Several

interesting features are apparent in this figure:-

(i) For the total eddy sensible heat transport, the points
for each month lie on a 'loop' about the regression-
line. The total transport is not a single-valued
function of entropy gradient as Egs. (1.1), (1.,2)
and (1.3) have suggested éhould be the case, but
is rather a two-valued function depending on time of
year, with transports larger in autumn than in
spring. This behaviour is reproduced in the
stationary component, but neot so clearly in
the transient.

(ii) The values for the total transport lie closer to
a straight line with zero intercept than do either
of the two components {see also Table 1.2 below).
Again, this emphasizes that parameterizations of
the form of Eq. (1.2) seem to apply best to the sum
of transient and stationary eddy transports.

(iii) In winter (No - Fe), the stationary eddies transport
more heat polewards than do the transient eddies;
for large entropy gradients, they are more
efficient at transporting heat. The transient
eddy transport actually appears to decrease as
the entropy gradient and stationary eddy

transport approach their maximum values,



- 32 -

(iv)  In summer (Jn - Au), the net stationary eddy sensible
heat transport is equatorwards, hence counter-
gradient. This shows that at this time of year
the eddies are probably not baroclinic in

origin.

If it can be shown that these are genuine properties of the
atmospheric circulation rather than computational anomalies {as will
be done in Chapters 2 and 3), then they show that theories of eddy
heat transport such as that of Green (1970) need %o be revised to
include some other predictor of eddy sensible heat transport besides
meridional temperature gradient, some seasonally-varying quantity
which is not the same in spring and autumn, such that the transport
can be a two-valued function of temperature gradient. An alternative
possibility is a time-lag between variations in temperature gradient

and heat transport. This is discussed in Chapter 4, Section 4.1.1.

The following table shows correlations between entropy gradient
and transport, together with the root-mean-square deviations from the
regression-lines of Fig. 1.1 for the total transport and its two

components.

- _Table 1.2
E By Ew
Correlation .95 .33 .74
EMS Deviation (Kms—') 1.9 1.8 1.0

Note that in Fig. 1.1a the intercept for the total transport was
forced to be zero, since this is what we expect from Eq. (1.2). If
this condition is not enforced, then the intercept is -0.5; the rms

deviation 1is hardly smaller thar the wvalue in Table 1.2, s0 a
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zero-intercept fit is equally acceptable.

Since the rms deviation for the transient component is smaller
than for the stationary component or total transport, one might expect
a higher correlation. However, the transient eddy heat transport is
relatively independent of entropy gradient (as Fig. 1.1c shows), so
the correlation will be low; it is nevertheless still possible for the
rms deviation to be small also (the correlation is in general
essentially a measure of how strong the dependence is of one quantity

on another).

The total transport is well-correlated with entropy gradient, and
much better correlated than the transient eddy component. When the
regression-line for the stationary eddy component is forced through
the origin (it being reasonable to assume zero heat transport in the

absence of a temperature gradient), the rms deviation is 3.0Kms~'.

The behaviour of the transient eddy transport with respect to
temperature gradient is far from that suggested by Eq. (1.2): for
half the year (October - April) the transport appears to be almost
independent of ftemperature gradient, so that setting it as a constant
would be a better parameterization {(with an rms deviation of 1.5Kms™',
compared with 2.4Kms™ for the zero-intercept case). It is only in
summer (June - August) that the iransient component is closely related
to temperature gradient, when the stationary component is small.
Clearly, either +the division of eddies into 'transient' and
"stationary’' types is not a division between physiéal processes (in
that baroclinic instebility dis not responsible for the transient
eddies alone, except {probably) in summer when the stationary eddy

transport is equatorwards), or something else apart from meridional
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temperature gradient determines the transient eddy transport, or both,

The existence of a 'negative feedback mechanism' postulated by
Stone and Miller (1980) is an attractive explanation of the downturn
in transient eddy transport for near-maximum stationary transports,

but the physical justification for this is at present lacking.

A relation of the form of Eq. (1.2) is clearly best applied to
the total eddy sensible heat transport; however, this still leaves the
problem of why this transport is a two-valued function of temperature
gradient, Thus the prinecipal difficulty with the thecry from which
Eq. (1.2) is derived is that it suggests that meridiocnal temperature‘
gradient is the only predictor required to define the heat transport,

which it c¢learly isn't.

Loocking more ‘closely at Fig. 1.1, there is a decrease of #0% in
the total eddy ¢transpert from February tc March, althcugh the
meridional entropy gradients for the two meonths are almost identical.
85% of the decrease is accounted for by the change in the stationary
component, which is perhaps surprising in view of the high correlation
between this and entropy gradient. March and October have identical
values of total eddy transport, due toc a larger transient component in
October, although A is 30% smaller then. April and November have
widely differing values of total eddy transport, for similar values of
entropy gradient, this being entirely accounted for by the différence
in the stationary eddy transports for the two months - that.fer April
is only 40% of MNovember's. The February/March difference is
interesting in that there is a large change in heat transport from one
month to the next, although the spring/autumn difference as a whole

gives rise to the 'loop'. Closer inspection reveals that the most
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obvious causes of the 'loop' are the February/March and April/November
differences in the stationary transports, however for September and
October it is the transient component which causes the autumn fluxes

to be larger than those in spring.

From all this, it seems that it is necessary to understand first
how the stationary eddy heat %transport is related to the atmospheric
temperature structure and the physical basis for the

stationary/transient division.

1.4 Classification of eddies

Figs. 1.17b and 1.1¢ show that the conventional division of
eddies into stationary‘ and transient components leads to the
conclusion that, in the absence o¢of any meridional temperature
gradient, both classes will produce a net meridional transport of
heat, an amount roughly half their winter values; furthermore, for the
stationary eddies this is upgradient. The first result is especially
surprising for the transient eddies, for which we expect Egq. (1.2} to
hold, with zero intercept; it is not so surprising for the stationary
eddies, whose heat transport is less certainly related to meridional

temperature gradient.

It seems that the total eddy heat transport may be a more
fundamental quantity than the two components. It is also suggested
(Stone and Miller (1980)) that the conventiocnal division between
’ géationary and transient eddies represents a division which exists for
numerical convenience rather than as a result of physical differences,
such as different forecing mechanisms: longitudinal variations in

diabatic heating and baroceclinic instability, for example.
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It has been suggested that there exists a 'negative feedback'
between the two types of eddy (Stone and Miller {(op. cit.)): this is
supported by the negative correlation between the two components noted
by van Loon (1979). There is also evidence for this in results from a
General Circulation Model, described by Manabe and Terpstra (1974).
They investigated, inter alia, the differences in the eddy transports
arising from running the model with and without mountains: they found
that while the total eddy heat transport was little different in the
two cases, the balance betweeh stationary and transient components was
significantly different. This suggests that for a given radiation
balance the heat transport is uniquely determined, but the relative
magnitude of the components depends on the existence of longitudinal
variations in stationary eddy forcing (in this case, orography). The
atmosphere —— real and model —— will apparently develop a total eddy
flux independent of the partitioning into stationary and transient

components.

One plausible hypothesis is that the total eddy flux is of first
importance; the stationary eddy flux is determined by whatever forcing
mechanism(s) operates to produce it, and the transient eddy flux is
then established as the residual, ie (total flux)-(stationary flux).
Two problems‘are apparent in this: first, it gives no reason for the
two-valued behaviour of eddy heat flux against temperature gradient;
second, this does not explain why the atmosphere should require that a
certain total flux, or meridional temperature gradient, be

established.

A possible answer to the latter problem is provided by Stcone's
(1978) theory of 'baroclinic adjustment’, This states that the

atmosphere adjusts the meridional heat fluxes to maintain 1local



- 37 -

temperature gradients close to the threshold for ©baroclinic
instability. If the gradient increases much beyond this, the eddy
fluxes due to the longest waves react so as to restore the gradient to
its threshold value. This does however assume that these long waves
result from baroclinic instability, which is not necessarily the case

(see below).

Note also that if a feedback mechanism operated such that the
transient fluxes acted to control the stationary, then in winter and
in spring we should expect the +transient flux to follow the
temperature gradient closely, as 1t does the rest of the year, with
stationary eddies perhaps adjusting themselves tc make up the total
flux required; hence, such a feedback mechanism must operate in the

reverse direction (stationary fluxes controlling transient).

Another hypothesis is that the transient eddies transport heat
down the local temperature gradient, which gives rise to a flux in the
zonal as well as the meridional direction. This flux will act upon
the stationary eddy fields, changing toth amplitude and relative phase
of wind and temperature waves s0 as to enhance the stationary eddy
heat flux. However, the temperature gradients will partially be
established in the first place by the stationary wave pattern, so that
no simple picture of stationary eddy fluxes being controlled by the
transient eddies can be formulated, as the interaction appears to work
in both directions. Alse, the meridional flux by transient eddies

should still be related to the meridional temperature gradients in

this case, whereas Fig. 1.1c shows that this is net what happens.

It is clear that the stationary and transient eddy heat fluxes

are not independent of one another; what 1is not clear is the
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relationship between them, and the origin and nature of the stationary

eddies: it is to the latter problem that we turn now.

Various alternative (and not mutually exclusive) hypotheses
exist. One is that the stationary planetary waves (zonal wavenumbers
1 - 4) are forced by =zonal variations in orography and diabatic
heating (the latter due to the different thermal properties of land
and ocean), whereas the waves of zonal wavenumbers 5-8 (and higher)
are essentially transient in nature, arising from baroclinic
instability of the zonal flow. Observational studies have indicated
that in winter a large part of the stationary eddy heat flux is in
zonal wavenumers 1 - 4, with wavenumber 2 dominating (Wiin-Nielsen et
al. {1963, 196U4); see also Chapter 3 of the present ‘work).
Theoretical studies by Bates (1977) and Shutts (1978} show that
thermally and/or.orographically forced planetary waves will produce
heat fluxes comparable with those observed for stationary waves in the

real atmosphere.

Other authors have suggested that barocliniec instability is
responsible for at least a part of the observed stationary wave
pattern, based on both energy cycle studies and model results. Both
Holopainen (1970) and Oort and Peixoto (1974) calculate conversion of
available potential energy of the mean flow to that of the staticnary
eddies, and imply that the magnitude of this conversion in winter
shows that the stationary eddies arise from baroclinic instability.
However, the definition of the conversicn term 1is such that a
zonal-mean downgradient heat flux due to any eddy forcing will appear
to give such & conversion, and does not automatically imply that
barceclinic instability is the cause of this conversion (even if the

eddy possesses characteristics of baroclinic eddies).
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Yao (1980) describes a model in which the processes maintaining
the stationary eddies can be studied, and concludes that for
wavenumber 3 these waves are maintained by baroclinic processes.
However, the model is limited in that it is forced by orcgraphy only,
gets the surface winds wrong (easterly everywhere), and is very
limited in the spectral domain; interpretation of results is again
based on the premise that conversion of available potential energy of
the mean flow to that of the eddies is proof of barcelinie instability
as cause of the eddies. His results suggest that baroclinic processes
are responsible for maintenance of the observed stationary waves only 
in the limited case of large meridional temperature gradient and zonal
wavenumber 3 (whereas it is wavenumber 2 that is dominant in the
stationary eddy flux). Furthermore, Shutts (1978) has suggested that
in the lower troposphere thermally rather than orographically forced
waves are predominantly responsible for stationary eddy heat
transport. The nature of Yao's model is such that comparison with the
real atmosphere is difficult, and certain assumptions may well be

unrealistic.

However, there is a way in which baroeclinic instability may well
enhance the stationary eddy heat flux: it has been suggested that part
of the stationary wave pattern is due to barcclinic eddies developing
preferentially in regions of enhanced baroclinity whose locations are
fixed by the staticnary waves, so that eddies which are 'transient' in
nature appear as stationary waves, and their heat fluxes contaminate
the stationary eddy flux. A possible example of this would be the
'Tcelandic Low'. Even Fourier analysis of long-wave patterns will not
necessarlly eliminate this kind of eddy. However, if it constituted a

major component of the stationary eddy flux, then the large decrease
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in eddy heat flux from February to March would still present a
problem: the temperature gradient hardly changes at this time, so the
flux should hardly change if it is due to baroclinic eddies. The fact
that the stationary eddy flux in summer is small and upgradient is
also evidence that the observed stationary wave pattern cannct contain
a large component of baroclinic eddies developing in preferred
locations on the long-wave pattern. Further discussion of this
hypothesis will be presented in Chapter 4, in the light of data on the

longitudinal variation of eddy fluxes.

The evidence for and against the observed stationary wave pattern
being due to baroclinic instability in some form is not conclusive
either way; the balance seems in favour of thermal/orographic forcing
being the major cause, but with the possibility of a contribution from
baroclinic instability. It would be convenient if the stationary eddy
flux could be partitioned into a baroclinic component which could be
included with the transient eddy flux in a parameterization of the
form of Eq. (1.2), with the remaining part being due to orographic
and thermal forcing, which could be represented explicitly in a model.
This would have some physical justification, but it is not clear how

or if the two parts can be separated numerically.

Such a partitioning might be achieved from a knowledge of the
total eddy flux and a law relating heat transport by stationary eddies
forced thermally/orographically to other observed parameters; however
no such universal law has apparently been formulated, as numerical
models generally carry this transport explicitly and its form depends
on the meodel formulation. Such a law could only be defined from a
model reproducing well the observed transports (and annnual variation

of these), and even then it might be difficult to extract the true
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stationary eddy heat transport as this should be modified by

baroclinic instability in the model!

If realistic models of thermal and orographic forcing predict
stationary eddy heat fluxes of the correct magnitude, and if variation
of these fluxes 1is consistent with observed changes in thermal
foreing, then the evidence for thermal/orographic forcing rather than
baroclinine instability being the cause of the observed stationary
waves is strong. Evidence from observational data is presented in
Chapter 5 which suggests that variations in thermal forecing can

explain the observed variations in stationary eddy heat transport.
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CHAPTER 2

MERIDIONAL AND VERTICAL VARIATIONS IN

EDDY HEAT TRANSPORT
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Introduction.

In this chapter, the behaviour of eddy heat transport with
respect f¢ meridional entropy gradient is considered with the
inclusion of other forms of energy iransport, and over a range of
latitudes and heights. It is shown that the observed two-valued
behaviour is a genuine property of atmospheric heat transports, at

least for this data-set.

2.1 Other Energy Transports.

Besides transporting sensible heat, eddies alsc transport latent
heat, potential energy and kinetic energy; there is also transport of
all these forms of energy by the mean meridional circulation. The
relative magnitudes of all but kinetic energy transports (which are
negligible by comparison with the other transports) are illustrated in
Fig. 1.2. It can be seen from this that in midlatitudes the only
fluxes which are significant are the eddy fluxes of sensible and

latent heat, in both winter and summer.

The eddy latent heat transports are defined {cp. Egs. (1.4a)

and (1.4b)) as:-

[?*i*] (2.1a)

[viq'] (2.1b)

Lst

L
where

q is specific humidity

The low-latitude energy input to the eddies is in the form of

both sensible and latent heat, with latent heat dominating but being
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converted to sensible heat by condensation and rainfall as tropical
air moves polewards. Since the two forms of heat transport are so
closely linked, it could be postulated that the sum of latent and

sensible heat fluxes might be a single~valued function of meridional

temperature gradient.

Fig. 2.1 shows that this is not the case. The latent heat
transport is about 25% higher in autumn than in spring, so that it
enhances rather +than reduces the two-valued nature of eddy heat

transport with respect to meridional entropy gradient.

The difference in latent heat transport between spring and autumn
is accounted for by +the higher +temperatures in autumn of the
extratropical ocean and atmosphere near their interface, as shown by
Monthly Meteorological Charts of the Oceans (Meteorological Office:
1947, 1949, 1950). Although the temperature differences between ocean
and atmosphere are similar in both seasons, the nonlinear variation of
saturated vapour pressure with temperature results in the specific
humidity of the atmosphere being higher in autumn (relative humidity
remaining roughly constant). This in turn increases q* and q', and

hence the latent heat transport.

Curiously, +the observed annual variation in eddy latent heat
transport is small compared with that of the wind and specific
humidity fields. The -{sensible + latent) heat lost by unit mass of
air in moving from low to high 1latitudes, with temperature
difference AT and specific humidity difference Aq between them is

given by

cPAT+-QAq
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This may be rewritten as

Le Ay
CP lef I Cp AT

Substituting typical January and July values of Aq and AT (from
Oort and Rasmusson (1971)) shows, firstly, that the term (L.Aq/cy AT)
is between 0.25 and 0.5 in January, and around 1 in July, so that
latent heat transport should be of similar magnitude to the sensible
neat transport in summer, but smaller in winter, as is indeed observed
(see Fig. 2.1). The latent heat conteﬁt of unit air mass in July is
about double its January value, but its poleward velocity perhaps half
that in January, so that the latent heat will be roughly equal in both
months, as observed. Finally, the total eddy heat transport in July
should be around 30% to 40% of January's: Fig. 1.3 shows the actual

fraction is 35%.

2.2 Latitudinal Variation.

The latitudinal extent of the regiorn in which eddy sensible heat
transport disﬁlays two-valued behaviour with respect to global-scale
meridional entropy difference is shown in Fig. 2.2. This behaviour
starts to appear at 45°N and is strongest at around 50° to 55°N (see
also Fig. 1.1a), near the latitude of maximum eddy heat transport.
At 65°N the effect shows up as an abnormally large eddy heat transport
in November alone, which may, I suspect, be due in part to numerical
errors in preparation of the original data (this will be discussed in
Chapters 3 and 5). Thus the heat transport is two-valued in a zonal
belt stretching from 45°N to 65N, north of which the stationary eddy

sensible heat +transport is small compared with the transient
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component, which itself undergoes an annual cycle of variation similar

to that at 55°N.

Whereas Figs. 1.1 and 2.1 showed at 55°N a sharp fall in eddy
heat transport from February to¢ March, at 45°N the equivalent fall is
spread over January to March (and is almost as large as that at 55°N);

this was also noted, at 55 N, in a different data-set (see Chapter 3).

2.3 Vertical Variations.

2.3.1 Variations in the Troposphere.

In this section, the relation between eddy sensible heat
transport and meridional entropy gradient at various pressure-levels
in the troposphere and lower stratosphere is considered. There is
some difficulty in interpreting heat fransports at a particular level,
especially in mid-troposphere, as the heat transport is slantwise
rather than horizontal; however this will give us an idea of the
vertical variation of the transports, and of their observed two-valued
behaviour with respect to temperature gradient; it will also
demcnstrate the validity of using data at one level {(500mb) for a

deeper investigation of the problem, %o be presented in Chapter 3.

Fig. 2.3 shows that at 850mb, 700mb and 500mb the autumn eddy
sensible heat transports (both total and stationary) are significantly
larger than those 1n the spring, as for the tropospheric averages
(Fig. 1.1). At 400mb the two-valued behaviour is still apparent,
although September's transport is now similar td that in May, and
November has a marked peak in both stationary and total eddy

transports. The 300mb picture is partially different, for although
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the heat transport has a sharp peak in November and is much lower in
March than in February (both features being due again to changes in
the stationary eddy transport), in April and in May the total transport
is apparently larger than in the equivalent autumn period. This is
due to the variations in temperature rather than those in eddy heat
transport, as the latter are similar to those at lower levels for both

stationary and total eddy transports.

The annual cycles of total and stationary eddy sensible heat
transport and of meridional entropy gradient at 700mb closely resemble
those averaged over the troposphere as a whole; those at 500mb also
show the principal features described in Section 1.3, although the

transports are smaller.

The re;ationship between tropospherically-averaged total eddy
sensible heat transports and the entropy gradients at 10COmb and 500mb
is shown 1in Fig. 2.4. Several simple climate models {eg Budyko
(1969), Sellers (1969), North (1975)) wuse the surface temperature
gradient, which is similar to that at 1C00mb, to parameterize eddy
heat transporis; 500mb is a mid-troposperic height where the entropy
gradient 1is typical of the troposphere as a whole, and is used by
Green (1970). At both levels, the characteristic two-valued behaviour
is displayed, showing that choice of an entropy gradient cther than
the troposphericaliy—averaged one does not eliminate this behaviour.
A%t 500mb the correlation between totzl eddy heat iransport and entropy
gradient is 0.95, as for the tropospheric-average gradient; the 500mb
plot on Fig. 2.4 is very similar to Fig. 1.1a. One might expect the
appropriate entropy gradient for tropospheric-average transports to be

one typical of the whole troposphere; nevertheless, the correlation
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with the 1000mb entropy gradient is also high, at 0.95. Thus the eddy
sensible heat transport would be parameterized almost as well by the
1000mb entropy gradient as by the tropospherically-averaged one but

the problem of the two-valued behaviour of the heat transport remains.

2.%3.2 Variations in the Stratosphere.

The relationship to be expected between eddy heat transports and
temperature gradients in the stratosphere is less clear. Stationary
(planetary) waves in the stratosphere are believed to result from

vertical propagation of tropospheric stationary waves (Charney and

Drazin (1961)), and such vertical propagation is controlled by the

sign and magnitude of +the zonal wind. Thus the structure of the
stratospheric stationary waves is closely related to those waves in
the troposphere, whose heat transport is in turn supposedly related to
the tropospheric meridional +temperature gradient. The temperature
structure in the stratosphere 1is very different from that of the
troposphere, with the meridional temperature gradient above 200mb (and
at that height for much of the year) being in the opposite sense.
Qort and Rasmusson's (1971) statistics show that the stratospheric
eddy heat transport is nevertheless polewards for nearly all the year,
ie countergradient. It therefore seems more appropriate to relate

stratospheric eddy heat transports to meridional temperature gradients

in the tiroposphere rather than to those in the stratosphere.

Figs. 2.5 and 2.6 compare the results of plotting eddy heat
transports at three levels in the stratosphere against entropy
gradients at the same levels (Fig. 2.5) and tropospherically-averaged

(Fig. 2.6). From Fig. 2.5 it 1is apparent that there is little
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Fig. 2.5: Stratospheric stationary eddy meridional sensible heat
transports at 55°N againat A at same levels.
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Fig. 2.6: Stratospheric stationary eddy meridional sensible heat
transport at 55° N against tropospherically-averaged A.
Units: Kms™'.
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relation between eddy heat transports at any level in the stratosphere

and the entropy gradients at the same level; indeed at 100mb the
relationship is inverse! However, at 30mb it appears that Eq. (1.2)
or similar could relate eddy heat transport and entropy gradient if
the months May-August are omitted. These are the months when the
zonal wind at this level is easterly (Labitzke (1972)), leading to
trapping of stationary waves (Charney and Drazin (op. «cit.)) and
hence poleward eddy rheat transport close to zero irrespective of
temperature gradient. Of the remaining months, March alone appears
anomalous, with the heat transport being large when the entropy
gradient is very small (and about to change sign). This is +the
opposite %to the tropospheric case, but with the 200mb and 100mb eddy
transport wvariations bearing 1little relation to those in entropy
gradient at these levels, it is perhaps fortuitous that at 30mb the

relationship between them appears stronger.

Fig. 2.6 shows that at 200mb and 100mb the. variation of
stationary eddy heét transport with entropy gradient displays the same
features as at lower levels; at 30mb, although the transports are much
larger for November - March +than at lower ° levels, the same
characteristic features pertain: a sudden decrease in_ transport from
February to March and a large difference beiween April and November
transports, with virtually identical entropy gradients for each pair
of months. In general, the stratospheric staticonary eddy sensible
heat transport varies in a similar way to +that transport in the

troposphere.

It therefore appears that the characteristic features of +the

observed annual variation of stationary eddy sensible heat transport,
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which lead to it being a two-valued function of meridional temperature

gradient, occur throughout the depth of the troposphere and at least

in the lower stratosphere.

We note alsc that these stratospheric transports are more closely
related to tropospheric temperature gradients than to those in the
stratosphere, which supports Charney and Drazin's (oyi cit.) theory
that stratospheric stationary waves result from vertical propagation
of wave energy from the troposphere, and that an easterly zonal wind

inhibits this vertical propagation.

2.4 Epntropy gradients: Latitudinal limits.

Hitherto, entropy differences between 20° and 75°N have been
used; here, the effects of varying both latitudinal 1limits are

examined.

The latitudinal width of the zone over which the entropy gradient
is taken is of prime importance. Van Loon (1979) used a 10° - wide
zone; Stone and Miller (1980), following Lorenz (1979), chose one 20°
wide, centred on the latitude being considered. However, instability
theory (eg Eady (1949)) shows +that the wave with the longest
meridional wavelength will be the fastesi-growing; trajectory analysis
(Green, Ludlam and MeIlveen (1966)) shows individual parcels of air
moving over 30° or more of latitude. Srivatsangam (1978) showed in an
observational study that a diffusion model of sensible heat transport
is best applied only when nearly an entire hemisphere is treated as a
zone of mixing. It 1is therefore sensible to checose a zone
sufficiently wide to include the whole entropy difference experienced

by warm air moving polewards {or cold air moving equatorwards), or
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which is baroclinically unstable, or in which significant eddy heat
transport occurs. Thus the appropriate temperature gradient to use
should be taken over a wider zone than any of those used in the
studies cited above. Green (1970) chooses 20° - 70°N, which fulfils

these criteris.

The limits used in the present study encompass the zonal helt
ineluding the major part of the pole-equator temperature difference.
Fig. 2.7 shows that in winter and spring this extends at least as far
south as 20°N, with the local gradient Being strongest south of around
45°N. "Thus for fluxes at 55°N the southern latitudinal limit for the
temperature gradient should be much further south than the 40°N which
Stone and Miller's analysis would suggest; a northern limit of 75°N is

however realistic as the gradient is relatively slack north of this.

Fig. 2.8 shows the effect of changing both the northern and
southern latitudes (f%,g%) between which the entropy difference is
calculated. Figs. 2.8a and 2.8b show that, keeping ¢?= 70°N, the
total eddy sensible heat transpert is only two-valued with respect to
entropy difference when q&‘ 30°N, with the effect becoming more
marked as ¢1 is moved further scouth. When q92=35°N, the eddy heat
transport mne longer behaves as a linear function of entropy
difference, and the two-valued behaviour is lost. This can be
attributed to the fact that when the transport approaches its maximum
values 1in January and February, the temperature gradient decreases
from its December value; as the transpert drops sharply in March, so
the gradient increases again before dropping with the transport in
April. VThis is evidence that variations in heat transport influence
the meridional temperature gradient rather than the other way round:

in this case, the increasing transport reduces +the meridional
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Fig. 2.7: Monthly-mean Northern Hemisphere temperatures at 7C0Omb.
Units: °C.
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temperature contrast at a time when the =zonal-mean atmosphere-earth
radiation balance changes only slowly; when the transport decreases,
the temperature contrast increases as the change in the radiation
balance does not counter this sufficiently rapidly (Energy balance in
the atmosphere is discussed in more detail in Chapter 5). However,
this only pertains to the =zone ﬂorth of 35°N; the action of the eddies
south of this is to maintain the temperature contrast over the wider
zone being considered (ie north of. 20°N), indicating that the

equatorward extent of the wintertime eddies is important.

Figs. 2.8b and 2.8c show that if ﬂ is moved to 70° or 65°N
(keeping ¢2 at 20°N), the two-valued nature of the plot is just as
pronounced, showing that any direct influence of polar ice, whose.
southern limit of extent is around 655N, on the meridional temperature

gradient as a cause of the observed two-valued behaviour is ruled out.

Finally, Fig. 2.8c also shows eddy heat transport against the
entropy difference taken over 20° - 50°N, the region in which eddy
heat transport increases with latitude (see Fig. 1.2), where 1local
meridional temperature gradients are strongest (Fig. 2.7), and which
may be regarded as a source of eddy heat transport. The eddy heat
transport is clearly two-valued throughout most of the year in this
case also, whencé (together with the foregoing) we conclude that it is
in the mainteitance of +the strong wintertime temperature gradient
across this region inte March when the eddy transport at the same time

decreases sharply that the current problem may well lie.

Further evidence for the importance of this zone comes from van
Loon's (1979) study. He found that eddy sensible heat transports

(total or stationary) were. most strongly correlated with 1local
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temperature gradients to the south (as stated in Section 1.2); in
particular, the transport at 55°N is most strongly correlated with the
gradient in the region 25° - 45°N: agsin, the region where the
gradients are strongest. Thus eddy transports will not ©be as
well-correlated with an entropy gradient taken over a zone excluding
this region; furthermore, the relationship between midlatitude eddy
heat transports and temperature gradients in this region is probably

not just a statistical correlation but a2 physical interaction alse.

From all these results it is seen that the quasi-linear and
two-valued behaviour of eddy sensible heat transport with respect to
meridicnal entropy gradient seen in Fig. 1.1 c¢ccurs only when that
gradient 1is taken over a region including most of the eddy heat
transport source zone, 20° - 50°N, as we should expect from Fig. 2.7;
in particular, the region 20° - S5O0°N is important to the midlatitude
eddy heat fluxes in terms of its effect upon entropy gradients. The
region 50° - 75°N plays a2 minor role in determining the form of eddy

heat flux against entropy gradient.

2.5 Summary of Important Results.

(a) When the monthly-mean midlatitude eddy heat transport --
gsensible or sensible plus latent -- is plotted
against some large-scale extra-trepical meridional
temperature gradient (both quantities being either
tropospheric averages or values at individual
pressure levels in the frcoposphere), it exhibits

marked two-valued behaviour.
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(b) This two-valued behaviour is principally a consequence
of the variation of the stationary eddy heat

transport.

{(c) This behaviour is exhibited throughout the troposphere in the
midlatitude =zone 45° - 65°N; the stationary eddy
sensible heat transport exhibits such behaviour in

the lower stratosphere also.

(d) The existence of this behaviour is dependent on the
temperature gradients in the zone 20° - 50°N, which

is the source zone of eddy heat transport.

The problem of the observed two-valued behaviour seems now to be

two problems, viz:-

(i)  Why does the stationary eddy heat transport vary as it
does (it cannot be because of temperature gradient
variations)?

(ii) What controls the variation of temperature gradients?



- 65 -

CHAPTER 3

FURTHER INVESTIGATION OF

EDDY HEAT TRANSPORT DATA
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Introduction.

In this chapter, the longitudinal and latitudinal variations of
the 500mb stationary eddy sensible heat transport and of its
constituent wind and temperature fields are investigated in order to
establish the nature of the changes in the atmospheric circulation
which give rise to the observed variations of this heat transport.
The changes in the zonal-mean variance fields and thelr correlation
are first considered; these fields are then Fourier-analysed to
determine the dominant space-scale of the observed variations in heat

transyport.

3.1 Zonal-Mean Variance Fields and Correlation.

The =zonal-mean staticnary eddy sensible heat transport is given

by

Egr = [v*2] [T*?] r(v,T) (3.1)
where
rn(v,T) is the spatial correlation between

temperature and meridicnal wind fields.

Note +that [E?z], the spatial variance of some quantity 4, is
essentially a measure of the zonal asymmetry in A. The correlation
rl(v,T) is a measure of some kind of phase difference between the two

fields.

Tropospheric averages of [G*z] and [Exz] for each month and six
latitudes are given 1in Table 3.1: they were calculated from ihe
variances at different levels given in Qort and Rasmusson (1971).

From these, values of rl(v,T) for +the <troposphere were calculated;
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Jan

Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov

Dec

40

1.8
2.0

2.7

— 22 -
Northern Hemisphere tropospheric averages of [v’z] , [T“t}

45
4.5
4.0
3.5
2.7

[7+4]"/2

50

4.8
4.6
3.7
2.9
1.9
1.8
1.9
1.4
i.8
2.6
3.2
4.0

55

4.7
4.7
3.6
2.9

1.9

2.9
3.2
3.8

60

4.5
4.5
3.5
2.7
2.0

2.0

65
4.5

3.4
2.3
2.2
1.8
1.6
1.9
2.7
3.0
3.6
2.9

from Oort and Rasmusson {1971).

40
4.3
3.4
2.5
1.8
2.0
2.3
2.6
2.2
1.7
1.8
2.7

3.5

2.3
3.6

4.5

Table 3.1

[@¥1]1/2

50

5.6
4.9
3.5
2.4
2.1
2.3
2.5
2.0
1.4
2.8

4.4

55

5.6
5.2
3.9
2.8
2.0

2.1

60

5.5

4.3
3.0
1.9
1.9
2.2
1.9
1.7
3.5
4.9

4.9

60

5.1

4.8

4.3

2.0
1.7
1.9
3.6
4.8

4.4

)

and rz(v,T) for each month,

40
.43
41
.29
Ry

-. 11

-.15

-.08

-.10
.20
.22
.15

.29

45

.46
.43
.42
. 26
.07
.29
.18
A7
.29
.34
.28

-36

rg(v,T)

50 55

.45 .38
.45 .45
.46 .46
.39 .44
.:65 .21
43 -.35
36 ~.26
.29 -.25
.28 2.9
45 .45
A7 .59
43 .46

60
27
-39
.38
.58
.32
- H
.15
.08
« 23
.36
.55
-39

65
.14
.20
.18
.21
<24
.09
~.06
-.03
.16
.20
- 34

15
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these also are presented in Table 3.1.

This table shows that from 50°N northwards, between October and
April rz(v,T) is roughly constant, save in November when it appears to
be rather high at 55%, 60° and 65°N compared with the values round
about. Closer inspection of Cort and Rasmusson (op. cit.) reveals
that from 55°N northwards both [¥%%] and [T*?] display values high

compared with those round about in the upper half of the troposphere
(though at 55°N the November peak in the tropospherically-averaged

stationary eddy heat transport appears to be caused mainly by the
large correlation). Without recourse to their original data-set it is

impossible to say whether the problem is purely numerical or a genuine

result caused by the behaviour of the atmosphere at least in the
period used. However, the other data-sets to be discussed in this
chapter do not show a similar peak in either the heat transport or the
variances, whereas they do show the other key features of Fig. 1.10
(this is discussed more fully in Section 3.3). We believe therefore
that this anomaly does not cast doubt on the general validity of Qort
and Rasmusson's statistics; those for November at latitudes 55°N and

northwards may contain some error.

We now look at each of the four quantities in Eq. (3.1) for the
pairs of months when the difference in heat transport is greatest,
namely February - March and April - November {the latter
notwithstanding the foregoing: some wuseful information can be
obtained, though the results must be interpreted with caution). 500mb
values are presented in Tables 3.2a and b, using this level rather

than a tropospheric average to permit comparison (below) with other

data-sets.



- 69 -

Table 3.2a ‘
[v*?], [i*l , [v*T*] and r,(v,T) at 45° and 55°N, 500mb for February

and March; from OR.

45°N . | 55° N
[$*2] [3%] [¥°T] r,(v,m) | [°*] [T7] [+*T*] r,(v,T)
February 21 1.2 5.9 .38 | 30 14.5 9.1 .43
March 16 6.2 4.3 43 ) 16 8.9 5.9 .49
March/February .76 .55 .73 1.13 | .53 6 .65 1.14
Table 3.2b

As Table 3.2a, but April and November.

45°N | 55° N
[¥#*] [T*] [¥*T*] r,(v,m) | [¥¥7] [T**] [¥T% r,(v,T)
April g 2.0 2.0 A7 1 11 4.4 3.7 .53
November 12 10.6 2.9 26 1 12 18.3 9.6 .65

April/November .75 .19 .69 1.81 | .92 .24 .39 .82
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For February - March, the change in heat transport is entirely
due to changes in the amplitudes of the temperature and wind fields at
both latitudes, since their correlations are slightly larger in March.
At 55°N the change is almost equally distributed between the two
variances; at 45°N there is more change in the temperature variance.
For April - November, at 55°N some of the difference lies in the
correlation, very little in the wind variance, and most of it in the
temperature variance; at 45°N the correlation is very much higher in
April but the heat transport smaller then, due mainly to a very much
smaller temperature variance. The behaviour of the +tropospheric
averages is similar (see Table 3.1), though the April - November

. - ¥
difference in [T* ] is not as great as at 500mb.

Thus these variations in stationary eddy sensible heat transport
appear to be due to changes in the magnitude of the variances rather
than in their correlation (or phase difference). In March the
meridional wind and temperature fields are more zonally symmetric than

in February, similarly for April compared with November.

3.2 Calculation of Local Values of E;r.

5.2.1 Data-Sets.

In the following study, two other data-sets besides that of Oort
and Rasmusson (197t -  hereafter designated OR) were used:
monthly - mean charts published by the German Weather Service
(hereafter designated DW), and Fourier components of +the 500mb
geopotential height and temperature fields contained in a report by

Lejenas and Madden (1982 - to be referred to as LM). This is done for

the folllowing reasons:-
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(i) To test the statistical significance of the observed

heat transport variations.

(ii) To test whether the observed behavicur is reproduced
year - by - year rather than being due to one

highly anomalous year.

(iii) To test whether the behaviour is reproduced for a

period different from that used in OR.

(iv) To investigate directly the longitudinal variation of
the stationary eddy sensible heat transport and
its component fields.

(v) To carry out a szonal harmonic analysis of wind and

temperature fields.

3.2.1a German Weather Service Data.

Monthly-mean charts of the Northern Hemisphere up to October 1979
show values at regular 1latitude-longitude intervals as well as
contours of most fields. The fields used are the 50Cmb and 300mb
geopotential height and the 500/1C0Cmb thickness: from these, local
values of the 500mb temperature and meridional wind are calculated,
the method of which is described in Section 3.2.2 below, and from

these gridpoint values of eddy sensible heat +transport can be

determined.

This enables an average over several years' data to be taken, to
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determine the latitudinal and longitudinal variations of the heat
transport for each month; this can also be done for any individual
month, enabling interannual variations to be investigated and the
significance of month - to - month variations to be determined from
the spread for each month. Zonal-mean statistics can be evaluated and

compared with those in OR.

The disadvantage of the IW data is that it is only presented for
full latitude circles down %o 35°N. This means that it 1s not
possible to obtain a plot of heat transport against entropy gradient,
in the manner of Fig. 1.1b, since such a comparison requires that the
entropy gradient be taken with a southern limit of 20° or 25°N - see
Chapter 2, Section 2.4. However, the key features of the annual

variation of heat transport will be compared.

The data is taken from the years 1967-72 and 1975-7, nine years

in all.

3.2.1b Data from Lejenas and Madden (1982).

This repeort .presents the coefficients obtained from the double
Fourier decomposition of daily 500mb geopotential Theights and
temperatures, and surface pressures, taken over 30, 17 and 30 years
respectively. The decomposition is in longitude and time: for each 5°
of latitude from 20°N to 8%° N, the first six zonal wavenumbers are
given, decomposed into the first four harmonics of the annual cycle.
This enables any of the above fields to be recreated for most of the

Northern Hemisphere for any day of the year, although as the fields

are smoothed (by the choice of only four harmonics in time) the values

for any particular day may be taken as similar tc averages for some



- 73 =

arbitrary period around that day of about one month.

It seems surprising that Jjust four annual harmonics should
resolve individual months. Lejenas and Madden state in their report
that this is sufficient to represént the annual cycle where that cycle
is large, citing earlier studies showing this to be valid. Provided
the changes are smooth from one month to the next, the harmonics given
will'suffice (provided a significant change from one month to the next

is large enough to be resolved: whether this is true in the present

context will be discussed in Section 3.3 below).

Having reconstructed the 500mb fields, the stationary eddy heat
transport at that level can be evaluated. This enables the long-%erm
average heat transport distribution and entropy gradient to Dbe
calculated for each month; the temperature field is derived from the
17 years of data commencing in January 1963, so that it covers a
period almest entirely different from that of CR {(see Section 1.3.1 of
Chapter 1) as well as longer, so comparison with OR can be made. This
also has the advantage over DW in that 500mb temperatures are found

directly rather than from thicknesses and by interpolation.

For both data-sets, winds are computed from gecpotential heights,
ie they are aasumed to be geéstrophic. At 50Cmb, this should be a

good approximation both locally and for the =zonal-mean (as

¥ = [v]).

3.2.2 Calculation of Sensitle Heat Transport.

The geostrophic meridional wind is given by

s oY | 892
v ox £ ox (3.2)
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where
W is streamfunction

Z is geopotential height.

Values of Z are given at 10° longitude intervals in DW; let this

be a distance Ax. The meridional wind at the ,jﬂ'l point is then given
by

g(Zyvi = Zj1)
25 A=

vy =

As [¥] = 0, we can write

o# - 3@u-2;.)

V.

T 3

For IW data, the temperature is obtained from the Hydrostatic
Equation, using given thickness values for the 500/1000mb layer or
thicknesses calculated from the 500mb and 300mb heighits. The mean
temperature for a layer of thickness AZ between pressure surfaces P »
Pz (Pl e Pz) is given by

g AZ

YW oYy -4

A pressure-weighted mean of the 500/1000mb and 300/500mb mean
temperatures is used as the 50Cmb value. Taking these temperatures as
being 7T75Cmb and 4C0mb values respectively, the weighting used is
Toon = %T;ﬂ3+ gTwo- For the zonal-mean, values of [5*2] at 45° and
55° N calculated by similar means from OR wvalues at 700mb and 400mb are
generally close to the 500mb values except in Summer at 45°N. There
is no means of telling whether they are similar locally, but looking

at contours on the charts will give an idea of the temperature and
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wind fields and resultant heat transport, which can be used as a rough

check on the numerical values obtained.

The zonal-mean spatial variance of the temperature field in LM is

given by

6
Pt 1 2, 2 2
[T%] = Zn"(e,” + b)) (3.5)
=1 .
where
€’ Dm are the cosine and sine coefficients for
zonal wavenumber m in the Fourier expansion

of T.

Similarly, the zonal-mean spatial variance of the meridional wind

field is given, using Eg. 3.2, by

¢ .
[9#7] = f:mgp Zo(ad +0.d) (3.6)

where a,, by, are the Fourier coefficients for Z.

3.3 Zonal-Mean Statistics for DW and LM Data.

As a test of accuracy for the DW results, and te compare both DW
and LM with OR, the zonal-mean statistics obtained from both DW and LM
are here presented. Since OR heat transports are calculated from

actual 500mb temperatures and winds, OR is taken as giving definitive

values for the heat transport.

The 5COmb spatial variances, correlations and heat transports at
45° and 55°N obtained from these data-sets are given in Tables 3.3 and
3.4; the ratios of these values to those in OR are given in Table 3.5.

The DW values are averages of the 9 separate years analysed.
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February

March

March/February

February
March

March/February

Table 5.3

As Table 3.2a, but data from DV.

45° N
(v ] [7**] [¥F*] r,(v,T)
32.9  15.8 9.5 42
23.7 8.6 5.8 .41
.78 .57 .68 .98
Table 3.4

1
i

¥*%]
37.9
23.2

.63

As Table 3.2a, but data from LM.

45°N
(772 [T*] (7]
22.2 17.2 6.2
16.G 10.7 3.9
.76 .62 .63

ry(v,T)
.32
.29

<91

[¥%7]
18.7
13.1

.70

55°N
[7*] [¥T*] r,(v,T)
17.6  10.1 .39
10.9 6.8 43

.62 .68 1.10

55° N
(7] [¥F*] rp(v,7)
15.7 7.1 41
1.7 5.0 .40

.74 .70 .98
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Table 3.5a

Ratios of DW/OR values of quantities in Eq. 3.1 at 500mb, 45° and 55°N.

February
March

March/February

February
March

March/February

45° N I
[#*] [T*'] [¥*T°] ry(v,m) | [¥%*]
1.57  1.41 1.61  1.08 | 1.26
1.48 1.39 1.35 91 1 1.45
1.03 1.04 .93 .80 | 1.19
Table 3.5b

As Table 3.5a, but ratios LM/OR.
45° N ]

[v72] [2] [#*T7] ro(v,) | [¥%]

1.06 1.54 1.06 .84 | .62
1.06  1.73 .91 67 | .82
1.00  1.13 .86 .81 I 1.32

55° N
(7] [+
1.21 1.1
1.22  1.15
1.02 1.05
55°N
[7%2] [9*T¥]
1.08 .78
1.31 .85
1.21 1.08

r (v,T)
.93
.90

1.00

rz(v,T)
.95
.82

.86
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From these tables it can be seen that DW data produces variances
and heat transports more than 10% greater than OR's, especially at
45°N; LM variances and heat transports vary considerably in relation
to OR's, and the March/February ratios for DW are closer to OR's than
are LM's. Both sets do however show the same features as OR, namely
that the fall in heat transport from February to March is due to
changes in the variances rather than in their correlation, roughly

equally distributed between them at 55°N but larger in [v¥] at 45°N.

It is noticeable that both DW and LM underestimate the changes in
the variances compared with OR, especially at 45°N; they overestimate
the fall in heat transport at 45°N and underestimate that at 55°N.
This suggests that changes visible in maps or sections of these fiel&s
calculated from DW or LM will in most cases be smaller than those to_

be found in OR's original data-set.

The difference between April and November heat transports is
marked in DW: 3.3 and 7.6 Kms™ for the two months respectively; it is

not so obvious in IM (see below).

There ig of course no strong reason to suppese that 0OR defines
the long~term c¢limatic means more accurately than the other +two
data-sets (except that the analysis is more rigorous and complete),
since all are for different periods, and of these OR spans the
shortest time. In fact, the fields described by LM are probably
closest to the long-term mean as they are for the longest period,

despite the truncations in space and time.

It seems reasonable to use results from both IDW and LM to obtain

a qualitative description of +the change in +the circulation from
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Fig. 3.1: 500mb zonal-mean staticonary eddy sensible heat transport at
55°N against square of meridional entropy gradient, from
LM data.
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February to March, but not to regard them as quantitatively accurate,

since both have deficiencies in the information presented.

The annual cycle of stationary eddy sensible heat transport at
55°N plotted against A, both taken from IM, is shown in Fig. 3.1.
It is very similar to that in Fig. 1.1b, showing distinet two-valued
behaviocur, save that November no longer displays such an anomalously
large transport. Also, the sharp fall in heat ftransport from February
to March seen in Fig. 1.1b is here spread over January to March, the
fall over this period being proportionally the same as that for
February-March in OR. This may be due to the temporal truncation at
four annual harmonics (see Section 3.2.1b), indicating that the
temperature and/or geopotential height fields do not change that
smoothly; however, the resolution is adequate for our purposes as it

shows the desired two-valued behaviour.

I believe therefore that the %wo-valued behaviour of zonal-mean
gtationary eddy heat transport with respect to entropy gradient is a
genuine property of the variation of atmospheric eddy heat transports,
gince it is reproduced in two data-sets covering different periods of
time and independently derived; its most obvious manifestation, the

sharp fall from February to March, is also seen in the third set (DW).

3.4 Statistical Tests.

In order to be certain that the observed behavicur of the
stationary eddy sensible heat transport is significant, a knowledge of
the interannual variation is required. Such a study was undertaken by
Hsiao (1979) but only covers the months of January, April, July and

October; Oort's earlier (1977) study is even more partial. We have
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therefore used the results from DW to look at differences in the

stationary eddy sensible heat transport at 55°N.

Error-bars shown in PFig. 1.1 are 1 standard error. For February
- March and April - November, they show that it is improbable that the
heat transports for each pair of months are in fact the same. The
hypothesis that the values of heat transport for each of the nine
Februaries and nine Marches are in fact part of the same population
(and hence that the heat transport is really the same for the two
months) can be tested using Student's t, similarly for the seven
Aprils and Novembers (data being incomplete for these months in two of

the years). The values of t are:-

u

February - March: t = 3.30 (16 degrees of freedom)

u

April - November: t = 3.51 (12 degrees of freedom)

These values mean that the two sets of values for each pair of
months belong to different populations to better than 99% confidence,
ie that the heat transports in February and March are not the same

(similarly April and November).

The systematic nature of the deviation from the regression-line
of both the total and stationary eddy heat transport also suggests
that the two-valued nature of the plot is a physiczl rather than a

statistical phenomenon.

Table 3.6 shows the stationary eddy heat transport for the four
key months in the individual years (as célculated from DW), and the
ratios for each pair of months. From this, and from the results of
Section 3.3 above, it is clear that the two-valued behaviour of this

transport is not limited to one or two highly anomalous years, or even
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Table 3.6

Stationary eddy sensible heat transport at

February
March
April

November

March/February

April/November

1967
12.8
7.9
5.7
10.8

.62

1968
8.5
3.0
1.6
T.2
.45

.22

1969
1.1
1.3
4.3
7.0
.66

.61

1970
10.4
10.2
2.1
3.2
.98

.66

1971
6.8
6.8
2.1
6.4

1.00

«33

1972 1975
8.8 11.2
5.3 5.4
2.5 -
7.0 -
.60 .48
.36 -

1976
10.5

10.2

500mb, 55°N for four key months.

1977

10.9

5.

1

MEAN
10.1
6.8
3.3
7.6
.68

.43
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to one period of a few years, but is a regular phenomenon {though it
does not occur in every year - this will be discussed further in
Section 3.7) characteristic of the annual variation of the atmospheric

circulation.

We conclude that the two-valued behaviour of stationary eddy
sensible heat transport with respect to meridional entropy gradient is

a statistically significant phenomenon occuring in many years.

3.5 GSpatial Variation of 500mb Stationary Eddy Heat Transport.

Fig. 3.2 shows the stationary eddy meridional sensible heat
transport at 500mb over most of the Northern Hemisphere for January,
February and March, calculated from LM. The component wind and
temperature fields are shown in Figs. 3.3 and 3.4, the geopotential

height field in Fig. 3.5.

Fig. 3.2 shows two main regions of strong poleward heat
transport in January, the stronger centred over NE China, and to the
southwest'of the centre of a trough over the North Pacific; the second
is centred at about 50°N 25°W, over the Atlantic. There is a smaller
maximum over the eastern Pacific, and & region of southward heat
transport NE of Japan (SE of the Pacific trough). The maximum
associated with the Pacific trough is due to strong southward transfer
of cold air; that over the Atlantic results from poleward transport of
warm air. The latitude of maximum heat transport is 50°N for all
these months. The February map is similar to that for January: the

maxima are in the same place, but slightly reduced in amplitude.

The March map shows clearly that while the peaks in heat

transport remain in the same place, that to the southwest of the



-
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Fig. 3.2: 500mb stationary eddy sensible heat transport (meridional

component) in January, February and March, from LM data.
Units: Kms-'.



Fig. 3.3: 500mb meridional wind in January, February and March, from
LM data Units: ms-!'.
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Fig. 3.4: 500mb temperature in January, February and March, from LM
data. Units: °C.
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2‘sacn5 SEIGHT FigL0 aN S8Y 15 JANUARY
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J S0E 180 - ..QQH.. - 0.

Fig. 3.5: 500mb geopotential height in January, February and March,
from LM data. Units: 10gpm.
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Pacific trough in particular is much reduced in ampiitude; that over
the Atlantic, and the region of southward transport over the Pacifie,

are also smaller in intensity.

Dividing the 1latitude ecircle 55°N into regions of peaks and
troughs in the heat transport, the heat transports for each month, and
thé change %o March, are given in Table 3.7 below. The boundaries
between sectors are in general intended to be points where the flux
changes sign; the boundary longitudes given are the outer grid-points

used in calculating each sector contribution.

It is clear from this that two-thirds or more of the change from
January to March is accounted for by the fall in heat transport to the
southweat of the Pacific $rough, the Atlantic peak also contributing
an important fraction. Thus the large change in heat transport during
these months is concentrated in two regions of large poleward heat
trangsport which together cover only one-third of the latitude circle.

Table 3.7
Heat Transport Contributions at 55°N by Sectors for January, February

and March (Units: Kms-! ),

CHANGE
Sector January February March Mar-Jan Mar-Feb
0° - 60°E -.9 -.6 -.2 +.7 +.4
70°E - 140°E 6.2 5.5 3.8 -2.4 -1.7
150°E - 180° -1.5 -1.5 -1.2 -.7 +.3
170°W - 130°W 1.1 .8 .4 -7 -4
120°W - 60°W .3 o .2 -.2 +. 1
50°W - 10°W 3.2 2.8 1.9 -1.3 -.9

ZONAL MEAN 8.5 71 5.0 3.5 2.1
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From TFigs. 3.3 - 3.5 it is seen that the change in heat
transport is due to both the wind and temperature fields becoming less

zonally asymmetric (the flow is more zonal). In particular, the

Pacific trough is much less deep in March; the associated temperature
trough is also smaller in amplitude. Thus the fall in heat transport
is due principally to the decay of the Pacific trough and also that
over central North America, occurs in a relatively narrow regiomn, and

is associated with reduction in longitudinal contrasts as well as

meridional ones.

The mean values of v* and ?‘ in the two key sectors are given in

Table 3.8.

Table 5.8
Mean v¥ and ﬁv at 500mb, 55°N in key sectors for January - March, from

Lejenas and Madden (1982)

?’(ms—') T¥(K)

70°E-140°E 50° W-10°W 70°E-140°E 50°W-10°W

January -4.6 5.5 -5.0 4.7
February -4.5 5.0 -4.7 4.5
March -4.0 3.9 -3.8 4.1

This shows that in the Pacific sector it is the temperature field
which changes most, whereas over the Atlantic much of the change is in
the wind field. Fig. 3.4 shows this clearly: over the North Pacific
region, very cold air (around -40°C)} is no longer being brought
southwards in March (due to the change in intensity of the trough

there), whereas the decrease in amplitude of the trough over Canada

has little effect on the temperature field around that region, bui
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results in increased zonality of the flow and hence smaller meridional

winds.

It was suggested earlier that [F“] and [ng] change by about the
same amount from February to March: if the prineipal features of the
stationary wave pattern are thermally-forced, then we should expect
this to be true locally also. The Pacific trough is probably due %o
thermal forcing (strong heating in the region of the Kuroshio current:
see next chapter, Sections 4.1.6 and 4.3.3): the results above appear
at first sight inconsistent with this, but it must be borne in mind
that the temperature and meridional wind fields are not in phase, and
50 the sectors chosen above do not cover equivalent parts of these two

fields (eg 40° either side of the maxima in each).

The fall in heat transport from January to March is therefore due
to the reduced intensity of the two troughs whcich dominate the mid-
and high-latitude circulation in winter, in particular +that over
eastern Siberia; the change in this has a particularly marked effect
on the associated temperature field. The differences between the
April and November fields are similar to those for January - March,
though the differences between the temperature fields in the Atlantic
sector make a significant contribution to the difference in heat
transport in that region between the two months. The problem of why
the stationary eddy heat flux varies as it does through the year is
thus reduced to explaining why these two troughs change as they do:

this is discussed in Chapters 4 and 5.



3.6 Fourier Analysis.

Introduction.

An alternative approach to the study of the annrual variation of
eddy heat transports is tco carry out a Fourier analysis of the
component fields {whence the Fourier analysis of their product, ie the
heat transport, can be derived). This is of particular value for
spectral climate models, enabling comparison for individual modes
between real and model atmospheres, and alsc yields information on
both the zonal-mean and zonally-asymmetric components of the heat
transport field, as well as on the space-scale of the variaticns. LM
already has the Fourier analysis of the component fields; those in DW
require Fourier analysis; the breskdown of the heat transport into
interactions between pairs df wavenumbers (one in wind, the other in

temperature) needs to be carried out for both sets.

Several other studies besides that of Lejenas and Madden (op.
cit.) have described the atmospheric circulation in terms of =zonal or
spherical harmcnics. Eliasen {1958) looked at the 500mb and 1C00mb
geopotentisl height, kinetic energy and momentum transport for
October-November 1950, finding that at 50°N and 60°N zonal wavenumbers
1, 2 and 3 dominated. Van Loon, Jenne and Labitzke (1973) studied the
amplitude and phase of those three wavenumbers in January and July
(which at 50°N account in January for 96% of the total variance of
geopotential height), for geopotential height from the surface up to
10mb in the Northern Hemisphere, znd also the tropospheric temperature
waves at selected Iatitudes. Their data-set comes from the years
1964-1970. For the geopotential height at 50°N and 500mb, their
results are very similar <to those of IM, both in 1longitudinal

cross-section and in the Fourier amplitudes. Wavenumber 1 1is
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strongest, with wavenumbers 2 and 3 equal in amplitude (wavenumber 3

ig smaller in LM).

These and other studies have generally concentrated on the
geopotential height field, either for seasons or for single
non-congsecutive months. In +this section, Fourier analysis of
temperature and wind fields at 3500mb, principally for the months
January, February and March, will be presented, together with the

resultant heat transport due to interactions between wavenumbers.

3.6.1 Methods of Fourier Analysis of Fields.

The Fourier representation of some quantity Az at longitude ) on
a latitude cirele, with A™ defined at 2M points on the circle, is

given by

> M 9
A (%) = Ja.cos mA + zihmsin n'A (3.7)
m= |

bt |
A zonal harmonic znalysis was applied to the ¥* and T* fields
calculated from IDW data for each month used, covering Jjust =zonal
wavenumbers 1-6. This is sufficient to represent nearly all (> 99%)
of the monthly-mean fields, and is also a practical limit since higher
wavenumbers are not well represented by 36 points. Eq. (3.3) may

therefore be written, in amplitude and phase form, as

6
A"(’)) % Zc“\cos(m’)—'x.\) (3.8
L S-¥1
where
¢t = al + bt
Cx;\= tan-1(bn/am)
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. . e 2 T .
The contrlbution,Emby wavenumber m to the variance FI*=1 is given

by

E‘= Cn\ (3.Q)

This is the form used in the presentation of the analysis of IW.

Given the cosine and sine coefficients of meridional wind (a,,
by’ and temperature (gﬂ, hn) for the wavenumbers m and n respectively
in these fields, the contribution of that particular combination of
wavenumbers to the heat transport can be calculated. There ig a
contribution to two wavenumbers: (m + n) and’lm - n}l. Let the cosine
and sine coefficients for one wavenumber of the heat transport be d

and e respectively; then

G-y = & (2a2, +Babh,)

| (m=n)
iml(b"“g“ - amhn\

-}

d(ﬁﬂ--\) = _Ja)'_ (amgr\ - bmhn}

(aphn*bng,) (2.10)

P

e(n + '\)

The cosine and sine coefficients for each wavenumber 1 in the
heat transport can be obtained by summing all the coefficients d and e
for which |m - nl =1 and (m + n) = 1. The total heat transport at

longitude b is then given by

{dlm_q|cos( Im-ni}) + elm“‘sin( I'm-r| \)

6 &
Egy (A) = Z Z

mz

i
+ d eos( (m+nY}) + e(mnssin( (m+nIW) 1 {(3.11)
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When m = n, the wind and temperature fields interact to produce
wavenumbers 1 = O and 1 = 2m in the heat transport: the former is the

zonal-mean, which is thus given by

3
E}T = iz. (a,8. + b.h.) (3.12)

Thus the zonal-mean stationary eddy sensible heat transport can
be broken down by wavenumbers in the constituent fields; it is due
only to interactions between the same wavenumbers in both fields.
This component can be decoupled from the zonally-asymmeiric part of
the heat transport, which is composed of interactions between both

identical and different wavenumbers in the constituent fields.

3.6.2 Fourier Analysis of Wind and Temperature Fields.

The amplitudes, phases and contributions to the variance of the
500mb, 55°N meridional wind and temperature fields for February and
March from DW and feor January and March from IM are given in Figs.
3.6a and 3.6b respectively. In general both sets show the same
features in both fields, especially for wavenumbers 1-3; the
contributions to the variances are particularly close. The phases
from IM generally seem to lie 10° - 20° east of those from DW, and
also to give a rphase difference between wind and temperature field

some 10° larger; it is difficult to say why this should be so.

In January (LM) and February (DW), the strongest wavenumber in
the temperature field is wavenumber 2, with wavenumber 1 the next
strongest; besides these only wavenumbers 3 and 4 contribute
gignificantly. The most significant fall t¢ March is in wavenumber 2;

wavenumber 1 is hardly changed, wavenumber 3 changes by more but
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Fig. 3.6a: Amplitudes (¢.), phases (X.) and variance contributions
(¢.) of February (——) and March (*---- X temperature
and meridional wind at 500mb, 55°N against wavenumber
(n), from DW data.
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Fig. 3.6b: As Fig. 3.6a, but for January (»———) and March (+---#,
from LM data.
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contributes less to the variance in the first place. Wavenumbers 1-4
contribute over 99.5% of the variance in the temperature field in all

three months.

Wavenumber 3 in the wind field differs a little between DW and
IM. In LM it is just sitronger than wavenumber 2 in January, and drops
considerably to March; in DW wavenumber 2 is strongest in Februvary,
and has the largest drop to March, while wavenumber 3 becomes the most
important then. Wavenumber 3 being smaller than wavenumber 2 in DW
(Februarﬁ) but larger in 1M (January)-séems to be because there is
almost no contribution from wavenumber 3 in 1972; the discrepancy for

March has no obvicus cause.

The cut-off in significance for the wind field is at a higher
wavenumber than for the temperature field: this is easily explained by
the fact that vX o 3¥/3x , which in the Fourier expansion of v¥ means

that c¢.o m (where, as before, ¢l = al + bZ).

Thus both temperature and wind fields are significantly modified
in March by the large fall in the amplitude of wavenumber 2 from
January and February; the wind field is also affected by the change in
wavenumber 3. At 55°N, these wavenumbers are -equivalent to
wavelengths of around 11 OCOkm and 7 500km respectively. This means
that the monthly-mean height and temperature waves are generated by
longitudinal variations on the scale of continent - ocean contrasts;
hence the cause of the change in eddy heat transport from February to
March 'is likely +to be_on this scale also. We shall return to this

idea in Chapters 4 and 5.
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Table 3.9.

FOURIER AWALYSIS OF PEB (D¥) ESHP FIELD

] c PHASE PHASE
0 6.62 0 ' 3 9.82 .70
1 7.56 64 ¢ 1.87 17
2 2.82 6 . :

SPATIAL YARIAHCE OF ESIF FIELD = 112.48

L] C PHASE N c FHASE
0 D.78 o 4 2.00 9%

1 213 135 5 10.65 -86

z 7.00 -73 6 3.1} 164

3 9.82 =13

SPATIAL YARIANGE OF ESHF FIELD « 138.66

FOURIER AHALISIS OF FEB {b¥) ESHF FIELD

L] c PHASE R < FHASE
0 8.4 [} 5 6.80 -7
¥ .59 179 6 9.05 -157
2 5.38 =106 T 376 ns
3 1305 -B3 e 1.23 T0
4 2.00 -23

SPATIAL VARIANCE OF ESHF FIELD =  173.62

FOQUALER AWALYSIS OF FEB (DV¥) ESHF PIELD

] c PMASE H c PIASE
o .07 o 6 5M  -M3F
1 Lo7 119 T T4 99
2 5.3 -9 a4 2.5 9
3 12,78 =10 9 L2 -64
4 4N 103 10 2 156
S 6.80 103

SPATIAL VARIANCE OF ECHF FIELD ~ 182.72

FOURIER ANALYSIS OF FEB {(DW) ESHF FIELD

N ¢ PHASE K [ PIASE
o 9.07 o 7 169 104
[ T BT 8 2.06 -6
2 5.1 -1 ¢ .93 -6l
31341 -0 W .21 4B
4 5.04 "7 11 o1 -145
.5 T.5¢ -103 12 .o 14
& KT -tO3

SPATIAL VARIANCE OF ESHF FIELD = 199.75

'ESHF' is Stationary Eddy Sensible Heat Transport.

FOURLER MLAL'(SIS OF KWAR (DW} ESHF FIELD

H [4 FILASE L c PITASE
0 4.15 Q .3 6.44 -51
1 4.69 61 4  3.62 3

2 2.5 61

. SPATIAL VARIANCE OF ESHF FIELD =  41.49

FOURIER AMALYSIS OF MAR {DW} ESHF FIELD

N c PIASE N c PHASE
o 5.7 a & 4.0 35

1 2.89 122 5 6.29 105

2 6.93 -l02 6 2.52 "7

3 6.4 -102

JPATIAL YARIANCE OF ESHF FIELD = ad.32

FOURIER ANALYSIS OF MAR (DW) ESHF FPIELD

N c PHASE n € PHASE

0 5.04 a 5 607 -1
1 1,85 19 6 2.95 -1718
2 T6  -117 T 2.22 91
3 T1.65 -68 ;] .48 60
4 4.1 -68

SPATIAL VARIANCE OF ESHF FIELD = 90. 42

FOURIER ANALYSIS OF WAR {DW) ESHF FIELD

L] c PHASE L] ¢ PHASE

0 5.84 0 6  3.03 132
1 1.4 116 T 2.9 ”2
2 7.82 -1B 8 1.2t 48
3 6.64 -63 9 .32 20
4 5.31 143 10 .03 -28
5  6.07 143

SPATIAL VARIANCE OF ESHF FIELD = 96.72

FOURIER ANALYSIS OF MAR (D¥) ESHF FIELD

N c PHASE N c FHASE
o 5.9 ] 7 7 %64 t18
1175 113 8 .85 a1
2 7.9 -7 9 -85 -]
3OT.17 -6d 4] | 10
4 6.06 3 11t .09 -59
S 6.76 -135 12 .04 =36
6 3.0} -139

SPATIAL YARIANCE OF ESWUF FIELD = t11.68
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Table 3.10.

FTOURIER AMALYSIS OF FEB (LM} ESHF

N [ PUASE N o PHASE
0 5.42 [} 3 0.8 -47
1 6.44 47 4 &7 27

2 1.8 47

SPATIAL VARIANCE OF ESHF FIELD =  110.69

FOURIER AMALYSIS OF FES (LM) ESHF

) Tt PHASE L} c PHASE
0 6.68 LH 4 4.80 n3

1 4.05 95 5 9.%9 -1

2 9.5% -1 6 303 1o

3 10.80 -110

SPATIAL YARIANCE OF ESHP FIELD = 174.16

FOURLER ANALYSIS OF PER (LM} ESHF

C PHASE

[ c PHASE N
0 7.04 o 5 11.29 -128
1 4.33 76 6 2.61 -1%0
2 11.28 -120 7 275 N2
3 12,70 56 B .63 116
4 4.80 56

SPATIAL YARIANCE OF ESHFP PIELD =  236.28

FOURIER ANALYSIS OF FEB (1M) ESHP

L} c PHASE n 4 FHASE
0 T.09 0 6 .06 g
1 4.0 a3 T 5.50 m
2 11.68 . 124 a 1.5 -8
3 1322 -47 9 .70 -2B
-4 T 109 10 A3 -169

S 129 109
SPATIAL VARIANCE OF ESHP FIELD = 269.34

FOURIER ABALYSIS OP FER {LM) ESUF

L c PIASE » I PHASE
o 7.0% o T 5.39 123
146 82 8 L -3
2 3z o123 9 . .56
3 OM.00 47 19 EIE 2
4 1.65 119 "N .08 132
5 12,37 124 12 or -1
6 .06 -1

SPATIAL VARIANCE OF ESHF FIELD = 299.33

As Table 3.9,but for IM data.

FOURIER AMALYS(S OF MAR (LR} FSHF

o 3,80 o 3 .78 =37
1 4.48 46 1 4.19 37
2 3.16 46

SPATIAL VARIANCE OF ESHF YIELD = 54.95

FOURIER ANALYSIS OF MAR (LM) ESHF

K C FHASE n 4 PHASE
0 4.82 0 4 .00 121

1 2.9 g2 5 5.9 -n2

2 7.09 112 & 1.4871 935
30018 -12

SPATIAL YARIANCE OF ESHF FIELD = B86.89

FOVRIER ANALYSIS OF KAR (LM} ESIP

N [ PHASE L c EHASE
0 S.13 0 5 T.41 0 -0
1 3.05 T0 6 2.3 -4
2 7.93 -4 7 2.3 92
J 8. =53 8 .73 90
4 4.00 -53%

SPATIAL VARTANCE OF ESHF FIELD =  112.15

FOVRIER ANALYSIS OF MAR (LM) ESHF

L] c PHASE N c PHASE
0 5.06 0 6 1.3 129
1219 8 T 4.2 [F]]
2 a6 a7 a8 1.5 27
LIPS 5 -1 9 .85 -1
4 6.3 121 10 A% <67
5 1.4 121

SPATIAL YARIANCE OF ESHF FIELD = 134.44

FOURIER ANALYSIS OF MAR (LM} ESHF

L] c PHASE [} [ PHASE
2 4.99 o T 411 133

1 2.9 73 8 1.85 T

2 8.6 -125 9 59 -3

3 8.67 -1 19 23 =19

4 5.9 127 [} .2 158
5 8.26 -135 t2 .08 -23
6 1.3 135

SPATIAL VARIANCE OF ESHF FIELD - 150,92
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3.6.3 Spectral Composition of Eddy Heat Transport.

In this section, the zonal-mean and zonally-asymmetric components
of the 55°N, 500mb stationary eddy sensible heat transport are
anzlysed in terms of contributions from different wavenumbers in the
meridional wind and temperature fields. As before, let the
wavenumbers in these fields be m, n respectively; the component due to
a single pair of wavenumbers will be written v;T:, and referred to as

(m,n).

Tables 3.9 and 3.10 present the build-up of wavenumbers in the
heat transport by addition of successive wavenumbers in the wind and
temperature fields, starting with m = n =1 and 2, for IW and LM data
respectively. The same cut-off has been used in both constituent
fields despite the fact that (as shown above) the higher wavenumbers
(4, 5, 6) are more important fo v* than to T* The cut-off in each
case 1is half the maximum wavenumber given for the heat transport.
From this, the relative importance of particular wavenumbers in the
wind and temperature fields can be assessed, although further analysis
is required to show precisely which combinations of (m,n) dominate the
heat transport. Most of the following discussion is based on these

tables.

3.6.3.1 Zonal-NMean Heat Transport.

The contribution of eazch component (m,n) %o the zonal-mean heat
transﬁort is shown in Table 3.11. 1In February, wavenumber 2 dominates
the zonal-mean, accounting for nearly half the heat transport, with
wavenumbers 1-3 together producing 96% of the zonal-mean. In March,

the (2,2) contribution is still largest, but is considerably smaller
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than in February, dropping by almost half. This fall accounts for 60%
of the total fall in zonal-mean heat transport; (1,1} and (3,3) share

the remainder equally. HResults for LM are very similar.

Table 3.11
Contribution of wavenumber components to zonal-mean heat transporta
at 55 N, 500mb in February and March, from [W. Last column is
total for all wavenumbers; figures in parentheses refer to

percentages of this total.

(1,0 (2,20 (3,3 (4,4)  TOTAL

February 2.44 (27) 4.19 {46) 2.16 (24) .18 (2) 9.07
March 1.85 (31) 2.30 (39) 1.56 (26) .17 (3} 5.91
March/February .76 .55 .72 .94 .65

Change in E .59 (19) 1.89 (60) .60 (19) .01 (0) 3.16

Wavenumbers 1-3 together account for nearly 70% of the zonal-mean
spatial varisnce in the eddy heat transport in both February and March
at 55°N, 50Cmb (Table 3.9 - DW): thus these three wavenumbers
represent the zonal-mean heat transport almost completely and the
gonally-asymmetric component reasonably well. From graphs of heat
transport against longitude it can be seen that the main effect of
gdding in higher wavenumbers is fo,concentrate the heat transport into

narrower and higher peaks, but the general shape is similar.

3.6.3.2 Zonally-Asymmetric Heat Transport.

On account of the strerngth in the zonal-mean heat transport of
the (1,1), (2,2) and (3,3) components, one might expect the even

wavenumbers in the heat transport field to be sircongest, especially
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1 =4 (from (2,2)}), in PFebruary at least. Tables 3.9 and 3.10 show
that this is not the case: for IW, wavenumber 3 is strongest, with 7
and 5 next strongest; 4 is smaller than 6. In March, the strongest
are 2, 3 and 5. LM gives slightly different results: for January the
strongest is 5, then 3, 2 and 4; however it 1is still the odd
wavenumbers that dominate, and 1 = 4 accounts for less than 10% of the

zonal-mean variance.

This can be explained from a cleoser study of the contribution by
individual combinations of wavenumbers (m,n). In general, one
wavenumber 1 in heat +transport is composed of contributions from
several (m,n)}: for example, 1 = 4 is composed of contributions from
(2,2), (1,3), (3,1), (1,5), (5,1), (2,6) and (6,2). Table 3.12 shows
these individual contributieons for February and March. By_looking at
the cosine and sine coefficients separately, problems of phase are
eliminated, and we can see which {m,n) contributions increase or

decrease the coefficients a and b for a particular 1.

The strong 1 = 4 contribution from (2,2) is reduced considerably
by the (3,1) contribution, which affects mainly +the cosine
coefficient. The (3,1) contribution also reduces (2,2). The strong
1l = 3 component of the heat transport seen in Table 3.9 is due mainly
to (2,1), with some contribution from (1,2), these two accounting for
some 73% of the amplitude of 1 = 3%; there are also contributions from
(4,1) and (5,2). The relative weakness of the 1 = 2 component results

from {3,1) and (4,2) working in opposition.

The difference between Tables 3.9 and 3.10 (ie between DW and LM)
can mostly be accounted for by the fact that wavenumber 3 in the

meridional wind is much stronger in LM: the stronger 1 = 5 component
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Table 3.12

'ESHF' is Stationary Eddy Sensible Heat Transport.

CONTRIBUTIOR OF EACH WAVENUMBER-PAIR TO FEB (DW) ESHF FIELD

M N /M-N/ A B M+N A B
1 0 2.44 0 2 -2.40 -1.47
1 2 1 -1.96 2.59 3 2.02  -2.54
13 2 1.34 .36 4  =1.33 -.39
1 4 3 .76 -.20 5 - T7 .18
1 5§ 4 -.25 -.10 6 .25 .10
1 6 5 -.08 -.10 7 .08 .10
A 8 /M-N/ A B M+N 4 B
2 1 1 5.3t 4.30 3 1.27 6.7
2 2 0 4.19 o 4 7.50 2.38
2 3 1 1.96 =2.7% 5 -.26 =3.35
2 4 2 .20 -1.9% 6 -1.08 -1.58
2 5 3 -.44 .49 7 -.02 .66
2 6 4 -.30 .09 8 -7 .27
M N /M-8 A 3 M+N A B
39 2 3.02 5761 4 -6.37 ~.00
3 2 1 -6.83 -2.68 5 .88  -7.28
33 0 2.16 0 6 =3.02 .82
3 ¢ 1 1.7 .51 7T -1.26 1.26 -
3 35 2 -.37 -.49 8 .61 -.10
306 3 ~.03 -.29 9 2T W1
M N /M-S A . B M+N A B
4 1 3 =2.81 =3.51 5 -1.86 3.96
4 2 2 -3.66 3.47 6  -4.2T -2.67
4 3 1 -.78  -2.00 7 -.37 2.12
4 4 o) .18 0 8 .42 t.15
4 5 1 .19 - 57 9 = .12 .41
4 6 2- AT -1 10 .15 - 14
M N /M-§/ A B M+H A B
5 1 4 -.68 2.7 6 2.71 -.68
5 2 3 3.19 .40 7 .41 3.19
5 3 2 -.6T 1.20 - 8 1.20 -.68
5 4 1 ~.67 .40 9 .40 -.67
5 5 0 W11 ¢ 10 -5 L1
5 6 1 -.02 .13 11 - 13 -.02
N /M-8 A B M+ A B
6 1 5 .27 -T2 7 -.TT .10
6 2 4 -.86 -.21 8 -.0t -.89
6 3 3 .22 -3 9 -.35 .15
6 4 2 .20 -.09 10 13 A7
6 5 1 -.04 .06 11 .07 -.02
6 6 0 .00 o) 12 .03 .0t
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Table 3.12 - Continued.

CONTRIBUTICHN OF EACH WAVENUMBER-PAIR TO MAR (DW) ESHF FIELD

¥ X /M-F/ & B M+H A B

1t 0 1.85 o] 2 -1.87 -1.91
1 2 =13 1.68 3 1.47 ~-1.54
1 3 2 1.32 -.19 4 =1.33 .06
1 4 3 .46 .15 5 - 47 .10
1 5 4 .Q2 -.04 6 -.03 .04
1 6 5 -.06 -. 14 T .04 .15
M N /B-F/ A B M+ A 3]

2 1 1 3.57 2.43 3 2.56 =3.48
2 2 0 2.30 0 4 3.10 1.88
2 3 1 .16 -2.26 5 -.60 -2.18
2 4 2 -.07 -.82 6 -.34 -.75
2 5 3 -.06 -.05 7 -.08 -.03
2 6 4 -.25 .04 8 -.23 .13
M ¥ /M-K/ A B M+N A B

3 1 2 =1.11  -4.67 4 -4.71 .94
3 2 1T =3.99 .57 5  =1.14  -3.87
33 0 1.56 0 6 -1.15 2.24
3 4 1 .68 .62 T -.28 .87
35 2 .09 - 8 04 .08
3 6 3 .18 - 23 9 .28 Nerg
M 8 /M-8/ A B M+N A B

4 1 3 -1.64 -1.93 5 -1.99 1.57
4 2 2 -1.74 1.23 6 =1.46 =1.5%
4 3 1 .26 =1.30 T -.00 1.33
4 4 0 17 0 8 .08 .48
4 5 1 .04 .02 9 .04 .03
4 6 2 .14 -.06 10 .15 -.04
M §F /M-H/ A B M+H A B

5 1 4 1.4 .34 6 .29 1.42
s 2 3 .18 1.21 7  -1.17 .35
5 3 2 -.60 -.47 8 .68 -34
5 4 1 - 19 -.20 9 .26 .08
5 5 o] .00 0 10 .02 -0t
5 6 1 07 .05 11 .02 -.09
M N /M-¥/ A B u+N A B

6 1 5 -.52 -.26 7 -.28 .51
6 2 4 -.25 .42 8 -.45 -.19
6 3 3 -.o7 -.30 ] .12 .28
6 4 2 ~.0f -1 10 .06 .09
6 5 1 . -~.01 11 .01 .00
6 6 o] .04 0 12 .03 -.02
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of the heat +transport comes from the (3,2) contribution, while

wavenumber 2 comes mainly from (3,1).

Table 3.9 shows that the main change from February to March is a
much-reduced 1 = 3 component: this is a consequence of the decrease in
the wavenumber 2 component of the wind and temperature fields, leading

in particular to a fall in the (2,1) contribution.

Thus the dominance or weakness of any zonal wavenumber 1 in the
eddy heat transport field bén be accounted for by the interaction of
all pairs of wavenumbers (m,n) in the wind and temperature fields
comprising that wavenumber 1. It is difficult to deduce from the
Fourier analysis of wind and temperature alone why the eddy heat
transport varies with longitude as it does, or even the contribution
of each wavenumber to the 2zonal mean; however the kind of analysis

presented above makes it plain.

3.6.4 Summary and Implications of Fourier Analysis.

It has been shown above that the chief cause of the change in the
stationary eddy sensible heat transport from February to March is the
large fall 1in the amplitude of wavenumber 2 in the temperature and
meridional wind fields: this is the case for both the zoral-mean heat

transport and its longitudinal variation.

The longitudinal variation of eddy heat transpert can be
described by Fourier coefficients which can in turn be derived from
the Fourier coefficients of the constituent fields: +this is not a

simple process, but shows clearly the relative importance of the

interactions between different wavenumbers in the temperature and wind

fields, and how these different combinations reinforce or oppose one
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ancther. In general, the strongest contributions to the
zonally-asymmetric part of the heat transport occur for m n, as we

should expect from the Fourier analyses of v and T (see Section

3.6.2).

The results above have several implications for spectral climate
models, and in general for the description of eddy heat transport in

terms of Fourier coefficients.

Firstly, zonal wavenumbers 1-3 in the constituent fields describe
the =zonal-mean heat +transport very well and i%s spatial variance
reasonably well for monthly means; therefore a spectral climate model

needs to carry these three wavenumbers.

Secondly, the stationary eddy heat transport field is completely
defined by the spectral components of the meridional wind (or even

geopotential height) and temperature fields.

Thirdly, zonal-mean eddy heat transport statistics depend only on
the interaction of the same wavenumber in temperature and wind fields,

of which wavenumber 2 is dominant.

Finally, calculation of the heat <transport as a function of
. longitude needs to take into account all possible combinations of

wavenumbers in the constituent fields.

Spectral and gridpoint analyses o©¢f  Theat transport are
complementary: each tells us something about the physical processes
involved, but neither preéents a complete picture. Gridpoint arnalysis
engbles us to relate spatially observed (or physical) quantities to
one another and to the underlying topography. TFourier analysis is (in

general) a way of describing and modelling a physical situation, but
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does not show how, physically, the situation occurs (it is a
descriptive approach not a mechanistic one). The atmosphere operates
by response to forcing which can be described numerically by Fourier
series but not explained by them: a poleward-moving parcel of air only
'knows about' the ambient temperature and wind fields, mnot their
Fourier components. Fourier analysis is best used as a tool for
comparing numerical fields derived from models embodying a hypothesis
concerning some mechanism with real atmospheric data; it can also

furnish information on space- and/or time-scales.

5«7 Interannual Variations.

The interannual variation of eddy heat transports and their
constituent fields has been the subject of a number of studies,
including van Loon, Jenne and Labitzke (1973), Hsiao {1979) and Hsiao
and Reiter (1981). It is here briefly discussed principally in the
light of data aralysed in the present study, and insofar as it affects
the sharp fall 1in stationary eddy sensible heat transport from
February to March (the April - November difference is less obviously
important in a particular year, in that the physical relaticonship
between heat transports in the two months is nct clear and may indeed

be insignificant).

3.7.1 Variation of Heat Transport and Constituent Fields.

The stationary eddy sensible heat transports in key months are
given in Table 3.6. It can be seen from this that a sharp fall (by at
least one-third) in heat transport from February %to March occurs in
six of the nine years studied; in the remaining three years (1970,

1971 and 1976) the heat transport is almost the same for the two
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months. In 1968 +the heat +transport fell by two-thirds; in the
remaining five years with a marked fall it decreased by between a
third and a half. Of the three years when the heat transport didn't
change, in 1970 and 1976 it was close to the 9-year February mean for
both months (it did not decrease to March); in 197t the February heat

transport was abnormally low (2 standard deviations).

This raises two questions: what in general causes the interannual

variation of the heat transport, and why in some years are the heat
transports in February and March the same? Both questions are

difficult to answer in terms of physical mechanism without a deeper
understanding of the stafionary wave forcing and a knowledge of both
the magnitude and the cause of variation of that forcing for each
year; however they c¢an perhaps be answered at a simple level by
looking at the wind and temperature fields and their correlation.
There is also a problem in that the sample is small (9 years). Table
3.13 shows the spatial variances and correlations of the constituent

fields for February, March and March/February.

Taking the months separately, this shows that there is rather
more variability in [¥*'] and r,(v,T) than in [T**] for both months.
There is also very little relation between any of these three
quantities; there is apparently no relation between the heat transport
and the spatial variances, though in February the correlation between
r,(v,T) and the heat transport is statistically significant at the 95%
level. This means that interannual variability in the heat transport
is not associated particularly with any of the spatial variances or

correlation (except for the February r,(v,T) - Es; correlation),

neither is it necessarily the result of all of these varying in the

Same Selse.
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Table 3.13

Values of [Vﬂ], [T“] and rz(v,T) for February, March and March/February in individual years, from OR.

FEBRUARY ) MARCH | MARCH/ FEBRUARY
vt ] [27] r v,y | [99Y] [F7%] ro(v,m) | [9*¢] [T%] ryv.T)
1967 34.5 16.7 .53 1 37.9 11.5 .38 1 1.10 .69 .72
1968 30.8 1.7 44 ) 19.0 5.3 .30 ] .62 .45 .68
1969 26.9 23,3 44 241 12.3 42 1 .90 .53 .95
1970 63.1 17.1 .32 | 4003 15.2 A1) .64 .89 1.28
1971 27.1 i9.5 .30 | 16.5 9.8 .54 .61 .50 1.80
1972 36.5  19.7 .33 | 15.5  10.9 .41 )} .42 .55 1.24
1975 47.7  16.5 40 ) 12.8 7.6 .55 V.27 46 . 1.38
1976 %9.9 17.3 40 | 31.0 14.6 . .48 | .78 .84 1.20
1977 34 .2 16.3 A6 1103 10.8 46 | L33 .66 1.00

MEAN 37.9 17.6 40 ) 23,2 10.9 44 ) .63 .62 1.14
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Looking at +the changes in heat transport and associated
quantities from February to March, there 1is again no discernible or
statistically significant relation between any of [¥*%], [T¥%], [v*T%]
or r (v,T). This means that the magnitude of the fall in heat
transport (where the fall occurs) is unrelated to any particular
variation or combination of variations in the constituent quantities.
However, for the three 'odd' years, when no fall occurs, cerfain
common features are noticeable. In all these years, the spatial
correlation increases (although this is not unique to those years).
In 1970 and 1976 the temperature variance (which is close to the
G-year mean in February) does not fall much, these being the years in
which the heat transpert in March is close to the February 9-year
mean. In 1971 the temperature variance 1s halved in March, the wind
variance falls by 40%, but the correlation nearly doubles, hence the
heat transport does not change; Hence when [T*z] hardly falls, the
heat transpert remains similar in March, though +the converse is

evidently not true.

Reasons for the heet transport net falling to March in those
three years can also be seen in the appropriate monthly-ﬁean (DW)
charts, by comparison with & year in which it does fall (eg 1969). 1In
1970, the Pacific trough remains gquite strong in March, so the large
heat transport to the west of this does not fall much, and a ridge to
the south of Greenland intensifies, 1leading to increased heat
transport off the Fast coast of North Americe. 1In 1971 and 1976 the
Pacifiec trough again remains strong in DMarch, keeping +the heat
transport to its west high. Thus the years when the heat transport is
similar in Februsry and March are those in which the 500mb trough over

the North Pacific and eastern Asia does not weaken in March. The heat
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transport in February 1971 is relatively low because that trough is

weak then compared with other Februaries.

It was seen in Section 3.5 that the intensity of this Pacific
trough dominates the variation of the =zonal-mean midlatitude
stationary eddy sensible heat transport from February to March in a
climatic average taken over several years; the varying intensity from
year to year of this same trough governs to a 1large extent the
interannual variation of the heat transport and its change (or lack of

change) from February to March.

3.7.2 Variation of Fourier Coefficients.

As in Section 3.6, an alternative approach to the problem of eddy
heat transport variation is to lock at the Fourier components of the
wind and temperature fields. From the clese correspondence nofed
above between the primary causes of intra-annual and inter-annual
variations, one might well expect similar correspondence for the
Fourier analyses, ie a strong dependence on the amplitude and phase of

zonal wavenumber 2 in the wind and temperature fields.

No strong tie is seen (in éhe Fourier analysis of DW data)
between the behaviour of wavenumber 2 and the variances for the
individual months, however there are stronger links for the change
from February to March. This is especislly noticeable for 1971 when
the amplitude of wavenumber 2 (and of most other wavenumbers) in both
temperature and wind fell by about 40% but the phase difference
between the two decreases from 75° to 32°, thus increasing by 209 the
contribution from wavenumber 2 (though the main contribution to the

heat transport is from wavenumber 1). This is consistent with the



Table 3.14
Contributions by first four wavenumbers in temperature and wind to zonal-mean heat transport{ in February
and March, for 9 years; from DW.
1967 1968 1969 1970 1971 1972 1975 1976 1977 MEAN
Feb Mar | Feb Mar | Feb Mar | Feb Mar | Feb Mar | Feb Mar | Feb Mar | Feb Mar | Feb Mar | Feb Mar
(1,1) 2.0 .511.5 .5 16.42.1)2.03.1)2.72.9!1.41.5"! 25201 2.53%.01! 2.72.4|2.41.9
(2,2) 7.24.9 1 2.81.0}3.62.01] 4,530 1.51.8}5.71.5!7.02.6 ! 3.95.3!7.21.7! 4.22.3

(3,3) 3.02.5 127 .9] .23.1 3925 ! 1.91.4 ! .21.8!4.61.6!3.11.5! 1.8 .81 3.22.6

(4,4) 3 .1 11.9 4 ) 0 -2 -.21.6 6 81 2 30 6 51 T 4l -3l 2 2

- 12 -
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data for that year in Table 3.13, which shows marked falls in [¥¥%]

and [T**] but a large increase in their correlation ra(v,T).

A summary of the contribution analysis, similar to Table 3.12,
for the zonal-mean heat transport for each February and March is given

in Table 3.14.

The Fourier analysis; spatial variances, correlation and
zonal-mean heat transpert for February 1976 are a clese analogue to
the 9-year mean; similarly for March 1969. Comparing Mafch 1976 with
March 1969 (ie an 'odd' and 'mormal' March respectively), the effect
of wavenumber 2 is very pronounced: whereas the (2,2) contributién to
the zonal-mean heat transport drops by about 50% in March 1969, it
increases by about 35% in March 1976, as can be seen in Table 3.14,
even though the amplitudes of wavenumber 2 in temperature and wind
fields each fall by about.15%: the increase in the (2,2) contribution
is due to the decrease in phase difference between the two from 70° to

54°.

In 1970 however the situation is a little different. It is not
clear from the Pourier analysis of the wind and temperature fields why
the heat transport snould be maintained in March, but the contribution
analysis shows that while the (2,2) and (3,3) contributions both fall,
the (1,1) and (4,4) contributions rise by a similar amgunt to maintain
the heat transport. The (2,2) and (3,3) contributions fall because
the amplitudes of those waves in the connstituent fields fall (the
phase difference <changing little); (1,1) increases because the
amplitudes rise to March, and (4,4) increases becaﬁse of the change in
phase difference between the two components. 1t appears from Table

3.13 that on & year-to-year basis +the behaviour of the (2,2)
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contribution to the zonal-mean stationary eddy sensible heat transport
in February and March generally (though not infallibly) gives an
indication at least of whether +the heat transport will fall
significantly to March, though there 1s no relation between the size
of the fall in the (2,2) contribution and the fall in heat transport.
However, the small sample size prohibits one from drawing firm

conclusions.

3.8 Summary of Conclusions.

It has been shown that the marked fall in stationary eddy
sensible heat transport from TFebruary +to March 1is statisticaly
significant. It results mainly from decreases in the temperature and
meridional wind spatial variances rather than in their correlation.
At 500mb this in turn is due principally to the weakening in March of
a trough which in January and February lies over the North Pacific and
Bastern Asia. In Fourier space, the variation of heat transport is
largely controlled by the amplitude of wavenumber 2 in the temperature
and meridional wind fields. The fall occurs in averages taken over
several years and in different groups of years; it occurs in a

majority of years but not in every year.
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CHAPTER 4

POSSIELE CAUSES OF VARIATIONS IN
EDDY HEAT TRANSPORT
AND

MERIDIONAL TEMPERATURE GRADIENT
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Introduction.

Several hypotheses to account for the observed variation of eddy
heat transport with respect to meridional entropy gradient are

presented and discussed. This leads to consideration of the nature of
the stationary wave forcing and its implications for describing the

variation of the heat transport and the entropy gradient, and their

relation. The aim is to wunderstand the physical mechanism or
mechanisms underlying the variation of these two gquantities, in order
to relate them, if possible, in a physically meaningful and

numerically correct way.

4.1 Some Hypotheses.

4.1.1 Time-lag in Hesponse to Variations in Forcing.

Perhaps the most obvious hypothesis to account for the observed
two-valued behaviour of eddy heat transport with respect to meridional
entropy gradient is that, if variations in one force changes in the
other, there is a time-lag in the response of the forced quantity to
those variations in the forcing quantity. Lorenz {1979) suggests
that, on +the +time- and space-scales under consideration here,
variations in +the entropy gradient force variations in the heat
transport (see Chapter 1, Section 1.2); this also implies a causal {or
physical) relationship between the two. Note that Green (1970) says

nothing about the possibility of a time-lag.

It is clear from Fig. 1.1 that variations in eddy heat transport
lead rather than lag variations in entropy gradient, contrary to our

expectations. TFig. 4.1 shows that the lead is about 3-4 weeks in

winter and about 1 week in summer. This does not automatically imply
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Fig. 4.1: Total eddy sensible heat transport against entropy gradient
advanced by 'Y2month (¥----% and 1 month (), defined
as in Fig. 1.1. Vlonths refer to eddy tramsport; both
quantities are tropospheric averages.
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that variations in eddy heat transport directly cause changes in the
entropy gradient, merely that the forcing cannot be the other way
round (there is no known way in which variations in the heat transport
could anticipate changes in the entropy gradient by such a long time
as in winter). It is also curious that the lead is much longer in
winter than in summer, since changes in the circqlation {on the
synoptic scale at least) in general take place much faster in winter
(the circulation being stronger then), so that a change in forcing
would be propagated more rapidly then and the time-lag in the response
would be sherter. This tends to suggest that although somé kind of
time-lag exists, it is not a lag in the response of the entropy

gradient to direct forcing by variations in the eddy heat transport.

Given that a time-lag describes the observed variations but does
not tell wus anything about the physical mechanism or mechanisms
underlying them, is the physical link between eddy heat transport and
meridional entropy gradient direct or indirect? A direct link means
that changes in one force changes in the other; an indirect 1link would
result from changes in each being individual responses to variations

in the external forecing.

Note that a relation such as Eq. (1.2) does not necessarily
imply a direct physical link, or postulate a mechanism for such; it
may only provide a way of defining numerically one gquantity in terms

of the other.

If there is a direct rphysical link between eddy heat transport
and meridional entropy gradient, then one might hypothesize that the
variations in heat transport depend on whether the entropy gradient is

increasing or decreasing with time, viaz the constant « in Eq. (1.2).
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This seems implausible, as the transit time of an air-mass moving from
tropical to polar regions is around one week, during which time the

change in entropy gradient is negligible.

The apparent time-lag is reduced to two possible causes: either
some other predictor besides meridional entropy gradient is required
to define uniquely the eddy heat transport (that predictor ought to
have some physical link with eddy heat transports) -- in which case
the time~lag need not bothef‘us -- or else the two quantities both
change in response to variations in their external forcing, in which
case we need to derive separate predictors for them from their forcing
mechanism(s) and then to relate the two via these predictors. The
former possibility is discussed in the next two subsections; both are

discussed further in Section 4.2.

The latter case still admits of the possibility of a kind of
time-lag, in one of two ways: elther the meridional entropy gradient
responds more slowly to changes in external forcing than does the eddy
heat +transport, or the forcing itself is different for the two
quantities (in a time-dependent way); such a time-lag is different
from that postulated at the start of this section, which implied =

direct physical 1ink.

4.1.2 Changes in the Zonal-Mean Temperature Structure.

It is clear from the meridional cross-section shown in Fig. 4.2
that this is very similar in February and March throughout most of the
troposphere; it therefore seems unlikely that such could account for

the observed variations in eddy heat transport at that time.

The only seasonally-varying quantity invelved in &, the constant
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Fig. 4.2: Meridional cross-section of zonal-mean  atmospheric
temperature in February and March. Units: °C.
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in Eq. (1.2), is the static stability; this is also invoved in
Stone's (1972) and Held's (1978) theories, as discussed in Chapter 1,
Section 1.1. Green pointed out that the annual variation of
midlatitude tropospheric static stability is only 4%, compared with a

factor of 4 in the entropy gradient, so it seems unlikely that this
could be the cause of the eddy heat transport being two-valued with
respect to entropy gradient. Table 4.1 gives the relevant values of

static stability at different levels in the troposphere.

Table 4.1
Values of Static Stability, Q?VGZ, at 55°N in the troposphere, for

four key months, calculated from OR data. Units: 107°m'.

Feb. Mar. Apr. Nov.

300 - 400mb 1.9 1.9 1.7 1.8
400 - 500mb 1.2 1.2 1.2 1.2
500 - 700mb 1.5 1.5 1.5 1.5
C700 - 850mb 2.1 2.0 1.7 2.0
850 - 900mb 2.6 2.2 1.7 2.0
900 - 950mb 2.3 2.0 1.8 1.7
950 - 1C0Cmb 1.6 2.0 2.1 1.5
MEAN 1.79 1.74 1.75 1.68

For the tropospheric averages above 700mb, differences over these
months are negligible. Below this, the changes look possibly
significant, but they are in opposite directions above and below
9COmb; the dependence in both Green (1970) and Stome (1972) is in any

case on the square root of B, so the effect will be small compared

with the variations in heat transport whether the dependence is on

+i

B (as in Stone (1972)) or on B "2 (as in Green (1970)). Thus while
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changes in static stability may have some influence on the eddy heat

transport, this is insignificant in the current problem.

4.1.3 Changes in the Stratospheric Circulation.

The effect of the stratospheric zonal wind in controlling upward
and hence poleward energy propagation was referred to in Chapter 2,
Section 2.3.2 in connexion with the vertical extent of two-valued
behavicur in the eddy heat transport. Here, we consider the
hypothesis that the variations in sign and magnitude of the zonal wind

cause the observed two-valued behaviour.

This could occur in two possible ways: either by reversal of this
wind leading to complete trapping of the waves in the iroposphere, or
by increasing its speed which progressively +traps the waves.
Examination of 30mb zonal wind data (Labitzke (1972)) shows that
neither alternative is valid. The change from westerly to easterly
flow occurs between April and May, far too late to account for the
sharp February - March fall (the zonal windspeed decreasing throughout
this period}. The transition back to westerlies occurs simultaneously
with the stationary eddy heat transport becoming positive (around the
end of August). In autumn the speed is faster than in spring, so it
cannot account for the heat transport being larger then also. In
general it appears that while the zonal wind has some effect on the
pcleward eddy heat transport, as we expect, it cannot account for the
two-valued behaviour of its variation with respect to meridional

entropy gradient.
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4.1.4 Changes in Correlation and Phase.

Another possible cause of change in the eddy heat transport is
variations in either +the relative phase of the temperature and
meridional wind fields or else in their absolute phase (ie with
respect to topography or heat sources and sinks). It was shown in
Chapter 3, sections 3.1 and 3.6.2 that the correlation or phase
difference between these fields changes little from February to March,
and that changes in the heat.transport were due tbAchanges in their
amplitudes. However these changes might in turn force shifts in their
absolute phases, so that the forcing effect of orography or heat
sources/sinks would be different. While Fig. 3.6 shows phase changes
from February tc March in the various Fourier modes, the direction and
size of these varies between the mcdes such that there is no net shift
of the stationary wave pattern, as shown by Figs. 3.3 - 3.5 (as we
might well expect, since the sources/sinks do not move). We may
therefore conclude that the change in stationary eddy heat transport
from February to March cannot be explained by any changes of phase in

the constituent fields.

4.1.5 The Effects of Latent Heat.

It was noted in Chapter 2, Section 2.1 that midlatitude eddy
latent heat transports were also higher in autumn than in spring; we
discuss here other possible effects of the oceans on eddy heat

transport.

Near the tropics, energy is transferred from the oceans to the
atmosphere in the form of latent and sensible heat (besides long-wave

radiation). The latent heat may then either be transported +to
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midlatitudes (ie as [¥%g*] and [v'q']), or may be released through
condensation and precipitation. It is quite possible that this

process will enhance the eddy sensible heat transport, since it will

modify the temperature field (and hence, presumably, the wind field
also). The hypothesis is that for the same reason as the eddy latent
heat transport is higher in autumn (see Chapter 2, Section 2.1), the

eddy sensible heat transport is alsoc enhanced at this time compared
with spring, by this process of evaporation and latent heat release;

hence for the same meridional entropy gradient the heat transport will
be larger; alternatively, as for March and OQctober, the same heat

transport is achieved with a smaller entropy gradient.

From the data available on ocean temperatures -- DMonthly
Meteorological Charts of the Oceans (Meteorological Office: 1947,
1949, 1950) -- it is difficult to tell whether this is possible, since
although temperatures are higher in autumn than 1in spring the
temperature difference between ocean and atmosphere generally appears
smaller; however with the non-linearity of vapour pressure as a
function of temperature and the possible error in the temperature
difference being large, it is impoasible to draw firm conclusions. 1In

Section 4.3 below this is further discussed, and in Chapter 5 shown

(by implication) to be possibly important.

This could explain the spring/autumn difference in eddy heat
transport, but as at first glance the ocean temperature doesn't change
much from February to March it doesn't look as though it could explain
the sharp fall in stationary eddy sensible heat transport at this
time. However, the principal regions of heating are over the Gulf

Stream and the Kuroshio current {see Fig. 5.1 and Lau (1979)): if the

air passing over them is warmer in March (but still colder than those
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currents), then the energy transfer will be smaller and hence the
stationary wave thermal forcing also less (see below, section 4.%.3).
Fig. 4.5 shows the temperature difference between the Pacific Ocean
and the atmosphere above it in the vicinity of the Kuroshio current:
there is a smail but definite decrease in the temperature difference
in March, which may well contribute at least to the fall in heat

transport.

4.2 The Stationary/Transient Eddy Problem.

One aspect of the problem of the annual variation of eddy heat
transports which has so far only been partially treated is the
partitioning of the eddies into stationary and transient compcnents.

We now examine further this distinction to see if it is wvalid.

In Chapter 1, Section 1.4 fﬁe guestion was raised of whether the
observed staticnary eddy heat +ransport could really be due to
essentially transient baroclinic eddies developing 1in preferred
locations on a statiorary wave pattern which itself produces little

heat transport.

The question to be answered here is: are the regions of large
heat transport due apparently to stationary eddies also regions where
we might expect large transports due to barocliniec eddies maintained
in stationary positions? In this case, the heat transport.defined
numerically as Dbeing due to stationary eddies should really be
included with the transient component; it might well then bg that the
transient eddy heat transport would be proporticnal to throughout

the year, and parameterizations of the form of Eq. *(1.2) vindicated.



- 127 -

Frederiksen (1979} suggests from model experiments that the
maximun transient eddy heat transport should be downstream and
poleward of the jet maxima. An observational study of the Northern
Hemisphere wintertime c¢irculation by Blackmon et. al. (1977)
confirms that this is where transient eddy heat transport is largest.
They applied temporal filters to the data: a band-pass filter picked
out variations on the 2.5 - 6-day time-scale, variations on longer
time-scales were identified with a low-pass filter. The latter might
be expected to identify regions where eddy heat transport could appear
in unfiltered data to be due to stationary eddies but would in fact be
"transient' in that it is due to baroclinic eddies: such regions, for
both the band-pass and low-pass filtered data, are indeed where
Frederiksen's model would predict them to be. This is also shown in a
voilume of Northern Hemisphere circulation statistics compiled by Lau,

White and Jenne (1981).

Looking at Figs. 3.2 and 3.5 together, it can be seen that
whereas the heat transport maximum over the Western Atlantic is in
sﬁch a region, that over eastern Asia is upstream of the jet maximum,
completely the wrong place for it to be explained as being due to
trangient barococlinic eddies. It 4is this 1latter maximum which
dominates the wintertime heat transport and which is primarily
responsible for the large fall in eddy heat transport from Fé£ruary to
March (see Chapter 3, Section 3.5). It therefore seems unlikely that
the large wintertime heat <{ransport apparently due to stationary
eddies should really be ascribed to transient eddies, although perhaps
that over the Western Atlantic can be; even if this is done, it would
5till leave a substantial wintertime stationary eddy heat transport

which falls sharply to March.
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4.3 The Type of Solution Required.

A reasonable explanation to account for the form of the observed
variations of stationary eddy sensible heat transport and of entropy
gradient can now be formulated. After discussion of the possible
forcing mechanisms operating to produce both the zonal-mean meridional
entropy gradient and the stationary eddy heat transport, the
requirements for such an explanation are established; this is then

stated, and observational evidence presented in support of it.

4.3.1 Forcing Mechanisms.

In Section 4.1 it became apparent that it is most realistic te
regard the meridional entropy gradient and eddy sensible heat
transport as, in the first instance, individuazl responses fto separate

(though possibly linked) forcing mechanisms.

Dﬁ%] must result- - from latitudinally-varying =zonal-mean

temperature forcing (by definition: it is a measure of this}.

E¢p must result from longitudinally-varying forcing: it was shown

in Chapter 3, Section 3.1 that variations in the stationary eddy
sensible heat transport are due to varying degrees of zonal asymmetry
in the constituent fields, which must in fturn vresult f{from

zonally-asymmetric forcing.

The prima facie cause of latitudinal variation in forcing is the
latitudinal variation in insolation. Longitudinal variations on the
other hand are the result of zonal asymmetry at the bottom of the
atmosphere: the existence of continents and oceans. This produces two

kinds of forcing: orographic and thermal. Various studies have
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suggested that one or other of these is dominant; at the present time
there seems %0 be no concensus of cpinion on the matter, but it seems

that both could be important.

Of course, the processes at the bottom of the atmosphere affect
the zonal-mean entropy gradient also; but whereas this involves
averaging out the effects of land and oceans, the zonally-asymﬁetric
forcing precisely requires a knowledge of the consequent longitudinal

contrasts in topography and/or heating.

Cloudiness 1is one factor not sc¢ far considered: this varies
lopgitudinally and temporally. It affects the radiation balance in
the atmosphere, and hence forcing of both meridconal entropy gradient
and - stationary eddies. However, +this is not an external forcing
agent, whereas the processes mentioned above may be considered to he
so (though thermal forcing would be internal to a pombineﬁ

ocean-atmosphere model).

Note that Green (1970) is treating a zonal-mean case entirely
defined by processes internal to the atmosphere; it .appears that

consideration of extermal forcing is érucial to the problem.

Thus I contend that variaticns in entropy gradient and in heat
transport result from variations in their separate forcing mechanisms,
which are fundamentally different in operatioq:though having their
origins in the same physical processe; (insolation, surface

heating/orography, long-wave radiation to space).
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4.3.2 Requirements for a Reasonable Explanation.

(1)

(ii)

(iii)

(iv)

(v)

It

It

must account for the sharp fall in stationary eddy
sensible heat transport from February to March and
for the meridional entropy gradient remaining the

same during this time.

must account for the time-lag postulated in Section

4.1.1.

must demonstrate +the forcing mechanisms operating

according to Section 4.3.1 zbove.

must take account of longitudinal as well as latitudinal

variations.

must show that changes in forcing are of the right .
magnitudes to account for the observed changes in

entropy gradient and eddy heat transport.

4.3.3 The Hypothesis - to account for the observed variations of

meridional entropy gradient and stationary eddy meridional

heat transport.

The original question which prompted the presenf study was: why

is eddy meridional heat transport two-valued with respect %o global

meridional entropy gradient? Green (1970) suggests that the total

eddy sensible

heat transport should be single~valued: since the
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transient component is so, the problem was reduced to explaining why
the stationary eddy transport is not. Since this is approximately
proportional to the spatial variance of the temperature field, the
question becomes one of the relationship between the zonal-mean and

zonally-asymmetric components of that field.

Definition of a zonal-mean quantity (eg [T]) does not uniquely

define the zonal asymmetry (or spatial variance) of that quantity.

Take for example a simple sine-wave:-

Same mean - corresponds to zonal-mean.

Same phase

Different amplitude

~ corresponds to zonal asymmetry

There is no a priori reason to expect a unique spatial variance
for a given zonal mean, hence there is no reason why a given
zonal-mean temperature gradient should lead to a unique value of [T*t]
and hence of Ey associated with it. It is therefore possible for the
spatial variance in the temperature field to <change while the
zonal-mean temperature remains constant, so the stationary eddy heat
fransport could vary considerably between two months while the

zonal-mean temperature gradient is the same.

The stationary eddies are a consequence of zonal asymmetry and of

atmosphere-Earth interaction -- the latter by way of land-ocean
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thermal contrasts which lead to thermal forcing of stationary waves.
The degree of contrast is all-impertant to this; it is however

irrelevant to the zonal-mean temperature forcing.

The fact that the stationary eddy sensible heat transport appears
related to the temperature gradient is a consequence of their both
following similar annual cycles of variation. These cycles are not in
phase because the forcing or response to forcing of the meridional
entropy gradient lags the forecing or response to forcing of the

stationary eddies.

The heat transports are larger in autumn than in spring for the
same entropy gradient because the thermal forcing is stronger then --
the contrast between cocoling over the land and warming over the oceans
is greater; the meridional contrast in heating is similar for months
when the entropy gradient is similar. This alsc applies to the sharp

decrease in eddy heat transport from February to March.

Kote that the 'latent heat effect' suggested in Section 4.1.5
could play a major role in this: wintertime thermal forcing 6f
stationary waves is due to the difference between heating over the
oceans and cooling over land, heating over the oceans being by means
of upward transfer of energy from ocean to atmosphere predominantly in
the form of sensible and latent heat; thus a larger latent heat flux
(vertically) could well modify the thermal forcing such as to increase

the eddy heat transport.

4.3.4 Evidence in Support of the Hypothesis.

If the above hypothesis is correct, then it should be poésible to

demonstrate that the stationary eddy sensible heat transport is a
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function of some suitable measure of longitudinal temperature

contrast, such as either a temperature difference hetween air over
land and ocean, or the temperature spatial variance (as a measure of

average thermal contrast around a complete latitude circle).

4 measure of thermal contrast should be typical of the
troposphere as a vwhole. Oné such measure is the temperature
difference between the coldest point over Asia and the warmest over
the Pacific (in winter); another is thé zonal-mean spatial wvariance;
both being taken on one latitude circle. TFigs. 4.4a2 and b illustrate
both possibilities for 55°N. They show that, omitting the months when
the stationary eddy sensible heat transport is negative (Jure, July
and August) and the circulation is rather different, the statiornary
eddy heat transport 1is very well correlated with both temperature
difference and variance. The best-fit straight line does not give a
zero intercept in either case: for the temperature difference the
intercept is negative (one can imagine that a certain minimum
temperature contrast is required to produce any eddy heat transport at
all); for the variance it is positive, but a zero intercept fits
almost as well. More revealing is Table 4.2 (over), which shows a
correlation between eddy heat transport and temperature variance of

higher than 99% significance for all latitudes from 35° to 65°N, and

an almost constani slope of around .44 between 40° and 60°N.

Alternaéively, since heating is mostly at the surface, it is
reasonable to look at surface air temperature contrasts between
Central Asia (near the centre of the Siberian Anticyclone in winter)
and the Guif of Alaska. Specifically, we locok at the temperature
difference between Irkutsk (52°N 104°E), averaged over 1921-50

(Clayton (1934, 1947); US +Weather Bureau {1959)), and 50°N 156°W
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Table 4.2
Slopes, Intercepts and Correlations for Stationary Eddy Sensible Heat
Transport against Temperature Variance at 500mb, from months

September-May. Data from LM.

LATITUDE SLOPE INTERCEPT CORRELATION

70°N .075 30 L4AT9
65° N 277 .16 .909
60° N 426 ~.15 .988
557 N .468 .11 .997
50° N 444 .18 995
45° N .401 .06 .989
40° N 437 -.44 .992

35° N 474 -.80 .752
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(a convenient point to read data off the Monthly Meteorological Charts
of the Oceans): this is shown in Fig. 4.4a. Again, there is very
strorg correlation (.993) between the heat transport and this
temperature difference, indicating that the two are strongly linked,
though there is a positive non-zero intercept (but as this particular
temperature difference 1is chosen for <convenience of co¢btaining
numerical data, this is not necessarily important). It is clear, for
example, that the marked decrease in eddy heat transporf from February

to March coincides with a marked decrease in temperature contrast.

It therefore seems that the stationary eddy =sensible heat
transport in midlatitudes is clecsely related to longitudinal thermal
contrasts, much more so than +to meridional contrast (entropy
gradient); this in turn suggests that variations in thermal forcing of
stationary waves are responsible for the observed variaticons in eddy

heat transport. This will be shown more conclusively in Chapter 5.

Note that this does not in itself give a useful means of
parameterizing eddy heat fluxes, since it is the transient eddy flux,
if any, that requires parameterization. In climate models, the
stationary waves (planetary waves, ultra-long waves) are carried

explicitly, so the heat flux due to .them can be calculated exactly.

However, it was stated in Chapter 1 that stationary and transient
eddies are not independent of one another: therefore the transient
eddy heat flux is probably controlled by the stationary wave pattern,
in turn modifying the stationary eddy heat transport by some'kind of
feedback or diffusion process. This possibility is examined in

Chapter 6.
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CHAPTER &

AN ENERGY BUDGET FOR THE ATMOSPHERE



- 139 -

Introduction.

One forcing mechanism for stationary (planetary) waves is the
longitudinal asymmetry in diabatic heating of the atmosphere caused by
the presence of land and oceans. It was suggested in the previous
chapter (Section 4.3%.3) that a large change in this thermal forcing
would cause the sharp fall in stationary eddy heat transport observed
to occur from February to March, and the difference between spring and
autumn transports. There are two ways of calculating diabatic heating
in the atmosphere. In a column the depth of the atmosphere it is

defined by:-

(I) Diabatic Heating = {(Net radiation at top of atmosphere) -

(Net energy flux at bottom of atmosphere)

or {II) Diabatic heating = (Rate of heat storage in atmosphere) -

(Vertically—integrated horizontal heat flux divergemnce)

The first may be described as the 'Heat Balance' or 'Energy
Budget' Method, which forms the basis of +this chapter. IT is the
'Thermodynamic Equation Method'. The ;Net energy flux at the bottom
of the atmosphere' in I consists of all forms of energy transfer: net
radiation, sensible heat transfer and the balance between
precipitation and evaporation. The heat flux divergence is that due
to all forms of energy transport by both mean meridional circulation

and eddies: sensible and latent hezst, potential and kinetic energy.

Both metheds have been used by various authors to calculate
diabatic heating of the atmosphere, mainly for the winter season. The
first approach has been tried by Smagorinsky (1953} and subsequently

Clapp (1961), who compares results for the two methods. IT has also
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been used by Brown (1964), Geller and Avery (1978) and Lau (1979):
this method has yielded more reliable results as the availability and
quality of data have increased, becoming the standard method. TFig.
5.1 presents Lau's results for 1000mb and 700mb in winter: it shows
that the maxima of heating are over the Kuroshio current and Gulf
Stream, with minima over North America an@ Fastern Asia, as we should

expect.

However, none of these studies shows the month-to-month variation
in diabatic heating: it is this we require in order to see if the
ideas of Chapter 4, Section 4.3.3 are valid. ©Since we are concerned
with the degree of zonal asymmetry, it will be sufficient to calculate
diabatic heating over land and oceans, averaged across each, which can
be calculated from net flux data by lMethod I, as will be described

below.

5.1 Data-Set Used.

5.1.1 Data Presented.

The data used have been taken entirely from QOort and Vonder Haar
(1976 - hereafter designated OVH), who calculated from a number of
gources all the zonal-mean energy budget terms for both the atmosphere
and land/ocean underlying it. The energy budget equations for a
column in the atmosphere and ocean, neglecting some very small terms,

are

ATMOSPHERE: Fp, - Faq - Sy - div(H,) = 0 (5.1)

OCEAN: F,, - S, - div(Hy) =0 (5.2)

To



- 142 -

where
F refers to net vertical flux
S refers to heat storage: S = (¢Ap/g)JdT/3t
H refers to horizontal heat transport by eddies
and mean circulation.
Subsecripts T, B refer to Top, Bottom; A, 0 to
Atmosphere, Ocean

All terms are given in Wm™l.

Diabatic Heating, é, of the atmosphere can be written

Q = Feq - Faq = Sy + div(H,) (5.3)

Storage of heat by land is negligible compared with that by the
oceans, so we can write F,, % Fg,. How numerical values of these

quantities are found is described in Section 5.1.2 below.

The numerical values presented are means for each of the twelve
months of the year; they are for zonal belts throughout the Northern
Hemisphere. The storage and flux divergence terms are vertical

integrals.

Note that the vertically-integrated meridional heat transport at
a latitude can be obtained by areal integration of the flux
divergences for all the zonal belts from that latitude northwards (as

the meridional flux at the Pole is zero by definition).

5.1.2 Origin and Sources of Data.

The net radiation flux at the top of the atmosphere is calculated

from measurements taken over a periocd of eight years by a total of six
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different satellites: most months of the year are represented by 2 or
3 different years' data. The satellites measured reflected solar and
emitted infra-red radiation, the incoming solar radiation being known
independently. TFurther information on these data are presented in

Ellis and Vonder Haar {1976).

The storage and divergence terms are in principle derived from
OR, although there are certain inconsistencies Dbetween the two
data-sets which will be discussed in the.next section. They are based
on the analysis of daily aerclogical records for five years from May

1958, as described in Chapter 1, Section 1.3.1.

The net energy flux at the bottom of the atmosphere is due to
four separate components: long-wave radiation, sensible heat transfer,
evaporation and precipitation. In principle, it can be derived from
separate estimates of each of these components, as was done by Clapp
(1961), Budyko (1963) and more recently by Esbensen and Kushnir
(1981). Alternatively, it may be calculated from Eq. (5.1) as a
residual term, assuming an accurate knowledge of the other three
quantities: it is this indirect methed which COVH use, which they
consider mcre vreliable than measurements of the compernents for

calculation of the zonal-mean.

For the oceans, the only quantity for which data both reliable
and extensive enough are available is the temperature, whence the heat
storage «can be calculated. Fgq has already ©been calculated

indirectly, so making use of these two quantities and Fg. {(5.2) the

horizontal flux divergence can be calculated.

Thus for the atmosphere all quantities but one are known from

direct measurements; for the ocean, only one is known directly.
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5.1.% Errors in the Data.

These fall into four categories, viz:-

(i) Errors in original measurements.

(ii) Cumulative errors from (i) in calculation of 'indirect'
quantities such as Fg,.

(iii) Errors in data presentation.

(iv) Errors found through comparison with equivalent

data-sets, or by inspection.

The first two of these are assessed in Appendix B of OVH and, for
the satellite data, in Ellis and Vonder Haar (1976). They state that
the largest source of wuncertainty in the data 1is year-teo-year
variability: it is this which is assessed explicitly in that appendix.
From Cctober to March the standard error in Fry is less than 10%; that
in Fgq {calculated from the law of propagation of independent errors)
is generall& no more than 20% in the same period. As the gquantities
we are interested in (see below, Section 5.2) are generally at least
as large as either F_ or Fsa’ these errors are acceptable, as the
points to be made in Section 5.3 will not be critically dependent on

such errors.

There are also at least two internal inconsistencies in OVH's
tabulated data (found by application of Egs. (5.1) and (5.2)). The
atmospheric flux divergence for Tecember in the 70°-80°N belt should
read -159 not 159 {as is obvious from their Fig. 4.4); the oceanic
flux divergence in February should probably be -7 nct 7TWm™* for Eq.
(5.2) to balance, though it is no* absolutely clear from OVE's figures
that it is this compornent which is wrong. 411 other quantities appear

to balance.
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The remaining errors are more difficult to correct: these became
apparent whenn the energy budget was calculated (see below, Section
5.3), and appear suspect in OVH, but their origin cannot be
ascertained. One of these is F,, in March, 60° -70°N, which looks
sugpect and gives odd budget results. Inspection of tables and
figures suggests that F,.q may be wrong: a figure of ~90 to ~95Wm—*
would appear from their Fig. 2 tc¢ be more reascnable, which would
reduce Fgn to around 20Wm=2. Inspection of Ellis and Vonder Haar
(1976) suggests that the calculation of solar radiation absorbed in an
Earth-atmosphere column may be a little high at 83%.1Wm~%, which
derives from a low satellite measurement of the reflected solar
radiation. The correct values cannot be further ascertained without

recourse to the original satellite data.

The other errors of this nature appearing in OVH concern the
total meridional heat transport at 50°N. Theré are three published
ve;sions of this from the same original data source: OR, OVH and Oort
(1971). There is good agreement between all three sets for all months
except February and November. 0f +these, OR and OVH agree for
February, but Oort (1971) is at least consistent with LM in showing a
more gradual fall in the stationary eddy heat transport from January
to March rather than a sudden fall from February; hence OR and COVH may
toth be wrong. Even so, the required correction is probably to the
flux divergences for PFebruary and March in the 6C°-70°N belt, which

will not greatly alter our results.

A more irreconcilable discrepancy appears in November, for which
all three data-sets are mutually inconsistent. Of these, CR gives the
highest total flux and a larger stationary eddy component than OQort

(1971): we recall from Chapter 2 that November transports seemed
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unusually large in places. The November divergence in the 50°-60°N
belt is given as 3 W which is rather higher than the values around,
consistent with too large a flux at 60°N in OR: if this were changed
to around -20Wm?, say, Fga would then alsoc be more reasonable (say
-100Wm™? instead of -154Wm-%), and the whole budget would look more
plausible -- this should be borne in mind when considering the results
presented in Section 5.3. It would also be more consistent with the
behavicur observed in LM, where November showed no abnormally large

heat transport.

Apart from these discrepancies, all three of OR, OVH and Oort
(1971) appear to be mutually consistent in their heat transports, so
atmospheric flux divergences and hence Fy, are more likely to be
right. Having found these problems, it should now be possible to

calculate acceptable energy budgets to test the ideas of Chapter 4,

Section 4.3.3.

5.2 The Energy Budget.

The fundamental equations are Egs. (5.1) - (5.3). The simplest
form of the budget is to determine the heating or cooling over the
land and the ocean, the <zonal-mean part of +this and the szonal
asymmetry. This will suffice to show the degree of zonal asymmetry in
the diabatic heating, but will give no idea of the variation in that
heating across the oceans or land: essentially we are using a

step-function which might lock like this:-



- 147 -

HEATING 0

Zonally -jasymmetric
hecting over - oceans

————————————————— == == === =f~%-—-—|Zonal-mean
a Heating

Zonally-asymmetric
cooling |over land

COOLING | [

Note that the zonally-asymmetric components of heating over land
and ocean are not necessarily identical: the reason for this will

become apparent.

In order to determine the various components of the heating, we
require to know the fraction € of each zonal belt covered by ocean.
We assume Fgg = O over land (this is a good approximation outside
ice-capped regions at least). Hence, since Fg, as given is a
zonal-mean {ie it is assumed to be the same all the way round the

zonal belt), the real value of Fy, over the oceans is Fg,/E.

We can therefore write down

é =F (5.4a)

LAk ™

éoc.eml = Frq - Fodls (5.4%)
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The zonal-mean ceomponent of this is given by

as before {Eq. (5.3)).

Hence the asymmetric parts of the heating, which will be written

as Q¥, are given by

¥

Qaws = Faa (5.5a)
X4 )y

Qpeeany = ~Fgo (1 - 1/€) (5.5b)

This formulation is capable of refinement in several ways. One
of these is %o calculate explicitly the various surface fluxes, to
assess the effect of each (in particular, of the latgnt heat
transfer). Given gridpoint surface flux data and sateliite radiation
data it would of course be possible to calculate the diabatic heating
in an atmospheric column directly as a function of longitude.
However, the formulation above will suffice to show.the'variations in

thermal forcing through the year.

5.% Results.

Table 5.1 shows the various terms in Egs. (5.3%) - (5.5) for 10°
zonal belts from 20° to 70°N. The last three columns are the most
. e LF | K . . . :
important: they show Q, Qunnn and Qocean -+ Bearing in mind the
possible errors and corrections suggested in Section 5.1.%, we can see
from this how both zonal-mean forcing (of meridional entropy gradient)

and zorally-asymmetric forcing (of stationary waves) var& through the

year.
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Table 5.1

Energy budget terms for each month

ENERCY BUDGET TERMS FOR MONTH OF JAM UNITS OF W/X**2 ENERGY BUDGET TERMS FOR MCATH OF MAY UKITS OF W/M**2 ENERGY BUDCET TERWS FOR MONTH OF SEP UKITS OF W/uve2

LAND OCEAN HEATING ASYM. LAKD OCEAN HEATING ASYM. LAND OCEAN HEATING ASYM.
LAT. FTA FBa HEATING HEATING  MEAM LAND  OCEANM LAT. FTA FBA HEATING HEATING  MEAN LARD  OCEAN LAT. FTA \ FBA HEATING HEATING  MEAN LAND  OCEAN
60-70 -156 -32 -156 -M -124 =32 90 60-70 12 4 -12 -27 -16 L] -1 60-70  ~50 28 =50 -156 -18 28 -18
50-60 -144 -138 ~144 185 -6 -138 191 50-60 30 32 30 46 -2 32 =44 50-60  -t8 1" -18 =51 -32 1 -19
40-50  -114 -130 ~114 19 16 ~130 133 40-50 57 29 5T -2 28 29 =30 10-50 -5 18 -5 -41 -23 18 -18
30-40  -82 -64 -82 28 -8 -64 46 30-40 66 BL 48 10 34 H -24 30-40 tH Ll 1 4 7 L) -3
20-30 50 -109 -50 123 59 -169 64 20-30 66 24 66 28 42 24 =14 20-30 3 S 3T 29 32 5 -3
ERERGY BUDGET TERMS FOR MONTH OF FEB UNITS OF W/Mes2 EMERGY BUDGET TERMS FOR MONTH OF JUN UNITS OF W/M**2 ENERGY BUDCET TERM3 FOR MONTH OF OCT UNLTS OF W/M**2

LAND OCEAN HEATING ASYM. LAND GCEAN HEATING ASYN. LAND OCEAN HEATING ASYM.
LAT. FTA FBA HEATING HEATIRG  MEAR LARD  OCEAN LAT. FTA FBA HEATING HEATING  MEAN LAND  OCEAR LAT. FTA FBA HEATING HEATING  MEAN LAND  OCEAN
60-T0 -130 2 -130 -138 -132 2 -6 60-70 12 3 42 -121 -1 3 -120 60-70 -135 -26 -135 -36 -109 -26 3
50-60 -102 -123 =102 192 21 -123 171 50-60 52 33 52 =27 19 33 -46 50-60 -104 -80 -1 at -24 -80 1
40-50  -76 -110 =76 146 34 ~110 12 40-50 66 55 68 -39 15 53 =54 40-50 -85 -46 -65 28 -19 -46 47
30-40 -6 -21 -46 -10 -25 -21 15 30-40 8 by 78 " LAl »n ~27 30-40  -37 -21 =37 -1 -16 =21 15
20-30  -13 -61 -13 B4 18 -61 36 20-30 68 32 68 7 36 32 -1 20-30 -6 -52 -6 7 46 52 3
ENERGY BUDGET TERMS FOR MOHTH OF MAR UNITS OF W/M**2 ENERCY BUDGET TERMS FOR MONTH OF JLY URITS OF W/N"*2 ENERCY BUDGET TERMS FOR MONTH OF NOY URITS OF W/N**2

LAKD OCEAN HEATING ASTM. LAND OCEAN HEATING ASYM. LARD QCEAN HEATING ASYM,
LAT. FTA FBA HEATING HEATING  MEAN LAND  OCEAN LAT. FTA FBA HEATING HEATING  XEAN LAKD  OCEAN LAT. FTA FBA HEATING HEATIRG  MEAR LAND  OCEAN
50-T0  -18 36 -78 -215 =114 36 =101 60-70 48 12 48 -226 -24 T2 -202 60-70 -158 -56 -158 55 -102 -56 157
50-60  -G56 -67 -56 104 " -67 93 50-60 55 46 5% -5%5 9 a6 -64 50-60 -138 =154 =138 230 16 =154 214
40-50  -23 -40 -23 58 17 -40 41 40-50 65 66 65 -68 -1 66 -67 4050 -106 -87 -106 TO -19 -87 B9
30-40 7 16 1 -20 -9 16 =11 30-40 79 43 79 5 36 43 =31 30-40 -76 -46 -16 3 -30 -46 33
20-30 35 -35 35 9N T0 =35 21 20-30 76 62 76 =22 1 62 -36 20-30 -42 -81 -42 87 39 -81 48
ENERGY BUDUET TERMS FOR MONTH OF APR URITS OF W/mes2 ENERCY BUDGET TERMS POR MONTH OF AUG UNITS OF W/n*=2 ENERGY BUDGET TERMS FOR MCNTH OF DEC UNITS OF W/M®®2

LARD QCEAN HEATING ASYM. LAND OCEAN HEATIRG ASYM. LAND OGCEAN HEATIHG ASYM.
LAT. FTA FBA HEATING HEATIRG  MEAM LAND  OCEAN LAT. FTA FBA HEATING HEATING  MEAN LARD  OCEAN LAT. FTa FBA HEATING HEATING  MEAN LAND  OCEAR
60-70 -72 L] -T2 -T2 -12 4] 0 60-70 -1 28 =11 -7 -39 28 -8 60-70 -160 -48 =160 23 -112 -48 +35
50-60 12 -14 -12 21 2 =14 19 50-60 15 21 15 -35 -6 21 -29 50-60 -3150 -2 -150 17 -38 -2 155
40-50 20 B 20 4 12 <] -8 40-50 3 56 37 -76 -19 56 =57 40-50 -122 =140 ~-122 161 18 -140 143
30-40 L] -3 3 39 37 -3 2 0-40 57 28 57 9 29 28 -20 30-40 -0 -63 =91 17 -28 -67 45

20-30 42 -12 42 61 54 -12 T 20-30 61 48 61 -15 13 48 -28 20-30 -60 -106 =60 108 46 -106 62
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5.3.1 Zonally-Asymmetric Heating.

While not all the features of the annual variation in this
differential heating can be closely related to variations in
stationary eddy sensible heat transport, the main features of the
latter can. The justification for doing this is that [T*%] should be
closely related to differential heating, and the staticnary eddy
sensible heat transport was shown (Chapter 4, Section 4.3.4) to be

strongly correlated with [T*z].

In particular, the variation in heat
transport during the first four months of the year is closely linked
to the variaticon in heating -~ if anything, the heat transport is 'too
high' in March and April (indicating a lag in response to changes in
foreing, which it is reasonable to expect: this is about 10 days).
Similarly, using modified November values it is clear that the heat
transport then should be much larger than in April, as it is. Using a
nodified December Fg, (Fig. 5 of OVH suggests that -120Wm~2 is closer
than - 112Wm~%), the October - January variations can be closely
correlated =also. Thus we can relate very well the variations in

forcing and response for Cctober-April, with possibly a2 lag of ten

days or so when the forcing changes sharply, as in Gctober and March.

Note that the Februvary-March fall in heating contrast is a2 result
of both F., and Fy, being halved. The former is due prircipally to
the change in the Earth's incliration towards the Sun (from orbital
geometry); the latter must be due mainly to changes in the surface

latent and sensible heat fluxes.

The stationary eddy heat transport at 30°N falls steeply from
January to February (Fig. 2.2), as dces the heating contrast in the

20°-4C° N zonal belt: so the stationary eddy hest transports at these
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latitudes are also closely linked to the heating contrast between land

and oceans.

For the remaining months of the year, it is rather more difficult
to relate differential heating and eddy heat transport: the contrast
between land and sea is reversed in May but the zonal-mean stationary
eddy heat transport does not become equatorward until June, similarly
in September there 1is still more heating over land but the heat
transport reverts to being poleward then. However, meridional heat
transport zlso depends on the sign of the stratospheric zonal wind:
this is easterly in May, so the poleward heat transport then still
seems mysterious, but it is sc¢ small it can probably be ignored. 1In
general, the summer circulation is rather different from that in
winter, and reversal of heat sources and sinks need not reverse the

eddy heat transport.

Considering now the effect of clouds on F.y in the 50°-60°N belt,
the likelihood is that in winter there will be high cloud over the
oceans, low cloué over land, which will in turn accentuate heating
ocver the ocean/cooling over land by reducing/increasing the infra-red
radiation to space over ocean/land below/above the zonal mean, so that

E}q>’E: over land, F,, <Zﬂ; over the ocean. With the surface flux
Fag producing heating over the ocean/cooling over land, the heating
asymmetry in winter will tend to be increased. Thus even if errors in
Fgq arising from its calculation as a residual {erm might tend to

reduce the asymmeiry, the longitudinal wvariastion of Fqq will maintain

it. The mean cloud field changes little from February to March.

It seems reasonable to relate the stationary eddy sensible heat

transport directly %o the degree of longitudinal asymmetry in the
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diabatic heating field rather than to the meridional entropy gradient,

at least for October through to April.

5.%.2 Zonal-Mean Heating.

From Table 5.1 it is immediately apparent that the difference
between gzonal-mean heating in the 20°-30°N and 6C°-70°N zonal belts,
which maintains the meridional entropy gradient between about 25° and
65°N, is roughly constant from Januarj-r to March, as is A; it then
drops steeply to April, as does A. Thus it seems that the variaticns
in both the stationary eddy sensible heat transport and the meridional
entropy gradient are consistent with the thermal forcing mechanisms

acting to produce them.

Fig. 5.2 shows the annual variation of A with respect to
meridional difference in diabatic heating. Except for November and
December, 1t shows good correspondence between them, but a distinct
lag in the response of A, of about 1 month. This can be explained by
the annual c¢ycle of div(Ha), in particular the eddy sensible heat
component which dominates in midlatitudes, in the zonal belt 60° -70°N
(treating 20° -30°N as roughly isothermal: Fig. 2.7 shows that the
annual variation here is small compared with that at 60°-70°N). The
reduction in -div(Hn) from March to June will tend to hecld the
zonal-mean temperature at around 65°N lower than if that temperature
depended only on F, and Fgq, ie with the divergence remaining
constant. The entropy gradient depends on this temperature, so it
does mnct rise as fast as changes in F., &and Fg, would suggest.
Similarly, A is held Jlow in September and October by —div(Hﬂ)
increasing, maintaining .'i"::- higher than it would otherwise be, &nd

hence A lower.
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Fig. 5.2: Zonal-mean entropy gradient at 5C00mb against meridional
difference in zonal-mean diabatic heating (Units: Wmot).
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5.4 Discussion.

The annual variation of +the stationary eddy sensible heat
transport can be explained successfully in terms of variations in the
land-ccean heating contrast. That of +the entropy gradient can
similarly be explained by variations in the latitudinal heating
contrast, modified by eddy heat transports producing a lag in response
to changes in that contrasit. Thus, the response-time to variations in
forcing seems to be about 10 days for the eddy heat transport
(strictly, in [T’n]), 30 days for the entropy gradient, consistent
with the lag between these two quantities being arcund 3 weeks in

winter, 1 week in summer (Chapter 4, Section 4.1.1).

In winter, the large deficit in radiation heating at middle and
high latitudes is compensated principally by the horizontal heat flux
divergence. The change in E:;f' during spring is less than would be
expected from changes in the vertical flux difference (F.m - Fen)s
since the horizontal flux divergence is smaller. This in turn results
frem the reductions in meridional heat flux -- in particular, that in
the staticnary eddy contribution t¢ the flux, which arises from =
reduction in the heating contrast between land and oceans. It is
therefore possible to produce a scheme for variations in stationary

eddy heat flux and meridicnal entrepy gradient:-

Change in leongitudinal Change in latitudinal
heating asymmeiry heating asymmetry
. \L \L\J/ —=
Change in stationary eddy Change in Tgg°

sensible heat transport

I Chang e\vin A
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Of course, there will be other feedback loops besides that
denoted X, but this scheme plus the data presented above now explain
much of the annual cycles of wvariation in both the stationary eddy
sengible heat transport and meridional entropy gradient, and the lag
of entropy gradient behind heat transport. Thus several of the
features to be explained in Fig. 1.1 have been accounted for; the
cause of the 'loop' in those figures is now understood, empirically at

least.
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CHAPTER 6

AN ANALYTIC MODEL FOR
HEAT TRANSPCRT 3Y

STATIONARY WAVES
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Introduction.

One aspect of the problem of the annual variation of eddy heat
fluxes which has so far not been investigated in this study is the
problem of why the transient eddy flux is for most of the year
apparently independent of meridional temperature gradient, and how the
transient and stationary eddies interact. It was suggested in Chapter
1, Section 1.4 that the transient eddies acted upon the stationary
eddies in winter to modify their meridional heat transport: in this
chapter we examine how they might do this. In winter, the stationary
waves give rise to temperature gradients with a large zonal component
in places: transient eddies will transport heat down local gradients,
80 in such places they will produce a strong transport of heat in the
zonal direction as well as a meridional flux. This could modify
significantly the amplitudes and relative phase of the temperature and
geopotential height waves, and hence the =stationary eédy heat
transport. Furthermore, as the stationary waves increase in
intensity, the longitudinal component of the temperature gradient will
also become greater, and the transient eddy flux vector will point

increasingly in the zonal direction.

We investigate in this chapter whether the (longitudinal)
diffusion of heat (or rather, potential vorticity) caused by the
process described above will enhance or damp the stationary eddy heat
transport. If it enhances this transport, it will show that this kind
of interaction between stationary and transient eddies can account for
the stationary eddy heat transport increasing in autumn and winter
while the transient eddy heat transport hardly varies, as seen in Fig.

1.1,
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It is immediately apparent that the stationary wave pattern,
which is 'externally’' forced {(as described in Chapters 4 and 5), will
in this process control the transient eddy heat transport and thus in
gsome way the effect of transient eddies on itgelf. Here we look only
at how the stationary waves are modified by the diffusive action of
transient eddies; a full treatment of the interaction between
stationary and transient eddies is beyond the scope of this study.
White and Green (1982) investigated the steady-state response to
steady thermal forcing 1in a model 1incorporating parameteriged
transient eddies, and hinted at the need to formulate a time~dependent
numerical model to study the growth of transient eddies on a long-wave

field and the dynamical self-interaction in such a system.

Here, a simple analytic meodel is used to investigate the effect
of transient eddies, <represented by a2 diffusion term, on the
meridional sensible heat transport due to planetary waves of zonal

wavenumber m = 2.

6.1 The Model.

The linearised quasi-gecstrophic potential vorticity equation may

be written

2ot « b 3 Y
Uaz,vuq{/—i_\jg }sz +ﬂ>7§

T N S
A [%z,\y_}_g_vg% +%%; (6.1)
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where

U is zonal wind - taken to be constant with
height and latitude
KH is a diffusion coefficient

Other symbols have their usual meanings

The first fterm on the right hand side of Eg. (6.1) is the
diffusion of potential vorticity by the transient eddies, the effect

of which we wish to investigate; the second is the entropy source term

(so that the waves are thermally forced).

The linearised thermodynamic equation is

%?é + yB = Ku‘ﬂfi? + 8 (6.2)

We can write § =

Note that primes now refer to departures from zonal mean.

Given an entropy source function

We seek solutions to Eq. (6.1) of the form

= aeE 2 1y + Are KR 200 1y

+ Celkxe_bzcos 1y (6.3)

We choose the wupward-propagating mode (trough-lines %ilting

westward with height), with no 1id, by taking A" = 0.

We write 4, C and ¥ in the follewing forms:-
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A = ’Alei(Tr+ X -9/2)
¢ = Jcleid

ig/2 .
=|)’|e¢ = V&+1VI

Utilising the lower boundary condition w =0 at z = 0 (ie no

orographic forcing) yields the solutions (see Appendix for method)

la) = w[GJ'E“ + D:[FDZX +2(1 + Ew)]}/” (6.4a)
E 1
% = tan”" ['!-: v D WJ
= tan T3 (6.4b)
F e
1
fcl = GDLR (6.5a)
E = 1:an-'1 ('-Et;—z> (6.5b)
2
Y/
TIE-F | *
I»] = (Q‘ﬁu){ i - } (6.6a)
50 = ‘can—1 (I-EFT) (6.6Db)
where
z 2.2 2 Y
g = "\ -2Qb e
2
E = %3— o= +g*
¢ = A4S P = S\i_ p/u
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For algebraic¢ purposes, qA = (kl-rj?), however numerically we

substitute its value from spherical geometry, given by

2 _ (n-1)(n+2)
X Re
where

Re 1is the radius of the Earth

n is as in the associated Legendre polynomialIP:

Ky, the diffusion coefficient, can be defined such that

)" = T, (6.7)

where T; is the time in which planetary waves would be completely
damped by the action of transient eddies in the absence of forcing.
Lau (1979) calculates from mean temperatures and transienit eddy heat
flux divergences that T, is about 7 days for m = 2 at 50 N, though

earlier estimates were about 4 days.

By setting K, = O we can calculate the heat transport due to
waves forced solely by diabatic heating, unmodified by transient

eddies.

The surface pressure and temperature waves may be expressed as

p.' = R - ﬁfo]mei&
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v _ S foN fo i8
T = Sef g - & 2

where the subscript "s" indicates the value at the surface.

yields

Ip

Ly

T + X-¢2 =T,

/2 + @g/2+F, =X,

0,

F\"E_—'Fl

{al® + Jel* + 21a]lclcos 7,12

Al 11" + b71cl™ - 2blvi Al clcos( X, - 2)172

=t -1 {lalen €, + [Clsind
= an
|Aleos €, + IC] cos 3

[}

an=! (AllyteiaXp —blclsin 2 }
{]ﬂ”vlaﬁtxl-Bklhns Z

The entropy transport may be written as

Y Yo TL0ATAAAN
g ZJQG (BxX%)

Substitution of W from Eq. (€.3) yields

{vaxlal®e® 2 4 fklalfctem ® * ¥ )e] x

sin(F, + %z) + Ycos(F, + yhz)]}cosg ly

(6

(6.

(6

(6.

(6.

(6.

.8a)

.8b)

9b)

10)

11)
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6.2 Results.

Although we are working in Cartesian gecmetry, we shall define
the meridional modes according to the equivalent spherical harmonics:
thus, for example, n = 3 represehts a mode with one pegk between
equator and pole (since the number of peaks for a given associated
Legendre polynomial is (n - m)). We shall use odd harmonics only, and
lock at zonal wavenumber m = 2. We shall also set cos ly = 1, to

maximise the flux in midlatitudes.

There are thus five parameters we can vary in the expressions for
4, C and v, namely U, the zonal windspeed; S,, the heating amplitude;
Ky, thé‘diffusion coefficient; B, the static stability; and n. 1In
general, . we take S, =6.7-x10"€s", corresponding to heating of
t.5 K day™', and B = 1.5 x1O'Ym"’; the effect of varying these is
investigated in Section 6.2.1 below. We take b to be (4km)”' . U must
be chosen so that 1t is large enough to simulate the effect of the
stronger zonal wind from the tropopause upwards, yet not so large that
it damps out all eddy motion near the surface. The sitratospheric
zonal wind is important in +this case as its strength controls the
upward propagation of planetary waves, and hence their poleward hest
transport. Locally, fluxes near the surface (in this type of model it
is the surface fluxes which are generally largest) are controlled by
the =zonal wind near the surface (as for example in the Siberian
Anticyclone), but we are here interested in élébal-scale waves
extending at least throughout the troposphere. A valuve of 5 ms™' or

7.5 ms~! is realistic.

The veslue of K, %to be used depends on 2 (see Eq. (6.7)), and

also on the estimated damping time. The values to be used for

L3
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different n are given in Table 6.1.

There exists for K, = 0 a critical zonal windspeed U for which
the waves become evanescent (with no diffusion) and hence trapped at

the tropopause - ¥ 1is pure imaginary in this case. This is given by

_ -ﬁ-,_ (6.12)
x

as can be seen from Eq. (A7): E = 0 and hence F = 1. Values of

U, for different n are given in Table 6.1.

Table 6.1

n U, (ms™") Ky (m?s™ Damping Time (Days)

3 58.94 10" 4.7
5  21.01 3.35 x 10° 5
7 10,90 1.74 x10° 5
9 6.69 1.07 x10° 5
11 4.53 7.23 ¥10° 5

In the ensuing sections, heat transport profiles are given up to
15 km: we do not expect this model to simulate well the stratospheric
profile, as the =zonal wind and static stability are much stronger

there.

£.2.1 n = 3 Mode.

A number of experiments were run with this mode, to test the
effects of varying K,, S,, U and B. In all cases, U< U., so the

waves are not trapped.
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FPig. 6.1: Vertical profile of heat transport for n = 3 mode, with
(a) 8o = 6.7x107%s"'; (b) 8 = 3.35x10" %s-'.
I: K, = 0; II: Ky = 0.5x10% m’s”; III: K, = 107m*s™"
U=5ms""; B=1.5x10"m"".
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Fig. 6.2: Surface amplitudes and phases of (a) pressure and
(b) temperature for n = 3 mode. K, in units of 107mis™! .
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6.2.1a Varying Ky.

The vertical profiles of heat transport for two different heating
rates are shown in Fig. 6.1; the surface pressure and temperature

perturbation amplitudes and phases in Fig. 6.2.

When K, = 0, the transport decreases with height to a minimum
value at about 8 km, then rises again to a roughly constant value
which is less than the surface value.l Except in the hottom 2 km or
s¢, the profile is similar to that in the real troposphere (Oort and
Rasmusson (197%1)). Near the surface, model transports are much larger
than observed transports due to the absence of friction in the model -
this c¢ould be rectified by putting in an Ekman boundary layer. When
Ky > 0, the flux continues to decay exponentially with height in the

stratosphere.

The presence of diffusion by transient eddies exerts a strong
dissipative effect on the stationary waves. Even with Ky, only a
quarter of its value in Table 6.1 (corresponding to a damping time of
nearly 20 days), the mid-tropospheric heat transport is not much more
than half its value for K, = O; with K, = 10*m%s™' (as in Table 6.1),
the staticonary waves are strongly damped so that their heat transport
is negligible except near the surface. This is due to the change in
relative phase between temperature and wind fields as well as the
reduction in their amplitudes, as can be seen in Fig. 6.2. Hence for
this mode the ftransient eddies act tc reduce greatly the stationary

wave heat transport rather than to enhance ift.
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Fig. 6.3:
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Fig. 6.4: Vertical profile of heat transport for n = 3 mecde, with
(a) Ky = 03 (b) Ky = 107m?s™'. I:U =5ms™';
II: U = 7.5ms™ ; III: U = 10ms~' ; IV: U = 12.5ma"".
So = 6.7¥107% s 5 B = 1.5x10°m"', -
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Fig. 6.5: Vertical profile of heat transport for n = 3 mode, with
(a) Ky = 03 (b) Ky= 10°ms' . I: B = 1.5¢107°m~"
IT: B = 3.0<107"m™' ; III: B = 5.0+107m™'; IV: B =
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6.2.1b Varying S.,, U, B.

Since Eq. (6.1) is linear, the heat transport should vary as the
square of heating rate (as both temperature and wind fields will vary
linearly); Fig. 6.% shows that this is indeed the case. It was
suggested in Chapter 5 that the large change from February to March in
stationary eddy sensible heat transport could be caused by the
observed change in diabatic heating: qualitatively, these results show
that this is easily possible {(as we should expect from a 1lineer
model). Changing S, only changes the amplitudes of the surface
pressure and temperature fields, not their phases; this is consistent
with the change in heat transport from February to March being the
result of changes in the amplitudes of the temperature and meridional
wind variances rather than in their correlation, as noted in Chapter

3, Section 3.1.

Increasing U has the effect of progressively trapping upward
energy propagation and hence poleward heat transport. This is seen in
Fig. 6.4: when K, = C, increasing U substantially reduces the heat
transport throughout the troposphere. With K, = 1O¥m1s'2 increasing U
to 7.5ms™" and 10ms~! actually increases the transport above 2km, and
reduces it only slightly below this, although as the transports are so
small this is hardly signifieant; with U = 12.5ms~! the transport at

all levels is smaller, but the reduction is less than with Ky = 0.

With K, = O, it can be seen from Fig. 6.5a that doubling B to
%3 x107°m™! has the effect of increasing the heat transport at all
levels, but especially so abeove 6km; the level of minimum tresnsport is
I

brought down from 8km to 6km. TIncreasing B further to 5 ¥ 10 °m~

brings the level of minimum transport down to 4km, increases the
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minimum transport by 40%, reduces the transport below 3km, and further
increases the transport above 4km. There is a slight maximum in
transport at around 13.5km, and a profile up to 32km (not presented)
shows a2 s8light minimum at 22km. ~Increasing B has the effect of
decreasing the vertical wavelength (it can be seen from Egq. (6.6a)
that |¥| goes as B'%), hence the lowering of the level of minimum
transport in the troposphere and the exponentially decaying
oscilla%ion in the vertical. With B = TO'Fm"', some six times larger
than +the typical +tropospheric static stability, the %tropospheric
minimum in heat transport is ait 3km, there is a maximum at 9km, with
transports between these levels being further increased. Below 3km,
the transports are smaller than for B half as large; above i15km the
transport reaches a roughly constant wvalue which is also slightly
smaller. Thus the overall effect of increasing B while keeping Ky = 0
is to reduce the vertical wavelength, resulting in the tropospheric
minimum in transport being at a lower level, transports above this
being generally increased, and transports near the surface being

decreased.

With Ky = 0.5 %10 m?s", Fig 6.5b shows that increasing B to
5 ¥ 10°m!  increases transports in the upper half of the troposphere,
decreases them slightly above this, and has little: effect on those in
the lower troposphere. With B = 10'5m“, transports are decreased
above about Bkm and in the lowest 2km, but zre roughly the same as for
Ky = 0 in between. A similar effect can be seen for K, = 10}mzs_'
{(not shown). As for Ky = O, increaing P decresses the vertical scale

of the motion.
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Fig. 6.6: Vertical profile of heat transport for n = 5 mode, with

{(a) U=5ms™'; (B) U=7.5ms™'. TI: Ky = O3
II: Ky = 0.17x10"m*s™ 3 III: Ky = 0.335x107m?s"'.
B=1.5x10"m"' ; 3, = 6.7x10 % g1,
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£.2.2 1n = 5 mode.

Since the zonal wind required to produce evanescent waves in the
case Ky = O is still much larger than a reasonable tropospheric value,
results for this ﬁode should be qualitatively similar to those for the
n = 3 mode. Fig. 6.6a shows the vertical profile of heat transport
for three different vlues of Ky, with U = Sms~'. With no diffusion,
transports are 90% or more of the n = 3 values; increasing Ky has a
progressively more marked effect comparéd with n = 3. particularly on
the transports azbove the lowest few km. Increasing the zonal wind %o
7.5ms~! has a similar effect to the n = 3 case {cp. Figs. 6.6b and

6.4).

6.2.3 n = 7 mode.

With n = 7 it is possible to run the model with a zonal windspeed
greater than U, but net unrealistic for the troposphere. We therefore
compare results for U = 7.5ms™' (ie less then U.) and U = 11ms™' (just
lerger than U.); we investigate in more detail the variation of heat

transport with K; for the case of U = tims™!.

For U = 7.5ms~! the heat transport is smaller than for m = 3 and
n =75 but simiiar in vertical pfofile to these cases for K, both zero
and non-zero (see Fig. 6.72). With U = 1ims~' and K, = O there is no
heat transport whatscever since the relative phase of the temperature
and meridional wind field is exactly 90" ({see Fig. 6.8). With
Ky = 1.74 x10°mts” , equivalent to a2 damping time of 5 days (see Table
6.1), the heat +transport is roughly half that for U = 7.5ms™'.

However, the largest heat transport occurs for K, = 0.7 ¥105mzs'i, ie

a damping time of around 12.4 days.
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Fig. 6.9: Variation of heat transport with K, for n =7 mode,
U= 11ms~'. K, in urits of 10'm%s™'.
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Fig. 6.9 shows the variation with KH of heat transport at the
surface for U = {ims™'. From Fig. 6.8 it can be seen that the effect
of increasing Ky 1s to decrease the amplitudes of Dboth surface
pressure and temperature fields, particularly that of the pressure
field, and also to shift their phases westwards. For Ky increasing up

to 0.7 x10°m’s™"

» the change in their relative phase is rapid, leading
to the rapid rise in heat transport seen in Fig. 6.9. As Ky
increases further, the phase change is much slower, so that the heat
transport falls even though the relative phase decreases (ie the phase
difference between maximum temperature and meridional wind drops

further below 90°) until K, = 1.05 ¥ 10°%m*s” (damping time of 8.3

days).

Both waves retrogress faster than their relative phase changes,
except for KH near Zero. The phase difference between wind and
temperature filelds at maximum heat transport is only 5° less than for
K, = 0, yet this apparently small difference produces a significant
change in heat transport. Fig. 6.9 also shows that the choice of K4
is not critical to the heat transport due to this mode provided 1t

takes a reasonable value.

6.2.4 n = 9 mode.

For this mode, a value of U = 7.5ms~! was used, which is greater
than U., so that fer K,, = O the waves are evanescent and hence
trapped. With this value of U, typical of the troposphere, hest
transports are nearly twice as large as for n =7 and U = 11ms ! (due
to the smaller zonal windspeed) for the equivalent Ky, reaching a

maximum of 0.56 Kms~': thus the heat transport due to this mode is
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about 20% of that by the n =73 mode with equivalent diffusion
coefficient and the same zonal windspeed, which is not negligible. As
for n = 7, the heat transport is a maximum for K given by a damping
time somewhat longer than % days, in this case around 15 days. 1In
general, the behaviour of this mode is similar to that of the n =7

mode.

6.2.5 1n = 11 mode.

With U = 5ms~', again larger than U,, the variation with Ky of
the heat +transport at the surface, shown in Fig. 6.10, produces
interésting results. The maximum heat transport of 1.3Kms~' is for
Ky = 0.15 w105mls'J, which represents a 25-day damping time. When K,

[y -
reaches 0.3 x10 mzss

the $ransport in the middle troposphere starts
to  turn negative, this region extending up and down until
Ky = 0.55 X10;mls", by which time the heat transport at all heights
is negative. The heat transport at the surface reaches its largest
negative value for Ky = 1.1 x10§mzs"'; thereafter the (negative)
transport decreases at all heights. This means that with K, equal to
its 5-day (of even 7—day) damping time wvalue, the heat transport is
negative (equatorwards); however it 1is not clear whether the same

damping time applies to these higher modes as to the untrapped modes.

Typical vertical profiles for different K,'s are shown in Fig. 6.11.

Fig. 6.12 shows how this variation with X, comes about. As with
the n =7 and n = 9 modes, increasing K, decreases.the amplitudes of
the surface pressure and temperature fields, and causes Ytoth to
retrogress (twice as fast as in the case of n =7 for equivalent
damping times). They retrogress in  such a way that for

KH = O.53x’10;mls_' the phase difference betweén temperature and
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meridional wind fields becomes larger than 90°, their correlation
negative, and hence warmer air is transported equatorwards, colder air
polewards. Thus, whereas for n = 7 there is significant poleward heat
transpo%t for a wide range of Ky's, for n = 11 this exists only for

small Ku.

6.3 Conclusions.

For all modes, the effect of introducing diffusion of potential
vorticity into the model is to decrease the amplitude of the surface
temperature and meridional wind fields, to shift their phases
westwards, and +to modify their relative phase; significant heat
transport beccmes limited to the troposphere. With subceritical gzonal
windspeeds the heat transport is invariably reduced considerably by
diffusion of potential vorticity; only with supercritical =zonal
windspeeds is the heat transport enhanced by this diffusion. This
enhancement is maximised when the diffusion coefficient represents =z
damping time considerably in excess of that believed to apply in the
atmosphere; with a damping time of 5 days only two medes yield
positive (poleward) heat transports at supercritical zonal windspeeds,
namely n =7 and n = 9. However, this result must be treated with
caution, as the damping time appropriate to the higher modes is net

necessarily the same as for lower modes.

The number of untrapped mcdes is small compared to the number of
trapped modes, and the thermal forcing contains significant components
due to¢ these higher modes, so that it is reasocnable to suggest that
the higher modes, when summed together, produce a major part of the

poleward heat transport. However, from this simple model it seems
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that the region of parameter-space in which transient eddies enhance
the stationary wave heat transpert is relatively limited, so that the

effect is likely to be swamped by other variations.

There 1s a more fundamental objection +to the hypothesis
formulated at the beginning of this chapter. The modes whose heat
transport is enhanced by transient eddies, and which could therefore
produce large wintertime stationary wave heat transports in the
troposphere due to this, are invariably trapped below the stratosphere
by the zonal wind: hence the transient eddies will have no effect on
the stratospheric stationary wave heat transport, and we should not
therefore expect this to rise as it deces in the troposphere. However,
it was shown 1in Chapter 2, Section 2.3.2, that din winter the
stratospheric stationary eddy heat transpert is large, indeed the
increase from summer té winter is much more marked than in the
tropocsphere. It was stated that this is due to upward propagation of
tropospheric staticnary waves, which seems likely; therefore the large
stationary eddy heat transports observed in the troposphere in winter
cannot be produced by the effect of transient eddies acting on the
stationary wave field, since it is only the non-vertically propagating
waves whose heat +{ransport is +thus enhanced. Alternatively, the
wintertime stationary wave heat +transports are not the result of

upward propagation from the troposphere, but this seems unlikely.

We cannct firmly conclude from this that the rise in stationary
eddy heat transport in winter while the transient eddy heat transport
remains roughly constant is not due to the stationary eddy transport
being enhanced by the transient eddies, however from this simple model
it seems unlikely. A deeper investigation might loock at the effects

of taking a heating function more realistic than one Fourier mode, as
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well as including orography and surface friction, and also of allowing
vertical shear in the zonal wind so that the 2zonal windspeed is

realistic at all heights.
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CHAPTER 7. CONCLUSIONS AND SUGGESTIOKS FOR FURTHER WORK.

It has been found that a knowledge of the zonal-mean temperature
field is not sufficient to define uniquely the eddy meridional heat
flux at any time of year. Conventional partitioning of this into
stationary and transient components reveals that the transient eddy
sensible heat flux is almost independent of meridional entropy
gradient {except in summer), which is often used to parameterize that
flux in climate models. The total eddy sensible heat flux is more
closely related +to meridioral entropy gradient, but nevertheless
displays two-valued behaviour with respect to this, which is accounted
for by the annual variation of the stationary eddy component of the

flux.

It 1is inappropriate +to wuse meridional entropy gradient to
determine the stationary eddy flux,- as +this 1is a result of
longitudinal rather than 1latitudinal variations in +temperature
structure. For October to April, this flux is closely related to the
contrast in diabatic heating bgtween land and oceans. Similarly, the
annual variation of meridional entrop& gradient is closely related to
the difference in gzonal-mean diabatic heating between tropical and
high latitudes. The annually-varying forcing mechanisms for each are
different in nature, though- linked; the annual variations in
stationary eddy heat transport ana in entropy gradient can be regarded
as separate responses to these.different forecing mechaﬁisms, rather
than stationary eddy heat transport being a function of meridional
entropy gradient. Both exhibit time-lags with respect to changes in
forcing: that in entropy gradient is longer, probably because this is

modified by the eddy hemt transport.
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Use of a time-dependent model would be useful to investigate
whether the observed cycles of variation can be reproduced in such a
model, and in particular to study the interaction hetween meridional
eddy heat transport and entropy gradient, as well as their response

times to changeés in forcing.

This still leaves the problem of transient eddy heat fluxes: how
can these be parameterized 1in both 3zonal-mean models and those
calculating explicitly longitudinally—vérying fields? In particuler,
further work is needed to understand the develcopment of transient
disturbances on long-wave fields, and how in a time-dependent model
the long-wave field acts upon itself, for instance via generation of
transient eddies. Such work would make possible revised
parameterization schemes for transient baroclinic eddies, as well as
revealing the nature of the interaction betwen stationary and

transient eddies.

As regards the problem of whether the conventional distinction
between stationary and transient eddies represents a distinction in
physical mechanisms, the present study suggests that this is for the
most part velid, in that observed variations in stationary eddy heat
transport can be accounted for without reference to transient eddies,
which may depend in the first place on the long-wave field but
represent a distint class of physical behaviour (ie baroclinic
instability). However, it 1is ©possible that a small but not
insignificant part of the meridionzl heat flux apparently due to
stationary eddies is in fact a result of transient eddiés developing

in preferred locations on the long-wave field.

This study has also demonstrated the important role of the oceans
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in determining atmospheric eddy heat fliluxes, via the transfer of

energy from oceans to atmosphere.

With the advent of many years' satellite radiation data, and
recent studies presenting surface flux statistics, a much-refined
atmospheric energy budget could be carried out to determine the
diabatic heating more exactly as a function of longitude and latitude.
This might lead to a better understanding o¢f causes of interannual
climate variatidn, if such variations in the étmospheric circulation
can be demonstrated to be closely correlated with changes in the top
and bottom (vertical) Ienergy fluxes. In the present context, the
intra-annual variation of the eddy heat fluxes might be explained, and
the reason for the presence or absence of @ sharp February-March fall

in this established.
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APPENDIX -- DERIVATION OF MODEL EXPRESSIONS.

The expressions for A, C and v given in Egs. (6.4} - (6.6) are

derived as follows.

Substitution of WV from Eq. (6.3) into the potential vorticlity

terms in Eq. {6.1) gives

<

L :.’37'
[VH'\_V " e 03

2

2 . X
} = (% + QYY) aelfE 200 ly

- (- thﬁ) Celkxe—bzcos 1y (A1)
where
W= (1 o+ 17)

2
f,"/gB

E-»]
1]

Sustituting this and the expressions for ¥ and S into Eq. (6.1)

yields

{[-ikU(Y: + Q°0%)] + ikﬁ}AeiVZ + [[-ikU(D" = @%*) ] + ikp}Ce'bZ

-7 KHF)NL,(Q\Z + QZ»?') Aeivz + KHT( T_ szz) Ce—bz _ f.,BbS. e-bz (42)

. iy -b
The terms in e 2 and e 2 are now separately equated:-

[[-1kU( + Q%% )] + ikf&} = K, NN+ Q%) (43)

[L-ai0(3" - Q76T + sxple = [, N(A' - @'oD) o - L (44)

Use (A4) to obtain an expression for C:-

R "o R
Writing %%%L) =Band (W - Q1) =% leads to
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{Ex “i (N - )} ¢ - gt
B

2z
P; (———-E';*) < (1 + W) =

I

Now, writing ( ¥ - U)

fobSa
kURBP

we obtain (w +1i) ¢

Multiplying by {W - i) and rearranging gives

_ fobSe (w'- i)
c = kUBXP (45)

Writing ¢ = |cle™E, we rind

bS
el = eiter (A62)
= tan_1(-1/W) + n1TT (A6b)
n, =0 if P>0
where
n, =1 if P<(Q

We now solve for vy, using Eq. (A3), which can be rearranged in

the form
QVHE + 1) = -ENG + 1(-5— -')1)

U

whence Q2y1(1 + EY) = {-Erkz+ i @3 - ﬁz)} (B - i)
Uy
Writing (1 + E¥) = ¥ and -ﬁ—'= T gives

1z _ ﬁ 2 o ) |
QyF—(—U——F'X 1E13— (A7)
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2 _ B {[1 - PP +iE]
and hence vy = 573{ 7 }
Expressing this in the form » = | vzlei¢, so that v = IVIevaa
and lvl = 4|?2|, gives
|l1 2 I/k.
(B [F + T°F - 27]
[»] “(653) { T (A8a)
= -tl_E
@ tan {1 = ST} (A81D)
To obtain A, we first rewrite Eq. (6.2) in streamfunction form:-
U.ﬂl ﬂ + wB = KHL%z ’ﬂ) + 8 (49)
3%\ YA

Substituting for V¥ in this yields

+

L
{-Ukv + 1K u}Ae”z + B = {[Kﬂfb 5

itkble + §§’—} ¢ b2

Using the lower boundary condition w = 0 at z = O and dividing through

by Uk yields

+

-{(1 - iE)v}4a = {(E + i) bC f_g%k_]

gSo
f, Uk

Writing = G and multiplying by (E -~ i) gives

-FvA = i{SbC + G(E - 1)}



G b
whence A = -[”5} - 1{70 + g—%—}

Extracting the factor 1/v from this and substituting for C from

Eq. (A5) gives

_-af[1 + Q*p T v*v | E
A= 'u’{[s XPZ:I +l[ XF 'S

riting = D°, replacing y its complex form and putting
W't'%Dl lacing ¥ by it lex f d putting A

into the form

-IA]JIW+ X -¢2)

A=
gives
bi
|4l = Eﬁul {1 + D [spx + 201 «m)]}° (410a)
£ i Dw
X = tnn"1 Lé______;J (410D)

5+ 9]

The expressions for A, C and v given in Egs. (A10), (A6) and

(A8) respectively are those used in Chapter 6.
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