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ABSTRACT

Thermal forcing feedback is proposed to be an important mechanism in middle and high latitudes in
determining the low-frequency variability of the stationary wave structure. The total diabatic heating in
the atmosphere is not due solely to the fixed longitudinally varying heat sources but also depends on the
flow field itself. As a first approximation to this complex process, a heat flux which is proportional to the
low-level temperature of the atmosphere is incorporated into a multi-level, steady-state, linear primitive
equation model on a sphere. It is shown that, for deep vertical distributions of middle- and high-latitude
diabatic heating, the inclusion of this feedback significantly amplifies the local and remote response. For
shallow vertical distributions of middle- and high-latitude heat sources, the significant increase of amplitude
is confined to the local response while the remote response is damped. The remote response due to tropical
forcing is dramatically damped regardless of the vertical distribution of the heating.

1. Introduction

An important part of the time-mean circulation
of the Northern Hemisphere troposphere and lower
stratosphere consists of planetary-scale waves, par-
ticularly in the winter season at middle and high
latitudes. The major sources of these waves were
identified in the works of Charney and Eliassen
(1949) and Smagorinsky (1953) to be the earth’s
topography and thermal forcing. Since these early
works much has been done to try to isolate the effects
of various forcings and to simulate the observed sta-
tionary wave structure with models of varying de-
grees of sophistication. Surprisingly realistic ap-
pearing simulations of the observed Northern Hemi-
sphere wintertime stationary waves have been made
with linear, steady-state, two-level models forced by
the earth’s topography and estimates of the diabatic
heating (Derome and Wiin-Nielsen, 1971; Egger,
1976a,b).

One of the goals of research in the theory of sta-
tionary waves is to understand and predict the ob-
served interannual variability in the stationary wave
structure which has such important economic and
social consequences, Sea surface temperature anom-
alies and other anomalous diabatic heat sources have
been incorporated into general circulation. models to
investigate their effect on the middle- and high-lat-
itude circulation (Rowntree, 1972, 1976a,b; Chervin
et al., 1980). It was generally found that low-latitude
sea surface temperature anomalies created a greater
remote response than did high-latitude anomalies on
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the middle- and high-latitude circulation. The com-
plexity of the general circulation models, however,
makes it difficult to isolate the mechanisms by which
the anomalies affect the stationary wave structure.
Hoskins and Karoly (1981), using a linear, multi-
level, steady-state primitive equation model, also
found tropical heating anomalies to be very impor-
tant in producing midlatitude stationary wave
changes. They applied ray tracing theory to a spher-
ical barotropic atmosphere to explain the great gircle
wave paths, the trapping of shorter waves on the
equatorward side of a jet, and the poleward ampli-
fication of the wavetrain which has been noted by
?pstec;gh and van den Dool (1980) and Webster
1981).

There is considerable observational evidence, at
least in the Pacific sector of the Northern Hemi-
sphere, of dynamical links between the tropics and
midlatitudes (Bjerknes, 1966; Wallace and Gutzler,
1981). Namias (1976) and Davis (1978) have shown
that middle- and high-latitude summertime sea sur-
face temperature anomalies can play an important
role in the quasi-stationary wave structure of the fol-
lowing winter. Charney and Devore (1979), on the
other hand, have proposed that dynamical coupling
between topographically forced waves and the zonal
mean flow can provide a dynamical explanation for
some of the low-frequency variability of the plane-
tary wave structure observed in midlatitudes. In this
paper, we will argue that coupling between mid-
latitude heat sources and the stationary wave flow
field may be as important as remote forcing from the
tropics or midlatitude topographic forcing in pro-
ducing low-frequency variability of stationary wave
structure in midlatitudes. This argument consists of
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two parts. The first is to point out some of the weak-
nesses of the “multiple equilibrium” and “remote
forcing™ hypotheses, and the second is to illustrate
how thermal forcing feedback might operate and
provide estimates of its potential importance. The
latter part is the main body of the paper; the former
will be discussed here and in Section 6.

The spectacular behavior of the model of Charney
and Devore (1979), which produces two or more very
different equilibrium states for a single set of forcing
conditions, is strongly dependent on the sharp reso-

-nances inherent in beta-plane models and on the
amount of dissipation present. As the results of Hos-
kins and Karoly suggest, sharp resonances on a
spherical earth are much less probable than they are
on a beta-plane. The probability that a ray path orig-
inating at a particular source of excitation will travel
around a latitude circle and return to reinforce itself
is fairly small. Rays which do not follow a latitude
circle will enter the tropics before returning to the
source region and, even if there is a reasonably ef-
ficient reflection from the tropics (which seems un-
likely but can’t be ruled out), dissipation will have
so severely reduced the energy of the wave along the
ray path that reinforcement will not be significant.
Held (1982) has pointed out that, even for beta-plane
models, the presence of realistic dissipation greatly
reduces the importance of resonance conditions.

The effect of realistic values of dissipation of var-
ious types will be investigated here. It will be shown
that dissipation greatly reduces the amplitudes of the
midlatitude response to forcing in the tropics. How-
ever, because of the nature of the dynamical response
to thermal forcing in midlatitudes, some forms of
what at first appear to be dissipation mechanisms
can actually enhance the planetary wave response.
For example, Hoskins and Karoly (1981) found that
low-level temperature perturbations forced by a mid-
latitude deep thermal source were negative in the
vicinity of the source. This is in sharp contrast to

deep tropical heating which produces warm air in -

the vicinity of the source, If a sensible heat flux
mechanism is included which is proportional to mi-
nus the low-level temperature perturbation, the ef-
fective thermal forcing at midlatitudes should in-
crease while the effective tropical forcing should de-
crease.

To understand how the phase relations between
heating and low-level temperature arise, we examine
here the response of a baroclinic atmosphere to var-
ious forcings as predicted by the linearized beta-
plane vorticity and thermodynamic equations. Fol-
lowing the development of Hoskins and Karoly, these
equations may be written as

ug + pu' = fw,

fav, - fu + wN? = Q.

(1)
(2)
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To determine the response to various forcings,
Hoskins and Karoly scaled these two equations in
order to predict the magnitude of the resultant me-
ridional velocity. The mechanism which requires the
smallest meridional velocity is assumed to dominate.
The important scaling parameters are H, = #/u,, Hy
= Q/Q., the vertical scales of the mean zonal
wind and heating, respectively, and v = v,/vy
= f2(BN*HyH)™', the ratio of the meridional ve-
locity when vertical advection dominates to the me-
ridional velocity when horizontal advection domi-
nates (H is the minimum of H, and Hyp).

The following arguments assume that the domi-
nant stationary waves are of planetary scale, i.e., K
< K (K is the total wavenumber and K the sta-
tionary Rossby wavenumber). However, in the model
used in this study, the meridional scale of the wave
is not specified but allowed to be determined by the
model itself. The actual model solutions will always
be such that K ~ K. The dominant waves will have
K < K in the lower troposphere where zonal winds
are weak and vertical propagation is allowed for the
longest waves. Thus the following scaling arguments
assume that the planetary-scale wave is the dominant
one near the surface, keeping in mind that advection
processes associated with the higher wavenumbers
may also be important.

In the tropics, where usually ¥ < 1 and when Hy,
> H,, a deep thermal source is balanced by rising
motion. The vorticity balance for planetary-scale
predicts a trough to the west of the source at lower
levels which will advect warm air from the south
across the source. Because the vertical velocity and
heating are small near the surface, the low-level tem-
perature perturbation is positive to the west of the
source so that zonal advection (7 < 0 at low levels
south of about 25°N) can balance the warming due
to the meridional advection. '

In midlatitudes, vertical advection of heat is much
less important. Usually ¥y >1 and deep thermal

-sources are balanced by meridional advection of cold

air. Thus at low levels, there should be a trough
downstream of the source. The vorticity balance for
planetary-scale waves predicts sinking motion over
the source while the thermodynamic energy balance
predicts cold air downstream at the lower levels. For
a shallow source at midlatitudes, i.e., Hy < H,, the
low-level temperature perturbation reverses to that
zonal advection can help balance the low-level heat-
ing. The low-level trough remains downstream with
sinking motion over the source.

Orographic forcing which is important in middle
and high latitudes is introduced by replacing Q with
—u(dh'/dx)N? at the surface. Here A’ is the oro-
graphic height. This will produce upslope cooling and
downslope warming which for long wavelengths will
be balanced by meridional temperature advection.
Thus an anticylone will exist over the mountain. The
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vorticity balance, however, predicts that the gener-
ation of anticyclonic vorticity by fluid columns being
squashed on the upslope should be balanced by an
equatorward advection of the earth’s vorticity for
long wavelengths. A similar balance exists on the
downslope which leads to the generation of a cyclone
over the mountain at low levels. As Hoskins and
Karoly have pointed out the meridional temperature
advection dominates for long waves in a baroclinic
atmosphere with the anticyclone about a quarter
wavelength upstream of the mountain. We note that
the vertical propagation of the long waves with their
associated westward tilt with height implies that the
warmest air at lower levels will be upstream of the
anticyclone.

_ In summary, this simple analysis predicts that a
deep tropical source will produce a warm trough to
the west of the source with rising motion over the
source. A deep midlatitude thermal source should
produce a cold trough downstream (to the east) with
sinking over the source. A shallow midlatitude source
also produces a trough downstream but with warm
air downstream. A midlatitude mountain produces
a dipole pattern with the ridge, warm air and rising
motion upstream (to the west). -

The magnitude and location of the longitudinally
varying heating of the atmosphere is not fixed by the
lower boundary conditions, but depends also on the
flow field itself. The phase relations discussed above
suggest that the interplay between the heating field
- and the stationary wave response might be a source

. of sensitivity, since the stationary wave response can
act to increase the thermal forcing. In middle and

high latitudes, surface heat exchange is a more im-
portant feedback mechanism than latent heat release
due to large-scale vertical motion. This is because
in middle and high latitudes vertical motions are
generally weak on planetary scales, the phase of the
vertical motion is often such that little or no rein-
forcement of wave amplitude results, and the latent
heat content of the air is much less than in the tropics.
At the same time air-sea temperature contrasts are
greatest in middle and high latitudes. As a first ap-
proximation to the more general adjustment process

between the flow field and the heating field, we as-

'sume that the heating field is composed of a fixed
part which is externally imposed, and a part which
represents the change in sensible heat exchange at
the surface due to the low-level temperature pertur-

bation associated with the stationary wave.

The effective magnitude of deep midlatitude forc-
ing should be increased due to a sensible heating
feedback mechanism, while the effective magnitude
of tropical heating should be decreased. It is also
possible to parameterize latent heating at midlati-
tudes to be proportional to the low-level temperature
perturbation. As is regularly seen in the winter over
the middle and high latitude oceans, particularly over
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the western boundary currents, cellular convection
develops in the cold air masses behind cold fronts or
other large cold air outbreaks. In contrast to the la-
tent heating scheme employed by Webster (1981)
in which the latent heating was proportional to the
vertical velocity, middle- and high-latitude thermal
sources should produce positive feedbacks from this
heating while low-latitude thermal sources are
damped. :

D66s (1962) examined the response of a geo-
strophic beta-plane channel model to highly idealized
diabatic heating, including sensible heating which
depended on the resultant flow. For the specified
wavenumber which he used (zonal wavenumber 2
and meridional wavenumber 6), the inclusion of the
sensible heating with a shallow vertical distribution
resulted in reduced amplitudes and westward shift
of the low-level response. This was caused by his
choice of wavenumber, mean zonal wind and vertical
distribution of the heating, which caused the warmest
air to lie just downstream of the forcing (without the
inclusion of the flow-dependent heating). Thus the
inclusion of sensible heating which was proportional
to minus the surface low-level temperature pertur-
bation reduced the total diabatic forcing and caused
it to shift slightly westward.

To investigate the importance of sensible heat
feedbacks on forced planetary-scale stationary waves,
we will utilize a spherical, steady-state primitive
equation model. We will be interested in the local
as well as the remote response to various forcings,
including the sensible heating. To incorporate this
boundary layer process and to allow for possible short
vertical scale responses requires good resolution in
the lower troposphere. We will use a 12-level model
linearized about an analytic representation of the
Northern Hemisphere winter mean zonal wind. Sec-
tion 2 and Appendix A give the model details. In
Section 3 we examine the response to various forcings
without any feedback mechanisms, while in Section
4 we examine the response due to including sensible
heating. Section S deals with the effects of realistic
damping mechanisms and finally in Section 6 we
discuss these results and their implications for the
real atmosphere.

2. Model details

We present here a brief description of the model.
Detailed derivations and numerical methods are pre-
sented in Appendix A. The linearized momentum,
thermodynamic energy and continuity equations, in
pressure coordinates on a sphere, are written as

ow  _a dw . 0u
ot . acosgp A op
L 1 ¥
—_ il r_ I, 3
a cos¢ A +2Zv Kgu 3)
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FiG. 1. Latitude-pressure section of the mean zonal wind (con-
tour interval 5 m s™'). The vertical axis is pressure (mb) and the
horizontal axis is latitude (degrees). Negative values are dashed.

o' @ v
8t acosg O\

cos¢p 9 , _ :I
— 4 ' _ '
[Z 2 96 (ii/cose) lu' — Kgv', (4)
00¥, @ 00w
dt dp acos¢p I\ dp
. da RO’ ¥
=fv'— — ow — —a—, (5
ap prC, dp )
1 odu’ 1 a do’
—_— —_ 4 + — =
acos¢ AN  a cose d¢ (" cosg) ap 0, (6)
where
d
Z =2Qsing — —(a
Q sing o c0sp 39 (7 cosg)

is the basic state absolute vorticity, Kz the Rayleigh
friction coefficient, o the Newtonian cooling coeffi-
cient and Q' the diabatic heating rate; u’, v’ and
&’ are then expanded in Fourier series of the form

¥ = Re{2 ®(¢, p) expli(m\ + wt)]}, (7)

where & is in general complex. After substituting
(7) into Egs. (3), (4), (5) and (6), a single equation
in ® is formed.

This equation, along with the top and bottom
boundary conditions, are finite-differenced along the
vertical and meridional directions using centered dif-
ference schemes. Combined with the northern and
southern boundary conditions, this yields a system
of simultaneous algebraic equations which can be
cast in block tridiagonal form. The system of equa-
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tions is then solved using a block tridiagonal method
(Isaacson and Keller, 1966).

The northern boundary condition is &5’ = 0 at all
levels where ®,/ is ®(p) at the North Pole. At the
southern boundary, a symmetric condition is applied
such that ®,/ = ®,,.,' where ®, is ®(p) at the south-
ernmost point. Thirty two grid points are used in the
meridional direction at 4° intervals. The southern
boundary is at 34°S which, because of the tropical
easterlies, will prevent any reflected waves from con-
taminating the solution in the Northern Hemisphere.

The bottom boundary condition, applied at the
second level which is intended to be representative
of the top of the Ekman layer, is

o3
a cos¢ O\

where w' is the geometric vertical velocity, &' the
topographic height which is expanded as -

h' = Re[ X h exp(im\)],

+ WE’,

and w;' the geometric vertical velocity at the top of
the Ekman layer. The top boundary condition is

w’' = 0.

The basic state zonal wind (Fig. 1) is an analytic
profile of a form similar to that used by Tung and
Lindzen (1979b) (see Appendix B). It has the con-
venience of being easily adapted to any vertical or
meridional resolution. The profile is chosen to be rep-
resentative of Northern Hemisphere winter, but.
there are obvious discrepancies. Nonetheless, the in-
tent of this paper is to study the dynamical properties
of certain physical mechanisms without trying to
emulate the observed Northern Hemisphere winter
standing wave patterns, so that an exact represen-
tation of observed zonal winds is not required.

The basic state temperature is chosen to be rep-
resentative of midlatitude Northern Hemisphere
winter. The actual vertical coordinate used is a scaled
pressure coordinate Z = p', where r is a constant.
For r < 1 the pressure increment decreases with
height. The converse is true for r > 1. To insure good
resolution of the lower troposphere we have set r
= 1.1. Table 1 displays the 12 model levels, the pres-
sures, geometric heights and the temperatures. Be-

- cause this is a linear calculation, the total so-

lution is just the sum of each individual wavenumber
solution. Zonal wavenumbers 1-8 are included.
The coefficients of Rayleigh friction, K¢, and New-
tonian cooling, a, are similar in nature to those of
Simmons (1982). K, was set to be zero everywhere
above 800 mb but increased linearly from a value
of zero at 800 mb to a value of (5 days)™* at 1013
mb. This is -intended to represent boundary layer
drag in the absence of an Ekman layer; a was set
to (20 days)™! everywhere below 200 mb but in-
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TaBLE 1. The 12 model levels and the corresponding pressures,
heights and temperatures.

Pressure Height Temperature

Level (mb) (m) (K)
12 0 — 213
11 114 15 259 213
10 215 10 848 215
9 310 8268 222
8 403 6437 231
7 494 5017 241
6 583 3857 249
5 671 2876 255
4 758 2027 261
3 ' 844 1277 266
2 928 607 270
1 1013 0 275

creased linearly from a value of (20 days)™' at 200
mb to a value of (2.5 days)™! at 0 mb.

~ The problem of Rossby-wave, zero-wind line in-
teractions needs to be -addressed. Linear barotropic
Rossby wave theory predicts very large total wave-
number response in the vicinity of the zero-wind line.
This is seen from the well known dispersion relation
for stationary waves: :

K24 P = B/a.

It is not clear how best to treat the zero-wind line
in this linear steady-state model. Linear and nonlin-
ear studies of Rossby-wave interactions with zero-
wind lines (Dickinson, 1970; Geisler and Dickinson,

_1974; Beland, 1976; Warn and Warn, 1978; Tung,
1979) indicate that the zero-wind line inhibits me-
ridional propagation. The nonlinear studies have
shown that the zero-wind line may act to reflect wave
energy. This is in contrast to the linear (viscous)
treatment which will absorb wave energy at critical
lines. Here we adopt the latter result and increase
the damping near the zero-wind line. The realism of
this viscous zero-wind line is questionable; nonethe-
less, lacking a clearly superior alternative we have
adopted the most convenient approach for this model.
The two coefficients. of damping, Rayleigh and
Newtonian, are thus increased above their original
values to 2(ii/cos¢)’ day™' whenever they fall below
this value. This is similar to the damping used by
Simmons (1982) and acts approximately in the same
manner as the biharmonic diffusion used by Hoskins
and Karoly (1981).

3. Preliminary experiments

As a first step in investigating the effects-of low-
level temperature feedbacks, the response of the
model atmosphere -to diabatic and orographic forc-
~ ings is examined. These results are very similar to
those of Hoskins and Karoly (1981) and Simmons
(1982). Thus we will give only a brief summary of
the results relevant to our study. .
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Two vertical distributions of the prescribed dia-
batic heating were used. The first, referred to as the
deep source, was distributed like (p/p,) sin(wp/p,).
It has a maximum heating rate ~ 600 mb. This is
relatively shallow for the observed diabatic heating
in the tropics but it is more realistic in midlatitudes.
The solutions, however, were not very sensitive to
variations of the height of maximum heating in the
range 650-400 mb. The second source, referred to
as the shallow source, was distributed like (p/p,)*
X sin(wp/p,). The maximum heating rate occurs
~850 mb. This distribution is definitely inappro-
priate in the tropics. Both sources were distributed
like cosine squared in an ellipse of major axis 60°
longitude and minor axis 30° latitude. The vertically
integrated heating was set to an arbitrary 350 W
m~2, The deep source has a maximum heating rate
of ~5 K day ' and the shallow source has a maxi-
mum of ~8 K day™'. Fig. 2 displays the horizontal
distribution of the. deep source centered at 15°N at
the level of maximum heating (583 mb). A 2 km
mountain was also employed and was distributed
horizontally in the same manner.

The response to.the deep source centered at 15°N
and 180°E is displayed in Fig. 3. The height per-
turbation at 310 mb (Fig. 3a) attains maximum am-
plitude of ~8 dam at 70°N. The wave paths are
directed strongly poleward and eastward. The almost
perfect in- phase relationship of the heating and ver-
tical velocity in the lower -_troposphere is seen in Fig.
3b (longitude- pressure section of w at 18°N). The .

FiG. 2. The horizontal distribution of the deep diabatic heat
source at 583 mb (the level of maximum heating for this distri-
bution) centered at 15°N and 180°E (contour interval 1 K day™).
The projection is polar stereographic.






