JANUARY 1982

PETER J. WEBSTER

Seasonality in the Local and Remote Atmospheric Response
to Sea Surface Temperature Anomalies

PETER J. WEBSTER
CSIRO Division of Atmospheric Physics, Aspendale, Victoria 3195, Australia
(Manuscript received 1 June 1981, in final form 14 September 1981)

ABSTRACT

Two apparently contradictory situations are provided by observations of the atmospheric response to sea
surface temperature anomalies. These are: (i) The extratropical regions of the winter hemisphere appear
to possess strong teleconnections with equatorial forcing but weak or non-existent connections with local
(extratropical) heating anomalies. (ii) The extratropical regions of the summer hemisphere are quite sensitive
to local thermal forcing but apparently unaffected by the remote forcing from equatorial regions. An attempt
is made to provide a consistent physical picture which simultaneously embraces these two situations.

With the aid of a simple linear model it is shown that the summer hemisphere is more sensitive to local
forcing than the winter hemisphere because it is closer to the diabatic limit of Webster (1981), thus allowing
an efficient energy generation. The winter hemisphere is much closer to the advective limit. The sensitivity
of the midlatitudes to remote (equatorial) forcing is shown to be a function of the relative location of the
SSTA (sea surface temperature anomaly) to the zeros of the basic flow and the magnitude of the midlatitude
westerlies. A hemisphere will become excited by remote forcing if at least part of the low-latitude sea surface
temperature anomaly is located in the weak subtropical westerlies. Given that the latter criterion is met it
is shown that the amplitude of the response and the latitude to which a particular mode is transmitted
depends upon the distribution of westerly winds. The specific situation of El Nifio sea surface temperature
forcing is considered relative to realistic seasonal mean zonal wind fields. The model response is compared
with the gross features of the observed anomalous atmosphere during El Nifio years and a correspondence
found.

Finally, it is argued that the explanation of seasonality in atmospheric response offered in this paper will

41

allow seasonal climate forecasting to be approached with an a priori physical expectation.

1. Introduction

The study of the effect of sea surface temperature
anomalies (SSTA) on the weather and climate of the
atmosphere has received considerable attention dur-
ing the last few years. The popularity of the subject
is not surprising as there were significant indications
in many early studies that real links existed between
the anomalous state of the ocean and an anomalous
response by the atmosphere, conveniently lagged to
allow inferences regarding the future climate state
of the atmosphere (e.g., Bjerknes, 1966; Namias
1973, 1976a; etc.).

The early observational studies provided somewhat
of an ambiguous picture of the interaction of the
ocean and the atmosphere. Namias (1973) and Davis
(1976) reached contrary conclusions regarding the
generality of relationships between sea surface tem-
perature anomalies and the anomalous atmospheric
response. Investigations using large-scale general cir-
culation models did little to clarify the contradictory

observational evidence. Although it is difficult to -

classify the results of many experiments in a simple
manner, perhaps two main areas of results emerged.
Models either did not show a significant response
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when an SSTA was placed in the high and middle
latitudes (e.g., Chervin and Schneider, 1976; Kutz-
bach et al., 1977) or they managed to achieve an
appreciable response when the anomaly was placed
near the equator. Thus, at the same time, the general
circulation models were substantiating the Bjerknes
hypothesis but finding little support for the higher
latitude Namias correlations. Either the general cir-
culation models were behaving inappropriately for
middle latitude SSTA’s or the observational studies
were providing faulty hypotheses to be tested by the
models.

A solution to the paradox was sought by Webster
(1981) who used a linear model which possessed a
scheme which allowed self-determination of the total
diabatic heating field relative to a prescribed SSTA.
He was able to show that the general circulation
models were probably behaving in a manner consis-
tent with the real atmosphere. Anomalies inserted .
into the strong high-latitude equinoctial' basic flow
were shown to effect only a small local response be-

' In Webster (1981), the “equinoctial” field was referred to as
the “annual” field.
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cause of the relative importance of advective effects.
The weak response results from the inability of the
system to generate kinetic energy from the potential
energy produced by the anomaly. The advective ef-
fects were sufficiently strong to allow the phases of
the perturbation. temperature field and the vertical
velocity field to approach quadrature. On the other
hand, the atmospheric response to a low-latitude
SSTA produces a near-optimal energy conversion;
the relatively weak zonal winds allow the heating
anomaly to remain in phase with the vertical motion
response. These two limits of response were referred
to by Webster (1981) as the advective and diabatic
limits, respectively. Similar conclusions can be in-
ferred from Opsteegh and Van den Dool (1980), and
Hoskins and Karoly (1981), although the latter study
presents arguments to show that the magnitudes of
the meridional and vertical advection as well as the
zonal advection also should be considered. That is,
other aspects of the basic flow, besides its magnitude,
may be of importance. It should be pointed out that
Egger (1977) was possibly the first to indicate the
necessity of westerly flow for a strong remote re-
sponse.

The two limits were most likely simulated by the
general circulation models in an adequate manner.
Indeed, if the models had failed to emulate this dy-
namic character of the atmosphere, which depends
on the most basic of balances, it would seem that
there would be little hope for them to simulate almost
any other climatic relationship. The differences be-
tween the observations and the model results for the
middle- and high-latitude anomalies emanates, not
from deficiencies in the model, but from the use of
an inappropriate basic state or, at worst, an inability
to interpret correctly the model results. The results
obtained by Opsteegh and Van den Dool (1980),
Webster (1981) and Hoskins and Karoly (1981) in-
dicate the usefulness of simple models in parallel with
studies using large-scale general circulation models.

The observational studies of Namias (1976b) and
Davis (1978) managed to reconcile some of the ear-
lier differences by recognizing hints of seasonality
in the SSTA-surface pressure anomaly correlations.
Specifically they suggested that significant correla-
tions existed between summer middie- and high-lat-
itude SSTA’s and subsequent local (i.e., middle--and
high-latitude) atmospheric indices. Little or no cor-
relation appeared between the winter SSTA’s and
an atmospheric response either local or remote. As
most of the general circulation models mentioned
above were using annual mean or winter insolation
values which would have resulted in seasonal mean
states similar to the equinoctial or winter Northern
Hemisphere, it is not surprising that the experi-
ments were producing a minimal response to surface
forcing.

In addition to the distinct seasonality of the local
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response to midlatitude thermal forcing, there ap-
pears to be a second form of seasonal response se-
lectivity. Bjerknes (1966) and Namias (1973, 1976a)
have shown that the maximum higher latitude re-
sponse to equatorial SSTA (specifically, the remote
response to central and eastern Pacific Ocean warm
anomalies) occurred in the winter hemisphere. These
observations have been corroborated by Horel and
Wallace (1981).

In summary, the observational data provides two
seemingly paradoxical situations. These are (i) the
extratropical regions of the winter hemisphere ap-
pear to possess strong teleconnections with equatorial
forcing but possess weak or non-existent connections
with local (extratropical) boundary heating anom-
alies, and (ii) the extratropical regions of the summer
hemisphere are significantly sensitive to local ther-
mal forcing but apparently less affected by the re-
mote forcing from tropical latitudes. In the following
we will attempt to establish a consistent physical
picture which embraces both (i) and (ii). In this
manner we seek to extend the study of Webster
(1981) in an attempt to comprehend the effects of
seasonal structures in the basic flow.

2. Method

The method by which we seek the seasonal at-
mospheric response to anomalous surface heating
follows that of Webster (1981). The model used is
the simplest baroclinic prototype of the atmosphere
which retains the ability to include an arbitrary baro-
clinic basic state and thermal forcing. In essence, the
model is a linear, spherical, baroclinic (two-layer)
primitive equation model which is solved for the
steady-state response of a given basic state to a given
initial forcing function distribution.

A major philosophical difference exists between
this study (and that of Webster, 1981) and those of
Opsteegh and Van den Dool (1980) and Hoskins and
Karoly (1981). This is the incorporation of a scheme
which allows the model to determine its own diabatic
heating relative to a prescribed (initial) SSTA. It
was argued by Webster (1981) that such a scheme
is necessary because, ultimately, the major compo-
nent of the diabatic heating Tesulting from the im-
position of a SSTA will be/the associated latent heat
release rather than the direct sensible heat input by
the SSTA. As latent heating is a strong function of
the dynamics of the system, the resultant heating
need not necessarily exist on the same scale as the
SSTA. Indeed, there appears to be much observa-
tional evidence for such differences in scale. In the
tropical Pacific Ocean, for example, the regions of
large-scale precipitation (and presumably the region
of ascending motion and latent heating) is somewhat
smaller than the area of positive SSTA. The dynam-
ics-diabatic heating feedback is described fully by
Webster (1981); because the feedback: is inherently
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nonlinear it requires an iterative technique for so-
lution.

However, there are limitations in the manner in
which the scheme is used by Webster (1981) and the
present study. The feedback on the heating depends
strictly on the dynamic model excited in the system
so that the associated vertical velocity distribution
basically determines the diabatic heating field at the
next iteration. However, we have used a two-layer
system with a perturbation vertical velocity field (and
the diabatic heating) prescribed only at the mid-level
of the model! One may argue that such an assump-
tion is valid for the tropical atmosphere but it must
be considered as a severe restriction for the extra-
tropical atmosphere, where, we may imply from ob-
servations, the response to boundary forcing is quite
variable. Obviously, for a more general study, a
model with more degrees of freedom in the vertical
should be employed.

The restriction can be interpreted as an inflexi-
bility of the model to the testing of the response
sensitivity of the extratropical atmosphere to various
vertical structures of diabatic heating, as considered,
for example, by Hoskins and Karoly (1981). But such
questions fall beyond the scope of this study. Here
we seek merely to explain the relatively greater mag-
nitude of the local response in the tropics and in the
summer extratropics compared to the extratropics
in winter. As the two-layer limitation placed on the
generality of the heating scheme must surely result
in an overestimation of the local extratropical heat-
ing, it should be considered a “worst-case” assump-
tion. In addition, it would seem that it is better to
apply the same heating scheme to both low and high
latitudes, as we have done, than to prescribe total
diabatic heating fields which, in a sense, pre-supposes
a dynamic-diabatic heating feedback.

3. Basic states and forcing functions

The basic state used by Webster (1981) was an
analytic function similar to the mean equinoctial
observed structure. The 250 and 750 mb zonal wind
fields, which correspond in locations to the two model
layers, are shown in the upper panel of Fig. 1. In
addition, the global distribution of the observed
zonally averaged fields for the Northern Hemisphere
summer (i.e., the mean winds for June, July and
August; hereafter referred to as the JJA case) and
for the Northern Hemisphere winter (the DJF case)
and also shown in Fig. 1. Magnitudes in the winter
hemispheres are much larger than those located at
similar latitudes in the summer hemispheres. The
mean tropospheric zonal winds are shown as dashed
lines. The principal comparisons will be made be-
tween the remote and local atmospheric responses
in the summer and winter hemispheres, particularly
in JJA and during the equinox.
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FIG. 1. Latitudinal distribution of the zonally symmetric basic
wind field (units: m s™') at 250 and 750 mb levels for the equinox,
JJA and DJF cases. Dashed line represents the mean troposphere
wind fields and the arrows the locations of the sea surface tem-
perature anomalies.

The experimental format follows Webster (1981).
SSTA’s of magnitude 2.5°C were placed at 0, 5.7,
11.5, 23.6, 36.9 and 44.4°N. In terms of sine of lat-
itude (i) the anomalies were located at 0, 0.1, 0.2,
0.4, 0.6 and 0.7. Except where stipulated the SSTA
was assumed to have a longitudinal wavenumber 1
scale and an e-folding latitude scale of 7° at the
equator. The analytic form of the forcing function
provides the same heat input to the atmosphere ir-
respective of the latitude of its location. The iterative
scheme of Webster (1981) was used until conver-
gence occurred, usually after a few iterations. All
results shown refer to iteration number 11.

4. Results

In order to assess quantitatively the seasonality of
the atmospheric response to SSTA’s, the various ex-
periments will now be detailed. Experiments were
performed using the JJA basic state the results of
which were compared with parallel experiments us-
ing equinoctial conditions. The physical processes
which determine the seasonally varying local and
remote effects uncovered in this section are discussed
in detail in Sections 5 and 6. Details of the equi-
noctial season case are given by Webster (1981).

Fig. 2 illustrates the variation of the converged
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F1G. 2. Vertical velocity distributions relative to the location of the center of the
initial sea surface temperature anomaly indicated by the solid circle (units: 1073

Nm2s™).

vertical velocity response for the six cases described
above for the JJA case. In each diagram the center
of the initial wavenumber 1 SSTA is marked as a
solid circle. With the SSTA located at the equator
the response is large and constrained to the equa-
torial region except for a weaker remote response
into the Southern Hemisphere subtropics. The ver-
tical velocity response at high latitudes is very weak
in both hemispheres. As the anomaly is moved pole-
ward the local vertical velocity response remains rel-
atively strong and only when the anomaly is located

at high latitudes (e.g., po = 0.6 or 0.7) does the ver-
tical velocity weaken considerably. This is accom-
panied by a considerable phase shift of the vertical
velocity field relative to the initial anomaly location.

A comparison between the vertical velocity re-
sponse for the JJA and equinoctial cases is presented
in Fig. 3. The figure plots the maximum vertical ve-
locity at a particular latitude as a function of SSTA
location (uo). The diagonal dashed line denotes the
location of the anomalous surface heating. Compar-
ing the local responses we find that the vertical ve-
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F1G. 3. Vertical velocity response extrema (units 107> N m™2

s!) plotted as a function of u (sine of latitude) for various North-
ern Hemisphere anomaly locations. Diagonal dashed line denotes
the anomaly position.

locity is much stronger in the JJA Northern Hemi-
sphere than during the equinox. Neither season
shows a marked remote response which probably is
a result of the barotropicity of the remote response
rather than real similarities between the seasonal
response. The equivalent barotropic nature was a
marked property of the remote response observed in
the studies of Webster (1981) and Hoskins and Ka-
roly (1981).

The nature of the seasonal differences in the ver-
tical velocity response is underlined by a comparison
of the magnitudes of the converged heating fields in
Fig. 4. At low latitudes the heating field is slightly
greater during the equinox than during JJA. Both
seasons show a general reduction of diabatic heating
toward the pole, reducing at very high latitudes to
the initial magnitude of SSTA heat input referred
to as the “base” heating. However, at moderately
high latitudes the JJA diabatic heating is substan-
tially larger; in fact by over 50% for the u, = 0.6
case.

The most important feature of the atmospheric

response is the comparative location of the heating
anomaly and the vertical velocity maximum as is
their relative phase which will determine the mag-
nitude of the local response (Webster, 1981). Spe-
cifically, the phase difference is an indication of
whether the response will be closer to the “diabatic
limit” or the “advective limit”. For equinoctial con-
ditions the longitudinal phase differences increased
rapidly as the SSTA was moved progressively pole-
ward. The w — Q phase relationships are shown for
both seasons in Fig. 5. In the Northern Hemisphere
during JJA « and Q remain much more in-phase
when the anomaly is located at high latitudes than
during the equinox.

Examples of the geopotential and velocity response
for the JJA case are shown in Fig. 6. Velocity scales

WEBSTER 45

2007 T T T T 171
150

Q

T 100
50
oLt 11 Lt 11

0 05 10

Ko

FIG. 4. A comparison between the converged total heating (units:
107* J s7' kg™") for the JJA (solid line) and equinox (dashed line)
cases as a function of latitude. Horizontal dashed line denotes the
base maintained anomaly heating.

are indicated on each diagram. The fields may be
summarized as follows. With the anomaly at low
latitudes a large local velocity response occurs in a
manner similar to the equinoctial case. At low lati-
tudes the geopotential response is small while the
magnitude of the velocity field is large; a relationship
which we may have anticipated from traditional scal-
ing augments. However, the remote geopotential re-
sponse is only large in the winter (southern) hemi-
sphere and nearly absent in the summer (northern)
hemisphere. As uo increases the local response in the
Northern Hemisphere grows in intensity but the re-
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F1G. 5. A comparison between the equinox and JJA cases of the
phase lead of the vertical velocity over the heating anomaly. The
solid line indicates the phase lead relative to the initial sea surface
temperature anomaly and the dashed line shows the phase lead
relative to the converged total diabatic heating.
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. FIG. 6. The fields of perturbation velocity and geopotential response at the 250
level for the JJA case for the SSTA located at u, = 0, 0.2, 0.4 and 0.6. Vectors

less than 0.5 m s™' are omitted.

mote (winter hemisphere) response gradually de-
clines.

A comparison between the JJA and equinoctial
geopotential responses is made in Fig. 7. It is most
evident that the local geopotential response for the
middle- and high-latitude locations of the anomaly
are considerably stronger in JJA. Furthermore, the
remote response in the Northern Hemisphere to
equatorial forcing is weaker than in the equinoctial
case. However, the magnitude of the remote response
in the Southern Hemisphere for equatorial anomalies

is substantially larger than the forcing during the
equinox. In that sense the model is showing similar
characteristics to the observed response structures
which we noted in the Introduction.

5. Interpretations

a. Seasonality in local response

An explanation of the seasonality of the local re-
sponse noted in the last section follows directly from
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FIG. 7. Geopotential response extrema (units: m) for the JJA
and equinox cases plotted as functions of u for various anomaly
locations. Diagonal line denotes the anomaly location. R denotes

region of strong remote response.

interpretations of the conclusions of Webster (1981).
As summarized in the Introduction, Webster em-
phasized the importance of the magnitude of the
basic wind in determining the magnitude of the re-
sponse. Crudely, the relationship is inverse. With the
SSTA placed in the strong midlatitude westerlies,
as in the equinox case, the local response is weak
because an advective limit is approached. Conse-
quently, when the basic zonal winds lose intensity as
the hemisphere approaches summer, the effect of the
SSTA is magnified as the atmospheric response
changes from a strong basic-state advective response
to a weak basic-state diabatic response.

A schematic of the local response of the atmo-
sphere to the imposition of a SSTA is shown in Fig.
8. Examples of the relative phase of the variables for

the low-latitudes (either season), the midlatitudes

during summer (weak zonal winds) and the midla-
titudes during winter (strong zonal winds) are pre-
sented. The top and bottom diagrams illustrate the
diabatic and advective limits of response discussed
by Webster (1981). Such configurations correspond
to a strong direct circulation in the diabatic limit
. (w, T and Q in phase) and to a very weak or mar-
ginally direct circulation in the advective limit (w,
T and Q nearly out of phase). In the former case,
the configuration allows the development of the sec-
ondary heating (via diabatic heating-dynamics feed-
- back) in phase with the perturbation temperature.
In the latter case, the secondary heating cannot de-
velop as the quantities are advected out of phase by
the strong zonal winds. During summer (middle dia-
gram), with relatively weak zonal westerlies, the

phase relationships allow the development of a mod-
erately strong direct circulation and a correspond-
ingly strong local response.

The variation between an advective response in
winter to a near-diabatic response in summer pro-
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FIG. 8. A schematic representation of the relative locations of
the initial SSTA (marked Q) and the perturbation vertical velocity
field (W) and the temperature field (T) plotted as functions of
longitude. The relative locations determine the vigor of the gen-
eration of the eddy available potential energy and its conversion
to kinetic energy and, consequently, the magnitude of the local
response of the atmosphere. Typical low-latitude, midlatitude sum-
mer and midlatitude winter examples are shown.
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F1G. 9. The distribution of total wavenumber K of Hoskins and
Karoly (1981) which defines turning latitude of a poleward prop-
‘agating model plotted as a function of latitude for the Northern
and Southern Hemisphere of the JJA case. Vertical lines denote
the locations of the mean tropospheric basic wind zeroes.

vides some clues to the Namias-Davis correlations.
In effect, an anomaly located in the midlatitudes
during summer will perturb the atmospheric struc-
ture to a greater degree than in winter because the
dynamic feedback will keep the initial anomaly and
response reasonably in phase.

b. Seasonality in remote response

The amplitude of the remote response appears to
depend upon a number of factors. The most impor-
tant of these are 1) the location of the heating source
relative to the zeros of the basic zonal wind, and 2)
the magnitude of the basic zonal wind.

The location of the anomaly relative to the basic
state zeros is critical as it determines whether or not
the mode response is- oscillatory or exponential in
latitude. An anomaly embedded completely within
the equatorial easterlies may only excite equatorial
Kelvin modes which possess a vanishingly small me-
ridional velocity component (Webster, 1972). In the
inviscid limit the latitudinal structure of the modes
is purely exponential so that the frequency of the
Kelvin wave and, consequently, its group velocity
vector, is independent of latitude. Due to its non-
dispersive nature viewed from a stationary perspec-
tive, the group velocity is independent of longitudinal
aspect, and energy may radiate away from the source
only in the vertical direction. In this way, the max-
imum response remains local to the region of forcing.
In a viscous system the Kelvin wave phase surfaces
become functions of latitude (Chang, 1977) but are
still strongly damped so that even then the mode

remains confined to the equatorial regions. In sum-

mary, an anomaly located within the easterlies can
only force a-local equatorial response,
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If the anomaly resides either partially or whoily
within the weak subtropical westerlies, the form of
the forced modes will change substantially. Instead
of the latitudinally trapped Kelvin mode, the anom-
aly may force Rossby modes which possess three-
dimensional phase surfaces. Thus not only may en-
ergy be radiated vertically (depending on the vertical
structure of the basic state) but also longitudinally
(the modes are dispersive) and, most importantly for
present considerations, latitudinally. Thus assuming
the westerlies are sufficiently weak to allow a sig-
nificant local response (see Section 5), the modes
may provide a substantial remote response at higher
latitudes as well. Propagation toward lower latitudes
is limited, of course, by the existence of a U = 0
critical line for stationary modes.

In order to understand the strong scale dependence
of the propagating modes into the winter hemisphere
we adopt Karoly’s (1978) and Hoskins and Karoly’s
(1981) total (or stationary) wavenumber (K) which
is defined as the ratio of the meridional gradient of
the absolute vorticity and the angular velocity; i.e.,

= (B,,/U)"%, which sets the turning latitude of
poleward propagating Rossby modes.

Fig. 9 summarizes the JJA K distribution due to
an equatorial forcing with a distribution shown as
the stippled region about the equator. In the South-
ern Hemisphere the heating resides both in the equa-
torial easterlies and the subtropical westerlies (cf.
Fig. 1). However in the Northern Hemisphere the
anomaly is enclosed by the easterlies and being equa-
torward of the critical lines only exponential solu-
tions in latitude may result. Thus it is only in the
winter Southern Hemisphere that the propagating
Rossby modes may evolve. Furthermore, Fig. 9 shows
that modes of longitudinal wavenumber 5 emanating
from near the critical lines may propagate to about

42°S and 55°N, whereas the gravest longitudinal
modes may propagate to 76°S and 85°N.

The effect of the strength of the basic state on the
magnitude of the response enters in the following
manner. Hoskins and Karoly have shown via WKB
methods that the streamfurnction amplitude of the
remote response goes as (K2 — k?)7/% 'where k is
the longitudinal wavenumber. That is, for small k
the remote response goes as (U,,/B,)'/* which em-
phasizes the magnitude of the zonal flow. As a con-
sequence, the amplitude of the winter hemisphere
high-latitude remote response to low-latitude forcing
should be considerably larger than either the equinox
or summer hemisphere high-latitude response. Fur-
thermore, we may infer that the gravest longitudinal
modes will possess maximum amplitudes at high lat-
itudes in the winter hemisphere. It should be remem-
bered, though, that a high-latitude response to equa-
torial forcing will only occur if the weak subtropical
westerlies are directly perturbed by the forcing.

Fig. 10 shows the distribution of the-spectral power
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as a function of longitudinal wavenumber of the geo-
potential response for the u, = 0 (equator) case but
with equal forcing at all wavenumbers. Maximum
amplitudes are denoted by dashed lines. The results
appear to follow the anticipations of the linear theory
quite well. The WKB theory predicts the turning
latitudes for the £k = 1 mode to be near 75°S (see
Fig. 9) with the maximum amplitude at about 60°S.
Strong correspondence is given by the numerical
model though there are resolution problems at high
latitudes; the model is stepped in increments of
u (i.e., sing) rather than ¢.

6. Seasonal response to El Niiio forcing

In the preceding sections we have discussed the
processes which produce the seasonal differences in
the atmospheric response to thermal forcing. We will
now consider a specific situation—the seasonal re-
sponse of the atmosphere to El Niflo type. ocean
warming in the central and eastern Pacific Oceans.
We choose as a guide the 1972-73 El Nifio which
is perhaps the best-documented event of its type. The
anomalous surface temperature distribution was
taken from Wooster and Guillen (1974) and the gen-
eral description of the meteorology from Ramage
(1975). The aim of the exercise is to examine the
seasonal variation in the local and remote response
to the El Nifio event.

The response of the JJA and DJF basic wind fields
described in Fig. 1 were considered. A warm anomaly
of initial maximum magnitude of 3°C was placed to
the east of 180° longitude with a longitudinal scale
approximating that of an isolated wavenumber 3.
The same latitudinal scale as in the other experi-
ments (e-foldirig in 7° of latitude) was assumed. The
location and areal extent of the initial anomaly is
indicated by stippling in Figs. 11-14.
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F1G. 10. The latitudinal distribution of the geopotential spectral
power of the northern summer basic state as a function of lon-
gitudinal wavenumber. Forcing from an anomaly located at g,
= 0 but with a white noise spectral distribution.
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F1G. 11. The 250 mb (upper panel) and 750 mb (lower panel)
geopotential (units: m) response of the JJA basic state to forcing
by an El Niflo-type thermal anomaly indicated by stippling. A
Mollweide projection is used.

a. The geopotential response

The geopotential fields are presented to illustrate
the remote response of the equatorial forcing. Al-
though used often in discussions of model results the
fields are poor indicators of local low-latitude effects.
In any event the geopotential fields for 250 and 750
mb for the JJA and DJF cases are shown in Figs.
11 and 12.

As we should have anticipated from the preceding
section it is the winter hemispheres of both cases
which are most excited by the equatorial forcing; the
summer hemispheres are only moderately affected
and these perturbations are mainly confined to the
subtropics. Furthermore, the maximum response in
geopotential is distinctly downstream from the source
region, as well as far poleward; features which may
have been anticipated from Section 5(b). In the
Northern Hemisphere the maximum high-latitude

_perturbation will occur over the Aleutians and Can-

ada. The largest response in the Southern Hemi-
sphere occurs over the southeast Pacific Ocean with
secondary centers in the southern Atlantic and In-
dian Oceans.

The anomalous geopotential fields appear in agree-
ment in a gross sense with those observational fields
which are available. For example, the locations of
the remote Northern Hemisphere winter geopoten-
tial maxima appear consistent with the results of
Namias (1976b) and Horel and Wallace (1981).
Comparisons are more difficult for the Southern
Hemisphere winter due to the lack of data in the
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F1G. 12. As in Fig. 11 except for the geopotential response of
the DJF basic state to El Niflo-type forcing.

southern Pacific Ocean. However, some consistency
with observation may be seen in the lower tropo-
spheric geopotential fields in the equatorial regions
and the Southern Hemisphere subtropics. The rela-
tively higher pressures over the Australasian region
and lower pressures over the eastern South Pacific
Ocean during JJA and the relative eastward move-
ment of the lower pressures during DJF appear con-
sistent with the Southern Oscillation variation during
El Nifio events.

b. The streamfunction response

The streamfunction fields allow a greater insight
“into the local response of the low latitudes as well
as the remote response at high latitudes. Further-
more, it is one of the fields presented by Ramage
(1975) to show the circulation differences occurring
during the 1972-73 event compared to other years.
Specifically, Ramage calculated the anomalous
streamfunction fields for the 1972 summer (during
the El Nifio year) and the 1971 summer (non-El
Nifio) relative to a 4-year mean field. At low latitudes
Ramage found changes in the sign of the stream-
function field over the western and central Pacific
Oceans and over the Atlantic. Fig. 13, which shows
the streamfunction for the JJA case, indicates anom-
aly patterns which were very similar to those of Ra-
mage. In particular, near the equator in the central
Pacific Ocean, the flow is consistent with a Walker
Circulation withyits ascending branch moved consid-
erably eastward. Both the observations and theoret-
ical results show a wave propagation train away to
higher latitudes in the manner described in Sec-
tion 5b.
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7. Concluding remarks

The study utilized a simple linear nurnerical model
which sought the steady-state response of the zonally
symmetric basic state of the atmosphere during the
Northern Hemisphere summer to the influence of
surface heating anomalies located at various lati-
tudes. The model response was interpreted in terms
of simple theory developed by Hoskins and Karoly
(1981) and Webster (1981). The following conclu-

sions were reached:

(i) The influence of /ocal thermal anomalies in the
winter hemisphere is small because the form of the -
response approaches the “advective limit” (Webster,
1981). That is, the magnitude of the winter hemi-
sphere extratropical basic zonal winds are suffi-
ciently strong so that the energetics necessary to cre-
ate a significant local response (i.e., the generation
of eddy available potential energy and the conversion
of the potential energy to kinetic form) are not al-
lowed to develop.

(ii) The influence of local thermal anomalies in -
the summer hemisphere [or the near-equatorial sub-
tropics of the winter hemisphere; see (iii) below] is
moderately large because the advective terms are of
less importance with the smaller basic zonal winds.
Thus the response is closer to the “diabatic limit”
(Webster, 1981) which allows the vertical velocity,
the heat source and the temperature field to remain
more in phase than in the winter hemisphere which,
in turn, provides conditions which allow a more ef-
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F1G. 13. As in Fig. 11 except for the streamfunction response
(contour intervals: 20 X 10° m? s™') of the JJA basic state to El
Nifio-type forcing.
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ficient energy conversion and a substantial local re-
sponse.

(iii) Strong teleconnections will exist between the
equatorial regions and the winter high latitudes sim-
ply because the westerlies, closer to the equator in
the winter hemisphere, may lie over part of the anom-
aly. If this is the case modes with meridional com-
ponents to the group velocity vector will be excited
which will allow a substantial response at higher lat-
itudes. The effect is constrained by (i) and (ii) above
and depends on the strength of the westerlies in the
subtropical regions being sufficiently small to allow
a sizable local response to provide a large enough
secondary energy source for propagation.

(iv) The weak or non-existent teleconnections be-
tween the equatorial forcing and the summer high-
latitudes results from the extent of the deep easterlies
in the summer hemisphere. Viewed from a summer
hemispheric perspective the equatorial heat source
is embedded in the tropical easterlies. The only
modes which will result in a substantial local re-
sponse are the Kelvin waves. As the stationary Kelvin
waves do not possess a horizontal component of the
group velocity vector relative to the heat source the
response remains local to the source..

The conclusions reached regarding the atmo-
spheric remote response to equatorial forcing were
tested using realistic seasonal basic zonal wind fields
and SSTA distributions consistent with (in a gross
sense) the 1972-73 El Nifio event. The fields ap-
peared-to agree, at least in character, with the ob-
servation of Ramage (1975) and with the longer term
anomalous fields generated by Horel and Wallace
(1981), at least in the Northern Hemisphere.

In viewing the response to an El Nifio sea surface
temperature distribution, the following point should
be remembered. At all times, for any given equatorial
boundary forcing, there will be a high-latitude re-
sponse. Thus the anomalous response which will be
noted at higher latitudes during the anomalous El
Niflo periods will be the difference between the nor-
mal high-latitude response and the response typified
in Figs. (12) and (14).

With the above conclusions in mind it is possible
to interpret many of the apparent paradoxical rela-
tionships which have appeared from observational
and numerical modeling studies alike. In a sense the
conclusions allow statistical studies to attack the
boundary forcing problems of climate research armed
with a priori expectations rather than hindsight a
posteriori realizations. An understanding of the at-
mospheric response, as outlined in this paper as well
as by Opsteegh and Van den Dool (1980), Webster
(1981) and Hoskins and Karoly (1981), probably
removes some of the problems inherent in the ob-
servational studies. Not only does it Jower the sta-
tistical significance levels required of such studies,
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Streamfunction

F1G. 14. As in Fig. 11 except for the streamfunction response
(contour intervals: 20 X 10° m? s7') of the DJF basic state to El
Niflo-type forcing.

it allows a prefiltering of a data set as both the lo-
cation of a response and the time of year in which
it will be maximized may be anticipated.

It should be emphasized that the results emerge
from an extremely simple facsimile of the slowly
evolving climate system. Indeed, it would be an error
to suppose or pretend that complete answers will
emerge from so simple a system. Such answers will
probably only arrive through joint studies using more
data, more sophisticated models, and with attendent
phenomonological models such as discussed in this
paper. With this in mind we should view the results
relative to a number of caveats:

(i) The conclusions reached in this study (and also
those by Opsteegh and Van den Dool, 1980; Webster,
1981; Hoskins and Karoly, 1981) are constrained by
the assumption of zonal symmetry in the basic state.
Observational studies of general circulation statistics
indicate that quasi-stationary modes in extratropical
regions and the tropics provide significant longitu-
dinal perturbations in the mean state of the atmo-
sphere. Such quasi-stationary perturbations will
probably alter the character of both the teleconnec-
tion propagation and the local form of the atmo-
spheric response. A study which considers the effect
of a medium possessing a variable refractive index
at low latitudes has been undertaken by Webster and
Holton (1982).

(ii) The remote response of the model to (for ex-
ample) equatorial El Nifio forcing resembles only the
character of the real response, at least as described
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by Horel and Wallace (1981). The magnitudes are
at least a factor of 2 too small. The reason for this
is unclear and may be a consequence of the simplified
basic state used in this study. Whereas we may an-
ticipate with some measure of success the response
of a fluid possessing deep easterlies and westerlies,
we have little knowledge of the effect of anomalies
on regions of strong vertical shear such as in the
eastern Pacific Ocean (moderate westerlies atop east-
erlies) or in the Indian Ocean (strong easterlies above
moderate westerlies). A study which considers the
sensitivity of the response of such basic states to
boundary forcing is underway.?

(iii) It must be anticipated that a considerable
part of the variance of the interannual variability of
the real atmosphere will not be associated with sys-
tematic variations in boundary forcing. For example,
the various “centers of action” of middle and high
latitudes (e.g., the Aleution low region) appear to
-possess considerable interannual variability. How-
ever, only about 40-50% of the variability. may be
attributed directly to the effect of recognizable re-
mote forcing. It is intriguing to note that the regions
of maximum interannual variability appear to be
spatially coherent and that these regions appear to
coincide with the major teleconnection patterns. That
is, the centers of action of both forced teleconnections
and of “natural variability appear to occupy the same
geographical locations. .

Acknowledgments. Thanks are due to Dr. David
Karoly for interesting discussions and to Mr. Peter
Brenten for organizing the graphics.

REFERENCES

Bjerknes, J., 1966: A possible response of the atmospheric Hadley
circulation to equatorial anomalies of ocean temperature.
Tellus, 18, 820-829.

Chang, C. P., 1977: Viscous internal gravity waves and low-fre-
quency oscillations in the tropics. J. Atmos. Sci., 34, 901~
910.

? The author would like to thank the reviewer for suggesting
this series of experiments.

VOLUME 39

Chervin, R. M., and S. H. Schneider, 1976: A study of the response
of the NCAR GCM climatological statistics to random per-
turbations: Estimating noise levels. J. Atmos. Sci., 33, 391-
404.

Davis, T. R., 1976: Predictability of sea surface temperature and
sea level pressure anomalies over the North Pacific Ocean.
J. Phys. Oceanogr., 6, 249-266.

Davis, R. E., 1978: Predictability of sea level pressure anomalies
over the North Pacific Ocean. J. Phys. Oceanogr., 8, 233-
246.

Egger, J., 1977: On the linear theory of the atmospheric response
to sea surface temperature anomalies. J. Atmos. Sci., 34, 603-
614.

Horel, J. D., and J. M. Wallace, 1981: Planetary-scale atmospheric
phenomena associated with the interannual variability of sea
surface temperature in the equatorial Pacific. Mon Wea.
Rev.,, 109, 813-829.

Hoskins, B. J., and D. J. Karoly, 1981: The steady linear response
of a spherical atmosphere to thermal and orographic forcing.
J. Atmos. Sci., 38, 1179-1196.

Karoly, D., 1978: Rossby wave ray paths and horizontal wave
propagation. The General Circulation: Theory, Modelling
and Observation, Proceedings of the National Center for
Atmospheric Research Summer Colloquium, Boulder, NCAR
CQ-6-1978-ASP, 510 pp. (see pp. 474-484).

Kutzbach, J. E., R. M. Chervin and D. D. Houghton, 1977: Re-
sponse of the NCAR general circulation model to prescribed
changes in ocean surface temperature. Part 1: Midlatitude
changes. J. Atmos. Sci., 34, 1200~-1213.

Nanmias, J., 1973: Thermal communication between the sea surface

and the lower troposphere. J. Phys. Oceanogr., 3, 373-3178.

, 1976a: Negative ocean-air feedback systems over the North
Pacific in the transition from warm to cold seasons. Mon.
Wea. Rev., 104, 1107-1121.

——, 1976b: Some statistical and synoptic characteristics asso-
ciated with the El Nifio. J. Phys. Oceanogr., 6, 130-138.

Opsteegh, J. D., and H. M. van den Dool, 1980: Seasonal differ-
ences in the stationary response of a linearized primitive
equation model: Prospects for long-range weather forecasting?
J. Atmos. Sci., 37, 2169-2185.

Ramage, C. S., 1975: Preliminary discussion of the meteorology
of the 1972-73 El Niilo. Bull. Amer. Meteor. Soc., 36, 234~
242.

Webster, P. J., 1972: Response of the tropical atmosphere to local,

" steady, forcing. Mon. Wea. Rev., 100, 518-540.

—, 1981: Mechanisms determining the atmospheric response to
sea surface temperature anomalies. J. Atmos. Sci., 38 554-

571.

, and J. R. Holton, 1982: Cross equatorial response to middle
latitude forcing in a zonally varying basic state. J. Atmos.
Sci., 39 (in press).

——, W. Wooster and O. Guillen, 1974: Characteristics of El
Nifo in 1972. J. Mar. Res., 32, 387-404.




