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ABSTRACT

With a 9-level general circulation model, an attempt was made to simulate numerically the breakdown
of the circumpolar vortex in the winter stratosphere for the case of March 1965. The marching computa-
tions were started 2 and 5 days prior to the breakdown. The simulation of the vortex elongation and de-
struction was, to a certain extent, successful, but the split vortex in the prediction erroneously merged
again after 8 days. The sudden warming was not simulated at all. The development of the Aleutian high
associated with the vortex breakdown was not well computed. Studies are made on zonally averaged quanti-
ties pertaining to the tropospheric and stratospheric circulations and their coupling. The increase of eddy
kinetic energy at the time of the amplification of zonal wavenumber 2 is discussed both for the numerical
simulation and for the observed fields. It is reconfirmed that the eddy kinetic energy in the stratosphere is
primarily supplied from below in the form of vertical flux of geopotential. The propagation of wave energy
takes place through a rather narrow zonal belt at high latitude. A possible relation between the stratospheric
vortex destruction and the tropospheric process of meandering westerlies is discussed in terms of vertical
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transmission of wave energy.

1. Introduction

In the winter stratosphere, a circumpolar vortex
around the north pole elongates horizontally as the
season proceeds, and then breaks down into two vor-
tices. It quite often is accompanied by a sudden warm-
ing in the stratosphere. The reported temperature
change over an observing station sometimes amounts
to ~40C within two days.

This is one of the most dramatic and spectacular
events found in large-scale atmospheric motion. Block-
ing activity in the troposphere often takes place simul-
taneously with strong stratospheric warming. After the
final warming at the end of the season, the meridional
temperature gradient in the higher latitudes of the
lower stratosphere is reversed.

In the past 15 years, a great deal of attention has
been focused on this problem. Knowledge on the subject
has become much more abundant and more accurate,
and the mechanism of the process is gradually being
understood. Yet a complete solution has not been
reached, and there is still controversy on some points.

In the experiments described in this paper we tried
to produce the breakdown numerically with a mathe-
matical-physical model that was developed in general
circulation studies. This is perhaps the first attempt
ever made along this line (in 1966) in the sense that an
exact comparison is made between the computation
and what actually happened. It will hopefully provide
us with insight into various inferences hitherto pre-
sented on the causes and effects. [Byron-Scott (1967)
attempted to produce the sudden warming numerically

with a 4-level stratospheric model, and Manabe and
Hunt (1968) reported a sudden-warming-like phenome-
non in their general circulation experiment. ]

Presumably the sudden warming and the vortex
breakdown are two different phases of one phenomenon.
It turns out, however, that our computations were
successful, to a certain extent, in simulating the break-
down, but not in simulating the sudden warming,
probably due to a mathematical drawback of the model.
We are, therefore, forced to confine our subject mainly
to the breakdown, although a distinct separation is
practically impossible.

It often happens that a geophysical hydrodynamical
phenomenon can result from several different causes.
Nevertheless, the phenomenon may seem to be ex-
plained qualitatively with just one cause that is in
reality less important than others. To avoid this con-
fusion, it is necessary to have a quantitative test of the
hypothesis against observation.

2. Application of the 9-level model

The simulation was made with the 9-level general
circulation model developed in the Geophysical Fluid
Dynamics Laboratory, ESSA (Smagorinsky ef al., 1965;
Manabe et al., 1965).

Three of the nine vertical levels which are approxi-
mately at 9, 74, and 189 mb are in the stratosphere,
four levels at 336, S00, 664 and 811 mb are in the tropo-
sphere, and two levels, 926 and 991 mb, are in the
Ekman and surface boundary layers. The height of the
highest level (9 mb) is ~31.6 km.
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is the day of prediction.

F16. 2. The observed (upper) and Exp. B (lower) 50-mb geopotential heights at 2-day intervals for the 10-day period beginning 14 March 1965 in units of
decameters. The contour interval is 60 m. The number in the lower corner
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The model described above is the same as the most
successful of the three versions which were reported by
Miyakoda et al. (1969). (This paper is referred to
herein as [A]). At the time the present experiments
were carried out, it apparently was the most realistic
model we had tested.

Concerning the horizontal resolution of the model,
one might suspect that a high resolution grid (¥=40)
is not really needed for treating such a large-scale
phenomenon. It was shown, however, that the N40
grid is appreciably superior to the N20 grid for these
experiments.

The case chosen for the experiment is the 14-day
period beginning at 1200 GMT 14 March 1965. The
vortex breakdown in the 1965 case was quite marked
but not nearly so drastic as that in the famous case of
January 1963. According to the classification of Wilson
and Godson (1963), the 1965 case belongs to the
bi-polar vortex type, in which the trough line extends
from central Siberia to central Canada.

The case was suggested for this study by S. Teweles.
The stratospheric data are conveniently available in
digitized form for the period beginning January 1964.
Objectively analyzed charts of geopotential height and
temperature for the 10-; 30-, 50- and 100-mb levels
were furnished by the Upper Air Branch, National
Meteorological Center (Finger et al., 1965).

3. Predicted patterns of geopotential height
a. Simulation starting 2 days prior to the breakdown

As a preliminary study an experiment was made
starting the time integration at 1200 GMT 17 March
1965. This experiment (originally called Exp. 57A) is
referred to in this paper as Exp. A. The onset of the
vortex breakdown is 2 days after initial time.

As a first trial it was considered safer to try a short
period of time integration, because there is a practical
limit to the general predictive capability of the present
model especially for the stratosphere (see [A]).

The marching computation was done for four days.
Fig. 1 shows the 50-mb geopotential patterns (inter-
polated from levels 1 and 2, i.e, about 9 and 74 mb) for
both the observed and the predicted heights for the
initial day and 4 subsequent days.

Generally speaking, it can be objectively concluded
that the numerical simulation was successful. The
polar-night vortex continued to elongate on the 1st
and 2nd days, and split into two vortices on the 3rd day.

There are, however, obvious defects. The Aleutian
anticyclone was not well computed. The predicted
geopotential height of the anticyclone was not high
enough. The axis of the computed vortex elongation is
slightly different from the observed. It is also noticed
that the 50-mb geopotential pattern was contaminated
by wiggling (roughness).
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Encouraged by the success of this preliminary test,
we next tried the same computation starting at an
earlier time. Besides it was argued that the initial time
in Exp. A was too close to the key day, and that the
elongation of the vortex had already begun. If so, we
may have missed the most important moment of the
onset of the vortex destruction.

b. Stmulation starting 5 days prior to the breakdown

The initial time is 3 days earlier than in the previous
experiment, i.e., 1200 GMT 14 March 1965. As is seen
in the observed and computed values of Fig. 2, the
initial stratospheric pattern of the geopotential height
is quite circular-symmetric.

The time integration was performed for 2 weeks with
exactly the same model as before. This experiment
(originally called Exp. 60]2) isreferred to here as Exp. B.

Fig. 2 is the series of 50-mb height maps for every
2nd day, which shows how the elongated vortex de-
velops. The initial vortex is nearly circular and cen-
tered at the pole, but gradually elongates on the
2nd day, while the trough axis rotates toward the east.
On the 3rd day (not shown in the figure) the trough
axis is in a different position entirely from that of the
initial day. The new position is apparently the preferred
location of troughs for the amplification of wavenumber
1 or 2. Further elongation proceeded on the 3rd and
4th days. These features were, to a certain extent,
accurately predicted.

The onset of the vortex split occurred on the 3th or
6th day. The predicted breakdown started a little
earlier than the observed. Although two vortices ap-
peared in the prediction, the simulation of the break-
down was not as good as in Exp. A. The Aleutian high
was even more poorly predicted than before. After the
8th day, the split vortices were reunited in the computed
pattern, wheras the observed vortices stayed separated
for a considerable time.

¢. Discussion

The tendency for the stratospheric height pattern
to become circular in the present model was already
mentioned in [A]. It was also pointed out that the
predicted temperature in mid-latitudes tends to be
lower erroneously, and associated with it, the circum-
polar vortex tends to be weaker and to extend farther
south. All these shortcomings, which are probably
interrelated, reveal themselves in the present results.

One should expect that if the simulation experiment
was started as early as 8§ days prior to the breakdown,
the computed stratosphere would have deteriorated
intolerably before reaching the time of the breakdown.

Let us next mention the development of wavenumbers
1 or 2 in the zonal direction. Since we are now concerned
with the vortex breakdown, it is a part of the problem
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F16. 3. The zonal kinetic energy, observed (upper) and Exp. B (lower), at level 1 in units of 106 cm? sec™.
The ordinate is latitude, and the abscissa time. The onset of the vortex breakdown is indicated.

to consider the amplification of these waves. Our experi-
ment includes the effects of mountains as well as land-
sea contrast for the Northern Hemisphere, so that the
contribution of these effects on the establishment or
maintenance of wavenumbers 1 or 2 was definitely in-
cluded. One should, however, also be aware of the fact
that even without these effects wavenumber 2 can be
amplified because of the dynamical properties of the
stratosphere (and also of the troposphere) as was
demonstrated by Manabe and Hunt (1968). They ob-
tained, unintentionally, a sudden-warming-like phe-
nomenon in the course of a general circulation integra-
tion (without mountain effect).

d. Vertical correspondence of flow patterns

So far as the winter westerlies are concerned, the
waves aloft and the waves below (not shown) strikingly

resemble each other, despite the fact that the tropo-
spheric Ferrel jet and the stratospheric polar-night jet
are distinctly different systems.

Austin and Krawitz (1956), Craig and Hering (1959),
Boville (1961), Julian (1961), Chen (1962), Labitzke
(1962), Teweles (1963),and Sawyer (1965) have pointed
out the vertical coherences of wave patterns although
they are not always for the same reasons and the
same purposes. Hare (1960) suggested that a strong
interaction with the Ferrel wave may occur in the late
winter. Perhaps this tight linkage in the vertical is a
very important characteristic of the atmospheric struc-
ture, though it may now appear to be an obvious
feature.

Returning to Exp. B (Fig. 2), one may see that, for
the 6th day, the computed 50-mb trough over Canada
is different in position from the observed. Apparently
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Fi1c. 4. The zonal average of eddy kinetic energy, observed (upper) and Exp. B (lower), at level 1 in units
of 108 cm? sec™2. See I'ig. 3 for other details.

this is related to the erroneously predicted trough in
the lower atmosphere.

The predicted pattern in the troposphere (not shown)
is not particularly good. Especially a ridge over the
eastern Pacific ocean at the 300-mb level is incorrectly
predicted. It is interesting to note, associated with this
ill-defined ridge in the troposphere, that the Aleutian
anticyclone at 50 mb is not well predicted either. A
similar phase error in the stratospheric wave is also
seen on the 4th day in Exp. A (see Fig. 1). A question
may arise as to why the computed trough position in
the lower atmosphere was wrong, but a simple, clear-
cut answer is not known.

Boville (1960) called attention to the dominant fea-
ture of the Aleutian-Alaskan anticyclone in the winter
stratosphere, and mentioned that, ‘“the origin of the
anticyclone should be expected in the troposphere.”

4. Zonal means of kinetic energy and temperature

Let us next look at the time evolution of kinetic
energy and temperature for the predicted and the
observed field for Exp. B. For convenience, the kinetic
energy is divided into zonal kinetic energy Kz and
eddy kinetic energy Kg from the definitions, Kz
= (#*+1?)/2, and Kg= (u*+2'?)/2, where u'=u—a,
v"=v--7, and the bar indicates the zonal average.

a. Kinetic energy

Fig. 3 and 4 are latitude-time charts of the zonal
kinetic and eddy kinetic energies, K z and K g, respec-
tively, at level 1 (~9 mb). Kz decreases by a consider-
able amount before the breakdown, and at the same
time K g increases explosively. This is a typical feature
observed with sudden warmings (Teweles, 1963). Quali-
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¥16. 5. The zonal average of temperature, observed (upper) and Exp. B (lower), at level 1 in °K.
See I'ig. 3 for other details.

tatively, these features were simulated well by the
present experiment. Quantitatively, however, the pre-
diction is poor. The decrease of K z is not well computed,
and the predicted K g is much smaller than the observed.
It is noted that there is a compensating tendency
between the two quantities; that is, roughly speaking,
K 7 decreases as K g increases. This may be one of the
factors which led to the hypothesis of barotropic in-
stability as the cause of the breakdown in the past.

b. Temperature

The zonal mean of temperature at level 1 is shown in
Fig. 5. The sudden warming which starts on the 5th
day culminates on the 7th day. However, in the predic-
tion (also in Exp. A), there was almost a complete
Jailure in the simulation of the sudden warming. The only

consolation is that a slight increase of temperature is
noticed at days 5-7 of the prediction.

In the observed temperature chart of Fig. 5, the 228K
isotherm, initially at low latitude, moves northward
with time, indicating the overall warming of the entire
Northern Hemisphere. Interestingly, this feature was
simulated well by the experiment, despite the fact that
the seasonal change of insolation is not included in the
model. This was evidently achieved by the eddy flux
of temperature associated with the vortex breakdown,
even though the predicted breakdown was not as intense
as the observed one.

The predicted temperature near the north pole is
much lower than the observed.

Fig. 6 is the zonal mean of temperature at the 50-mb
level and, in fact, represents the temperature distribu-
tion in the lower stratosphere. The usual marked mid-
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F16. 6. The zonal average of temperature, observed (upper) and Exp. B (lower), at the 50-mb level in °K.

latitude temperature maximum is shown in the observa-
tion. But the maximum in the prediction becomes less
pronounced as time goes on. This is apparently a defec-
tive characteristic of the model.

A. J. Miller and F. G. Finger (personal communica-
tion) have commented that the failure to simulate the
warming might be due to the lack of higher levels in
the model. Their experience with the analyses of 5-; 2-
and 0.4-mb patterns indicates that ‘‘these regions
undergo warmings that are never observed at the lower
levels.”

5. Energy conversion before and after the vortex
breakdown

Since the amplification of wavenumbers 1 or 2 is a
key point in the vortex breakdown, it is necessary to
discuss the change of eddy kinetic energy. Especially
it is important to know by what processes the dis-
turbance energy in the stratosphere changes with time
and how the increase in Kz is achieved at the time of
the vortex destruction.

Using the notation of Phillips (1956), we find three
major terms in the mechanical energy equation for K g,
i.e.,

—w'a'=(Pg-Kg),

N a 7
—u'v'- (COS¢)-—< >=<KZ-KE>.
ad o \Ccos¢

It is now widely accepted that the first term is the most
important one in the energetics of the middle and low
stratosphere.

Charney and Drazin (1961) and Dickinson (1968)
threw important light on the significance of the first
term.

Actual assessments of — ¢’ with observed data were
carried out by Jensen (1961), Barnes (1962), Miyakoda
(1963), Oort (1964), Lateef (1964), Murakaimi (1965),
Julian and Labitzke (1965), Muench (1965), Perry
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Fic. 7. Latitude-time diagram for divergence of the vertical eddy flux of geopotential, — 9w, /9p, in
the layer from 0-34 mb in units of cm? sec™® for the result from the «w equation and the observed geo-
potential (upper), and from Exp. B (lower).

(1967) and Paulin (1968), based upon diagnostically
computed w, where methods of the estimation of w
were not always the same. They all concluded that the
term —d(w’'¢p’)/8p is the largest contribution in the
budget of K g.

Different and important approaches were made by
Peng (1965), Smagorinsky et al. (1965), and Manabe
and Hunt (1968), who conducted numerical experiments
on the general circulation including the stratosphere,
using 4-, 9- and 18-level models, respectively. They
also concluded that —d(w’¢’)/dp 1s the most important
term. Manabe and Hunt, especially, who used the most
elaborate model for stratospheric simulation, concluded
that the magnitude of —9d(w'ep’)/dp is six and two times
larger in the middle and lower stratosphere, respec-
tively, than that of the second largest term —w’ o’ at the
time of the horizontal elongation of the vortex. (The
simulation was for the annual mean conditions but the

result included a stratospheric vortex elongation.) Let
us now consider how these factors change at the time
of the vortex breakdown in Exp. B (see Kg in Fig. 4).

Fig. 7 shows the latitude time variation of the verti-
cal eddy flux of geopotential, —3(w'¢")/dp, in the layer
between 0 and 34 mb. The upper figure is based on
computed with the w equation from the observed geo-
potential height which does not include the friction
nor the heating terms. The lower figure is the result of
Exp. B.

Both in the prediction and observation, there are
regions of upward transmission of energy (positive)
from below, which are confined to a narrow belt at high
latitudes throughout most of the period. This tendency
is especially pronounced in the observation, probably
because the polar-night jet is well retained in high
latitudes. At the time of the vortex breakdown the
propagation has increased appreciably, and later
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¥16. 8. The same as Fig. 7 except for the conversion from eddy available potential
to eddy kinetic energy, —w’a’.

weakened considerably. However, this important

change did not occur as suddenly as expected.

The values of ~a—)'7,- the conversion from eddy avail-
able potential energy to eddy kinetic energy, at level 1
(Fig. 8) appear to have a positive belt at high latitudes,
though large negative values are juxtaposed.

Fig. 9 shows the conversion from zonal kinetic energy
to eddy kinetic energy, —u'v'(cos ¢) 9(4/cos ¢)/ad e,
at level 1. The positive region exists only at very high
latitudes, and large negative regions are located between
45 and 75N both in the prediction and the observa-
tion. This means that the kinetic energy transformation
is mostly of the type K g — K z, which is the same as in
the troposphere.

a. Comparison with preceding research

Reed et al. (1963) and Sekiguchi (1963) computed
rates of various conversions for the cases of the sudden
warming in January 1957 and 1938, respectively, using
50-mb data. Both results showed that before the warm-
ing (Pg-Kg) is positive, but after the warming it is
completely reversed. While (Kg-Kz) was always posi-
tive in Reed’s result, it was slightly negative before
the warming in Sekiguchi’s.

Miyakoda (1963), Julian and Labitzke (1963) and
Muench (1965) also evaluated the conversions for the
cases of January 1958, 1963 and 19538, using the data
for both the troposphere and stratosphere. They con-
cluded that —w'¢’ was large at the time of the warming.
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F16. 9. The same as Fig. 7 except for the conversion from zonal kinetic to eddy kinetic energy,
—(1/a) (cos ) - u'v'(3/9 ¢) (11/cos ).

The results for (Pg- K r) was the same as those of Reed
et al.

Murakami (1965) computed (Kg-Kz) and (Pg-Kg)
with three month’s data at 50 mb for the period includ-
ing the sudden warming of January 1958. He concluded
that a vast amount of energy must be supplied from
below.

Perry (1967) dealt with the sudden warming of
January 1963. This was the extraordinary warming with
a dramatic vortex destruction. According to his calcula-
tion, for zonal wavenumber 2, the terms —d{w'¢’)/dp,
{(Pz-Kg), and (Kg-K3z) are all of comparable magni-
tude, and (Pg-Kg) and (Kg-Kjz) are both positive.
This means that even for the case of the most drastic
breakdown, the kinetic energy transformation is of the
type Kg— Kz.

6. The relation with the troposphere

The relationship between the stratospheric vortex
destruction (or sudden warming) and the blocking
process in the troposphere has been observed by a num-
ber of authors: Teweles (1958, 1963), Wexler and
Moreland (1958), Craig and Hering (1959), Hare
(1960), Wexler (1961), Boville (1961, 1963), Julian
(1961), Labitzke (1962, 1965), Miyakoda (1963), Wada
(1964), Muench (1965), Murakami (1965), Julian and
Labitzke (1965) and Paulin (1968). The term ‘“‘block-
ing”’ was not always used explicitly and the status of
the troposphere was sometimes referred to as ‘“low
index cycle.” The interpretation of the evidence was
not the same in each paper, and the point of emphasis
was often different.

Some of the investigators mentioned that sudden
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warmings might be the consequence of an extrater-
restrial cause or the chemical reaction of gases in the
upper atmosphere. According to this interpretation, the
coincidence of blocking at the time of the sudden warm-
ing suggested that an extraterrestrial cause or an ac-
tivity of the stratosphere or mesosphere was influencing
a tropospheric process. In addition, since the warming
begins at great height and then propagates downward,
the ultimate origin was sometimes thought to exist in
the stratosphere, or mesosphere, or in space. If true,
these ideas are fascinating. But the present authors tend
to believe that an approach along a thermodynamical
line still holds the promise for understanding the sud-
den warming.

Although there has long been an awareness of the pos-
sible linkage between the vortex breakdown and block-
ing, it is also true (Finger, Wada, Miller and Johnson,
personal communication) that one-to-one correspond-
ence is not always guaranteed. Miyakoda (1963) showed
the correspondence between the warming in the strato-
sphere and the cooling in the troposphere for the case
of January 1958. But this agreement is not always ob-
served. The linkage is still being debated, and part of
the reason may be a semantic difference or the lack of a
clear-cut definition of the blocking process.

a. Propagation of energy from the troposphere

Murakami and Tomatsu (1965) reported, based on
an analysis of the actual atmosphere, that —w’¢’ at the

50-mb level increased at a certain time during the block-
ing process for January 1958. ‘

Expecting a similar effect in our experiment, we com-
puted the time-height distribution of —w’¢’ in the lati-
tudinal belt from 66-79N for the solutions of the w
equation and from 72-84N for Exp. B (see Fig. 10).
The latitude belts were chosen to include the maximum
values of —w’¢’. We had hoped to find a marked up-
ward transmission of energy with an explosive increase
in flux just prior to the breakdown, but the diagram
failed to show it in a convincing way. Perhaps the
14-day period may be too brief to prove this trend.

Teweles (1958) pointed out that “sudden warming is
especially intense when the trough is stationary or
retrogressing.”

Another relevant fact was reported by Sugimoto
(1968). He took a three month period from December
1965 to March 1966 and showed a parallel trend between
the pressure height of the Aleutian high and v'7” for
wavenumber 1 at 60N at the 30-mb level.

b. Downward propagation of the warming phase

Finger and Teweles (1964) said there is “evidence of
a maximum intensity of circulation change and sudden
warming in the layer near 45 km (the portion of the
ozone layer heated most strongly by solar radiation),”
and that “the circulation changes appear to begin in this
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layer and then spread both downward and up-
ward.”

Why then does the warming propagate downward,
despite the aforementioned possibility that the in-
fluence of the troposphere is initiating the phenomenon?
In this connection, Bryon-Scott’s numerical experiment
is instructive. He used a 3-level (from 70 to ~0.4 mb)
stratospheric model, in which temperature is deter-
mined by the usual thermal equation. The equations of
motion was highly simplified; i.e., he used the quasi-
stationary vorticity equation, included the photo-
chemistry of ozone, and specified an external forcing
at the lowest boundary of 163.3 mb, the latter being
such that an upward flux of eddy geopotential across
the lower boundary is permitted. In the experiment,
the warming started about the 0.9-mb level, in spite of
the fact that the initial energy flux was given at 163.3
mb. Then the warming propagated downward.

As mentioned earlier, the failure in simulating the
sudden warming in our experiment may be due to the
coarse vertical resolution in the model, or due to the
absence of a higher level such as the 0.9-mb level. It is
also possible that our failure may be attributed to the
fact that the model does not include the photochemical
process (Lindzen, 1966) or does not properly consider
the refractive characteristics at higher levels.

Let us, however, mention another aspect that does
not necessarily contradict the concept described above
and certainly deserves attention. Hirota (1967) claimed
that the downward propagation of warming just ap-
pears to be so in the time-height section of temperature
of one observing station. This is, so to speak, the
“Eulerian” view. If one traces the phase in a “Lagran-
gian” way, he will find that the real warming tendency
starts at about the 50-mb level and propagates upward.
Byron-Scott also explained that the westward slanting
waves are responsible for the downward progression of
the warming in his model. This point needs more study.

In any event the suddeness of the phenomenon has
not yet been fully understood.

7. Conclusions

The simulation of the vortex breakdown was success-
ful although it was not wholly satisfactory. The time
variation of the zonal mean of computed eddy kinetic
energy compared well qualitatively with the observed
for the two week period, but quantitatively it was very
poor.

The sudden warming was not predicted at all. In the
prediction the split vortex erroneously began to merge
again after about 8 days, and then the computed vortex
became circular with its center at the pole. The defects
in the stratospheric simulation may be partly due to
insufficient vertical resolution of the model, and partly
due to the model’s weak capability of producing large-
scale meanders of the westerlies. This study showed that
the vertical propagation of energy from the tropo-
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sphere, expressed by the term —w’¢’, is overwhelmingly
important for the vortex breakdown. Among other
effects this vertical transmission of energy takes place
in a narrow latitudinal belt at high latitudes (~ 50-80N)
associated with the polar-night jet. It is likely that
—w’¢’ may become rather large during the simultaneous
occurrence of blocking in the troposphere and the pre-
sence of reasonably strong stratospheric westerlies.
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