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ABSTRACT

The stratospheric major warming of early December 1987 is analyzed using NMC observations of temperature
and geopotential. This warming is distinguished as the earliest major warming ever recorded in the Northern
Hemisphere winter. The observed mean zonal wind reversal and reversed poleward temperature gradient at 10
mb were preceded by the anomalous amplification of a zonal wavenumber 1 planetary wave emanating from
the troposphere. This planetary wave event, similarly, is distinguished for having produced the second largest
sustained flux of wavenumber | activity ever observed to propagate upwards from the troposphere at such an
early time in the winter. Within the troposphere, the amplification of wave { was accompanied by several
simultaneous blocking episodes, but it is unclear whether this blocking caused the anomalous formation of the
planetary wave (or vice versa, or neither). Amplification of the planetary wave within the stratosphere led to a
significant off-polar displacement of the circumpolar vortex and a reduction in vortex area, as observed in
connection with other warmings. However, in the present case there is less significant evidence of a preconditioned
stratospheric vortex, except for a small precursor event in late November which may have slightly retarded the
normal, climatological expansion of the vortex. Therefore, it appears that this unusually early major warming
was mainly attributable to an anomalously large tropospheric forcing.

After the climax of the warming, the midstratosphere vortex was observed to split into a double-vortex
pattern. This feature is quite striking when viewed three-dimensionally, as the two 850 K vortex components
remained contiguous, respectively, with single vortices in the upper and lower stratosphere. Thereafter, the
stratosphere returned to a cold, undisturbed pattern until the beginning of March, when an early final warming
occurred. The relatively cold January-February period coincided with the deep westerly phase of the equatorial
quasi-biennial oscillation (QBO), as observed in connection with other cold, undisturbed winters. However, the
QBO had already attained this phase by early December 1987, suggesting that the phase of the QBO per se is
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insufficient to prevent the occurrence of a major warming,

1. Introduction

The major warming is unquestionably the most dra-
matic event in the Northern Hemisphere winter strato-
sphere, but it does not occur in every winter; over the
last four decades, major warmings have been observed
in about half of the winters, with “cold, relatively un-
disturbed” winters in between (Labitzke 1977, 1981,
1982; Schoebert 1978; Quiroz 1986). The number of
warmings is such that it agrees reasonably well with
the number of quasi-biennial oscillation (QBO) cycles
in the equatorial lower stratosphere; a possible rela-
tionship with the equatorial QBO has been noted by
several authors (Holton and Tan 1980, 1982; Labitzke
1982; McIntyre 1982; Dunkerton et al. 1988). The re-
lationship, while as yet poorly understood, suggests that
cold, undisturbed winters are generally associated with
the westerly phase of the QBO, and vice versa. Inas-
much as major warmings (apart from final warmings)
commonly occur in the months of January and Feb-
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ruary, it is customary to define the “coldness” of a
particular winter in terms of the polar temperature av-
eraged over these two months (e.g., Labitzke and van
Loon 1988).

As the years go by, the great variety of atmospheric
behavior becomes increasingly evident; it is now ap-
parent that major stratospheric warmings in the
Northern Hemisphere winter are not restricted to Jan-
uary and subsequent months, but can occur in Decem-
ber as well. This was narrowly true in connection with
the late December 1984-January 1985 warming doc-
umented by Randel and Boville (1987) which was, at
the time of their writing, the earliest recorded major
warming (near 29 December 1984).! Following the
WMO criteria, a warming is considered “major” if, at
the 10 mb level or below, the zonal mean temperature
is warmer at the pole than at 60°N, and the mean
zonal wind at 60°N reverses to an easterly direction.

The purpose of this paper is to provide observational

! Two other “New Year’s warmings™ had been previously observed
in 1967/68 and 1969/70.
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documentation for what is now, at the time of this
writing, the earliest “official” major warming: the event
of early December 1987. This event has been described
by Naujokat et al. (1988) in their ongoing series of
research reports. As shown by those authors, the North
Polar temperatures at 30 mb have displayed a remark-
able interannual variability over the last 24 years. There
are several instances of relatively warm Decembers,
none of which, apparently, were associated with a major
warming except for December 1987.2 As they noted,
the December 1987 warming was unusual in several
respects; aside from its early arrival, it occurred in the
westerly phase of the equatorial QBO. Such cases are
exceptional according to Labitzke (1982); the 1987
event also contradicts the observation of Dunkerton
et al. (1988) that major warmings do not occur in the
“deep westerly” phase of the QBO.3,

It seems clear, as a result of this recent event, that
the stratospheric major warming can occur not only
when the vortex is climatologically shrinking, as in
middle to late winter, but also when the vortex is nor-
mally expected to grow in size (early winter). Also, the
major warming can occur in the (deep) westerly phase
of the equatorial QBO. Both of these facts militate
somewhat against “in situ” causes of stratospheric
warmings, €.g., a preconditioned extratropical vortex
or stratospheric waveguide heavily influenced by the
equatorial QBO. Indeed, as will be shown below, the
December 1987 event was mainly attributable to an
anomalously large forcing of zonal wavenumber 1 from
the troposphere. As such, the event fits the classical
pattern originally envisaged by Matsuno (1971).

Here, we present comprehensive observations of the
December 1987 warming event from the surface to the
stratopause, using NMC observations. Section 2 dis-
cusses the dataset and analysis procedure; section 3
gives an overview -of the warming; section 4 discusses
potential vorticity and wave breaking diagnostics; the
concluding discussion (section 5) summarizes the main
observations and their implications, and draws atten-
tion to some areas for further study.

2. Dataset and analysis

The dataset used for this study consists of National
Meteorological Center (NMC) heights and tempera-
tures at 12 UTC from 1000 to 1 mb for the period 24

[

2 Though not officially recognized as a major warming, the event
- of early December 1981 also came precariously close to being the
earliest “‘major warming” ever. Our calculations with NMC data sug-
gest that this event fell short by only 0.44 m s~ from attaining both
WMO criteria at 10 mb. Obviously, these criteria should not be taken
too seriously. Aside from being arbitrary, they do not take into account
the integrity of the vortex, which was maintained in this event (Quiroz
1986). —

3 The 1987 event occurred while our note was in press. Formally,
this criterion applies to January and February only, but only for the
reason that we did not, at that time, have to account for any December
major warmings.
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September 1978 to 12 March 1988. Winds at all levels
were calculated by the linear balance method (Rob-
inson 1986; Hitchman et al. 1987). Randel (1987) has
shown that the linear balance winds, which are quali-
tatively similar to gradient winds, are an improvement
over geostrophic winds. (Observed winds are availatle
only up to 100 mb from NMC. Since our study focuses
primarily on the levels above 100 mb, the use of cal-
culated winds at the lower levels should not significantly
affect the results.) ‘

The data were transformed onto a 4° latitude by 5°
longitude grid for all of the calculations. Although the
stratospheric height and temperature fields appear to
be relatively smooth, the vorticity and potential vor-
ticity fields show considerable small-scale noise (Bald-
win and Holton 1988). Vorticity fields at and belcw
100 mb are relatively free of such noise, while fields at
and above 10 mb are somewhat noisy. To remove this
noise, the height data were transformed into spherical

harmonic coefficients by the method of Blackmon .

(1976). Triangular truncation at wavenumber 15 was
then applied to the data. This truncation gave the sub-
jectively best results, removing much of the small-sczle
noise (Which was not consistent from day-to-day), whle
retaining those features which seem to be real, i.z.,
temporally consistent. Triangular, as opposed to any

other, truncation scheme was used because it is an iSo-

tropic filter on the sphere (Sardeshmukh and Hoskins
1984). All height data at 10 mb and above were filter:d
in this way. Between 100 and 10 mb, a smoothed da-
taset was constructed from a linear combination of the
original data and the filtered data. The fraction of fil-
tered data used in this combination was taken to vary
linearly (in log-pressure) from zero at 100 mb to one
at 10 mb. The effect on potential vorticity fields of
smoothing the temperature fields is negligible, so
only the height data were smoothed in the aforemen-
tioned way.

As in Baldwin and Holton (1988), the high Rich-
ardson number approximation to Ertel’s potential vor-
ticity (PV) is used:

)
= —g(§+f)51-;. (1

Vorticities, {, are computed on constant pressure sur-
faces. Stabilities, d0/dp, are calculated using a cutic
spline procedure in log-pressure coordinates to evaluate
the vertical temperature gradient d77/9z. This procedure
represents an improvement over the extrapolation
method used by Baldwin and Holton (1988), and re-
sults in a slight change to the potential vorticity fields
and vortex area diagnostics as noted here.

Following Dunkerton and Delisi (1986) and Baldwin
and Holton (1988), P is then multiplied by

-1

—— (2)
8(36o/dp)

-
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where 30,/dp is the U.S. Standard Atmosphere value
of stability at the standard height of the @-surface. This
scaling has two advantages. The P values are easily
compared to vorticity and, more importantly, com-
parisons among different levels are simplified.

Finally, the computation of Eliassen—Palm flux per-
formed in section 3 utilized the quasi-geostrophic form
[Egs. (2.2a, b) of Dunkerton et al. 1981] but the hor-
izontal perturbation winds were evaluated with the lin-
ear balance method as previously noted.

3. An overview of the warming
a. Structure at 10 mb, 60°N

During November, the amplitude of wave 1 in-
creased, as shown in Fig. 1, while wave 2 remained
small. After mid-November, a “precursor’ event prior
to the major warming may be seen in the temperature
difference between 60°N and the pole, as well as in the
mean zonal wind. This event decreased the wind speed
and lessened the poleward temperature gradient, and
was accompanied by a brief amplification of wave 1
amplitude (climaxing on 23 November). The subse-
quent major warming of early December resulted in
easterly mean winds at 60°N, with a reversed temper-
ature gradient. During the height of the warming, wave
1 amplitude at this level decreased dramatically.

The post-warming recovery was initially rapid and
continued until the vortex began to break down in late
February, leading to an early final warming (Naujokat
et al. 1988).

b. Winds and Eliassen-Palm flux

The wind structure during the 1987/88 winter is
shown in Fig. 2. The early winter development of the
polar night jet above 30 mb was disrupted by a sudden
decrease in wind speeds during late November (Fig.
2e). This precursor event was followed by a brief, partial
recovery and then a sudden wind reversal during early
December. The vortex recovered following the warm-
ing, and continued to develop until late February, when
winds again decreased. The final warming occurred in
early March.

Cross sections at 30, 10, 5 and 2 mb show that by
late November the jet was still weak at 30 mb. The late
November wind minimum is visible at 10 mb and
above, and is most striking at 2 mb. The wind reversal
at 60°N in early December appears to have begun at
the highest levels slightly before reaching the 30 mb
level. At 10 mb and above, the wind reversal occurred
rapidly and simultaneously from about 50°N to the
pole. However, the recovery back to westerly winds
took longer at higher latitudes.

The latitudinal extent of the event was much greater
at higher levels than at 30 mb. At 30 mb, there was no
disruption of the zonal wind south of 50°N (actually
a slight positive acceleration there). But at 2 mb, effects
can be seen as far south as 20°N.

MARK P. BALDWIN AND TIMOTHY J. DUNKERTON

2865

10mb 60N 1987-88
3 : . : . - .
So[DELTA T a -
10} -

~10Fw \,NW W\[ i
-20} 4

-30

40l UBAR b |
20k ... M/\/\\ .
0

-20
900}
600t
300

1200}
900 .
600 4
300+

®OCT NOV DEC JAN FEB MAR APR

FIG. 1. For the 1987/88 winter, at the 10 mb level: (a) North Pole—
60°N zonal mean temperature difference [°C]; (b) zonal mean wind
at 60°N [m s™'J; (c) geopotential height wave 1 amplitude at 60°N
[m]; (d) geopotential height wave 2 amplitude at 60°N [m].

The latitude of the jet remained approximately con-
stant during the period leading up to the major warm-
ing. Ordinarily, during the period preceding a major
mid- or late-winter warming, the jet axis moves slightly
northward as the vortex decreases in size (Baldwin and
Holton 1988). In the present case, if no disturbances
had occurred, one would expect the jet to have
strengthened and moved southward in the early winter,
following its climatological development. More will be
said in the following subsections about the effect of this
major warming on the vortex shape, orientation, and
area in relation to its climatological behavior at this
time of year.

A zonal mean view of the warming in the latitude-
height plane is shown in Fig. 3. Mean zonal winds and
Eliassen-Palm (EP) flux are presented every other day
from 28 November until 14 December 1987. No tem-
poral smoothing was used. During the period 30 No-
vember to 6 December, the speed of the jet at 1 mb
decreased by about 10 m s™!/day. The corresponding
temperature increase in the polar stratosphere was
about 30°C. During that period, the EP flux increased
greatly, especially at high levels, while at lower strato-
spheric levels the flux developed a northward com-
ponent.* The deceleration of the mean flow is consistent

* The arrows are multiplied by a factor of exp**¥, This removes
the factor of exp™¥ in the EP flux so that the arrows are visible at
high levels. If the heat flux, momentum flux and stability were in-
dependent of height, the arrows on the plot would also be independent
of height.
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FIG. 3. (a-i) Eliassen—Palm cross sections for selected days. Divergence contour interval is 10 m s™" day™ above 100 mb
and 5 m s™! day below 100 mb. (See text for scaling of arrows.) (j-r) Zonal mean wind for selected days [m s™*].
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