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STRATOSPHERIC SUDDEN WARMING IN 1989 FROM THE
VIEWPOINT OF ATMOSPHERIC ANGULAR MOMENTUM
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Abstract: A major wavenumber-2 stratospheric sudden warming occurred in
mid-February of 1989. Using the U.S. National Meteorological Center (NMC)
data, an analysis of this event was performed based on the angular momentum
equation in the transformed Eulerian-mean (TEM) formalism. Although the
warming took place abruptly, the atmospheric angular momentum (AAM) of the
Northern Hemisphere (NH) stratosphere above 100 hPa started decreasing gently
about 4 weeks before the warming. The decreasing occurred in the whole region
of the NH stratosphere. During the decreasing period of the northern strato-
spheric AAM prior to the sudden warming, the global AAM also decreased and
hence the length of day (LOD) decreased. The contribution of the global
stratospheric AAM to the decreasing of the LOD was about 40-50%. Using the
TEM formalism, the AAM budget in the NH stratosphere was investigated. The
eddy forcing which can be represented as the Eliassen-Palm (E-P) flux vectors
generally acts to decrease the AAM, and the residual mean meridional circulation
acts in the opposite way. Analysis of the relationship between the stratospheric
sudden warming and the AAM budget shows that the eddy forcing was enhanced
gradually during the 4 weeks before the warming and contributed to the decreas-
ing of the AAM.

1. Introduction

The atmospheric angular momentum (AAM), which reflects the distribution of the
zonal winds in the atmospheric circulation, plays an important role in changes of the length
of day (LOD). The variations in the globally integrated AAM are well correlated with
changes of a few tenths of a millisecond in the LOD and can account for changes of the
LOD of period less than several years (LANGLEY et al., 1981; EUBANKS et al., 1985; Naito,
1988; NaIiTo and KikucHi, 1992b). Therefore, the changes of the LOD are a good
indicator of climate variability (ONODERA and NAITo, 1987). For example, the signals of
the El Nifio-Southern Oscillation, Quasi-Biennial Oscillation, and 40- to 50-day oscillation
appear in the LOD (ROSEN et al., 1984; CHAO, 1989; Naito and KikucHI, 1992a; MAGANa,
1993).

RoseEN and SALSTEIN (1985) and JADIN and Y AMAZAKI (1995) have studied the contribu-
tion of stratospheric winds to annual and semiannual fluctuations in AAM and the LOD.
They showed that including stratospheric winds in the AAM calculation reduced
significantly the differences of the amplitudes of annual and semiannual components
between the globally integrated tropospheric AAM and LOD. In general, the
climatological zonal-mean zonal winds are westerly in the winter stratosphere. Strato-
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spheric sudden warming is a dramatic event which decreases rapidly the westerlies in the
high-latitude stratosphere and increases the westerlies in low-latitudes of the stratosphere.
The net effect for the stratospheric AAM in connection with this event is not clear.

Stratospheric sudden warming has been studied from various points of view for 40
years or more. However, warming events have not been studied from the viewpoint of the
AAM and LOD. A major wavenumber-2 stratospheric sudden warming occurred in
mid-February of 1989. In this study, we examine the relationships between the strato-
spheric sudden warming and the AAM, LOD variations for this case. To investigate the
AAM budget in the Northern Hemisphere (NH) stratosphere in connection with the
stratospheric sudden warming, we use the angular momentum equation in the transformed
Eulerian-mean (TEM) formalism.

This paper is organized as follows. In Section 2, the data and method of analysis are
described. Section 3 contains a description of the behavior of the major warming. In
Section 4, the relationships between the stratospheric sudden warming and the AAM, LOD
variations are shown. Quantitative results for the AAM budget in the NH stratosphere are
shown in Section 5. Finally, the results are summarized and discussed in Section 6.

2. Data and Method of Analysis

In this study, we used the U.S. National Meteorological Center (NMC, presently
known as the National Centers for Environmental Prediction (NCEP)) 1200 GMT daily
data during the period from January to March 1989. Geopotential heights and tempera-
tures are available on a 2.5°X5.0° latitude-longitude grid at 18 pressure levels (1000, 850,
700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 10, S, 2, 1, and 0.4 hPa). Winds are avail-
able from 1000 hPa to 50 hPa level. Above 50 hPa, the nonlinear balance wind was
computed from the geopotential height data between 20° latitude and 90° latitude (RANDEL,
1987). Between 10° latitude and 20° latitude, a linear combination of the geostrophic wind
and the nonlinear balance wind was used. The wind near the equator was obtained by
cubic-spline interpolation from the values at 10°N/S and poleward of them. Missing data
were linearly interpolated in time.

LOD data used in this study are synthetic data observed astronomically by space
techniques: ie., lunar laser ranging (LLR), satellite laser ranging (SLR), and very long
baseline interferometry (VLBI) (Gross, 1992, data are provided by Dr. I. NAIt0).

The AAM relative to an earth-fixed frame for various latitudinal belts is computed by

_ﬁ(i Y 2
AAM = 2 lilucos ¢ dpdp, (1

where ¢ ranges between the southern and northern boundaries of belt . Here a is the
mean radius of the Earth, g is the acceleration due to gravity, ¢ is latitude, « is the
zonal-mean zonal wind, p, is the surface pressure (here we assume 1000 hPa as p,), and p,
is the top pressure of the atmosphere.
On the one hand, the angular momentum equation in the TEM formalism can be
written (e.g., HoLTON et al., 1995)
am v om [ —, om
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Here m=a cos ¢(u + afl cos ¢) is the absolute angular momentum, G represents the
wave-induced force per unit mass, overbars denote zonal means, z=— H In(p/p,) where H
is a scale height (7 km), and ( is the angular velocity of the Earth. In the TEM formalism
(e.g., ANDREWS and MCINTYRE, 1976; EDMON et al., 1980; PALMER, 1981), a residual mean
meridional circulation is defined by

_ 1
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Here subscripts such as z in g, represent partial differentiation, primes denote departures
from zonal means, po(z)=p,e " where p,=p,/RT,, R is the gas constant, T; is a constant
reference temperature (239.2 K), and @ is the potential temperature.

Integrating eq. (2) over altitudinal and latitudinal volume (z, —co, ¢, — ¢,) for the
volume element for integrating over a zonally symmetric portion of the atmosphere, 274’

(00V' 8’ [6.), 3)

(cos ¢V 6’/ B.). 4)

cos ¢ dpdz and making ¢2—>% (90°N), the first term on the left-hand side of eq. (2) can

be written

Q{%’—— = —(%—{27ra2[m/d;§po cos g m d¢>dz}

— 9 o " ‘;pocosz pudpdz +27a'Q [ gﬁocos}ﬁﬁ dgdz
s, [ fimeoss o

8 oM,
3 -+ —ar (5)

where
M,:Zn-a"fmﬂfipo cos? pu dedz,
Mﬂzzna“Q/w‘é ? po c0S® ¢ depdz.

In eq. (5), M, represents the relative angular momentum, which we already discussed in eq.
(1). M is called ) momentum and represents the angular momentum of the atmosphere
if it were at rest with respect to the rotating solid Earth. M, is almost constant with time.
Since the time-variation of M, is much smaller than that of M,, we neglect the time-
variation of M in this study. Using the continuity equation, the second and third terms
on the left-hand side of eq. (2) can be written in flux form:

1
acos¢> 8(}5 (cos pv* m)+ —

Integrating over the same volume, we obtain:
27ra/mf’2£ 9 (cos pv*m) d¢dz+27ra2/7‘fwcos ¢ _8_( W *m) dzdg
z, ) pO ad) & z, aZ pO
=_2ra cos¢1/mpo?*(¢‘)ﬁ(¢1) dZ——27[[12'L:§ cos poo(z)W*H(z)m(z)) dp.  (6)

o 32 (po— w*m).
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The wave-induced force G on the right-hand side of eq. (2) can be written:

P ] .

G—~——~———p0acos¢ V-F+X. 7
Here X represents the unspecified horizontal components of friction, or other nonconser-
vative mechanical forcing. F is the Eliassen-Palm (E-P) flux owing to eddies such as

planetary waves. E-P flux vectors in the TEM formalism are defined by

F® = pia cos ¢('& W/? —Vu), 8)
F<:):poacos¢{[ — acos¢ a¢(u cos(/))] Ve /6—wu} %)
and V-F is expressed by
F L ) oF®
V-F= - acos¢ 8¢(F cos ¢)+ o (10)
If we neglect X, the right-hand side of eq. (2) can be written
2ra’ / ‘/‘; ! picos p(acos ¢)G dpdz
=—2rwa cos¢,fmF‘°”(¢l) dz—27zaz'/¢g cos pF(z)) dg. (11)
From egs. (5), (6), and (11), the time-variation of the AAM is given by
oM M,
e a(? =27za cos ¢[ ooV (p)m(p,) dz
2@ ﬁ 2cos gooz)W*(z)m(z,) d
2ra cos¢.[mF‘°’)(¢,) dz
_Qﬁazﬁg cos pF?(z,)) dg. (12)

Equation (12) suggests that the time-variation of the AAM can be calculated from the
meridional and vertical components of the residual mean meridional circulation and E-P
flux vectors; therefore, using this equation, we can examine the AAM budget and causes
of the AAM variation in a certain region and time. The analysis which is related to eq.
(12) is described in Section 5.

3. Behavior of the Major Warming

Stratospheric sudden warmings can be mainly divided into major warmings and
minor warmings. It is defined to be a major warming if at 10 hPa or below the zonal-
mean temperature increases poleward from 60° latitude and the zonal-mean zonal wind
reverses in a period of a week or less. If the temperature gradient reverses there but the
circulation does not, it is defined to be a minor warming (ANDREWS et al., 1987).

We survey the behavior of the major warming which occurred in mid-February of
1989 before analyzing the relationship between the stratospheric sudden warming and the
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AAM variation.  Subsection 3.1 shows a description of the zonal-mean and synoptic fields
at the time of the major warming. The E-P flux vectors and the residual mean meridional
circulation which are useful concepts in the diagnosis of the stratospheric sudden warming
and the time-variation of the AAM are described in Subsection 3.2.

3.1.  Zonal-mean and synoptic fields

Figure 1 shows the time evolution of temperature at 10 hPa and 30 hPa over the North
Pole. During January and February of 1989, three sudden warming events (around
January 26-29, February 9-12, and February 15-20) occurred in the northern polar
stratosphere. While the third event showed the strongest warming at 30 hPa, as much as
41.4 K from February 15 to February 20, the first two of these events took place at higher
levels than the third event. The third event was more rapid and stronger than the others.
In all events, the zonal-mean temperatures increased poleward from 60°N at 10 hPa or
below (not shown).

Figure 2 shows the latitude-height sections of the zonal-mean zonal wind during the
third event, which is the strongest warming among the three sudden warming events.
Figure 3 shows the change of the zonal-mean zonal wind for two days during that period.
On February 14, the stratospheric westerly jet was located at around 70°N, 10 hPa and had
a maximum around 45-50 ms™!. The westerly jet was weakened in connection with the
sudden warming (Figs. 2b, 2c, 3b, and 3c), and the easterly appeared from the high-latitude
upper stratosphere as the warming progressed (Fig. 2c). In the latter half of the warmimg,
whereas the stratospheric circulation in high-latitudes reversed to easterly, the westerly in
the low-latitude upper stratosphere became strong at a slow pace (Figs. 2d, 2e, 3d, and 3e).
The maximum of the easterly was located at around 70-75°N, 2 hPa with magnitude of 15-
20 ms™* on February 19. The easterly in high-latitudes was weakened after the reverse,
and the westerly in low-latitudes became stronger than before (Figs. 2f and 3f). In the first
two sudden warming events, however, the reverse of the zonal-mean zonal wind such as
described above did not exist (not shown). From these analyses, it can be seen that the
first two of the three sudden warmings were minor warming, and the third was a major
warming.
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Fig. 1. Time evolution of temperature at 10 hPa (thin line) and 30 hPa (thick line) over the
North Pole.
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Fig. 2. Latitude-height sections of the zonal-mean zonal wind on February (a) 14, (b) 16, (c)
18, (d) 20, (e) 22, and (f) 24 in the Northern Hemisphere. Contour interval is 5 ms='.
Negative values are hatched.
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during the third stratospheric sudden warming. Contour interval is 5 ms~'. Negative
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Fig. 4. Geopotential height maps at 10 hPa for the same days as in Fig. 2. Latitude circles
are shown at 10° intervals, with the outermost circle at 20°N. Contour interval is 200
m.
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Figure 4 shows the evolution of geopotential height fields at 10 hPa for the same days
as in Fig. 2. On February 14, the polar vortex was elongated and was located near the
pole. The Aleutian High and the high in the European sector are seen at around 155°E,
S0°N and 10°E, 60°N, respectively. Associated with the sudden warming, the high in the
European sector has strengthened and the polar vortex has weakened during the following
few days (Figs. 3b and 3c). The strengthened high in the European sector moves poleward
and eventually the polar vortex split into two cyclonic centers (Fig. 3d). Therefore the
polar region was occupied by relatively warm air. But after the sudden warming, the high
in the polar region was weakened (Figs. 3e and 3f), and the polar vortex recovered around
March | (not shown). In this figure, it can be seen that the third warming event was a
major warming of wavenumber-2.

3.2, E-P flux vectors and residual mean meridional circulation

Figure 5 shows the E-P cross sections, which are latitude-height sections containing
the E-P flux vectors and the zonal force due to divergence of the E-P fluxes (see Section
2). In Fig. 5a, it is found that the E-P flux vectors which indicate the direction of
planetary wave propagation moved strongly upward from the mid-latitude lower tropo-
sphere and played an important part in the deceleration of the mean flow in mid-latitudes
of the upper stratosphere. At the same time, there was remarkable westerly wave forcing
in high-latitudes of the upper stratosphere. After February 15, the magnitudes of the E-P
flux vectors increased, and their directions turned more upward and poleward (Figs. 5b
-5d). Intense easterly wave forcing is seen in high-latitudes of the upper stratosphere.
The forcing extended to mid-latitudes by the change of the E-P flux vectors as mentioned
above (Figs. Sb-5d). During this period, the easterly wave forcing reached a maximum of
nearly S0 ms™! day~! at about 65°N, 10 hPa. Because the planetary wave from the lower
troposphere was weakened after February 20, the easterly wave forcing was also weakened
(Figs. Se and 5f). The weak westerly wave forcing is shown in mid- and low-latitudes of
the upper stratosphere (Figs. 5e and 5f). Wave forcing shown in Fig 5 explains the
observed wind change (Figs. 2 and 3) fairly well.

By wavenumber analysis, it is found that the E-P fluxes of wavenumber-1 and -2
played an important role in the easterly accelerations, but the wavenumber-2 pattern was
especially dominant (not shown). Whereas E-P fluxes of wavenumber-1 contributed to
the easterly accelerations in the upper stratosphere, those of wavenumber-2 contributed
mainly to the easterly accelerations in the middle stratosphere (not shown). The E-P
fluxes of higher wavenumbers did not contribute very much to the easterly accelerations in
the stratosphere (not shown). These results confirm that the third sudden warming had a
planetary wave of wavenumber-2.

Figure 6 shows the latitude-height sections of the residual mean meridional circulation
for the same days as in Fig. 2. On February 14 (Fig. 6a), there were two counterclockwise
circulations in the high-latitude stratosphere. In the mid-latitudes of the upper strato-
sphere, the meridional component of the residual circulation was generally poleward. On
February 16 (Fig. 6b), the upper stratospheric counterclockwise circulation broke down.
The meridional component of the residual circulation in the mid- and high-latitude upper
stratosphere was generally poleward, and then a strong descent occurred in the polar region.
The descent of the upper stratosphere became stronger than before and extended to the
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troposphere (Fig.6¢c). From Figs. 6a-6d, it can be seen that the intense warming from
February 15 to February 20 in the northern polar stratosphere occurred by this strong
descent. The ascent found somewhere in low-latitudes though the ascent was not well
organized. After February 20, the descent weakened during the following few days, and
the stratospheric residual circulation weakened quickly on February 24 (Figs. 6d-6f).

4. Relationship between the Stratospheric Sudden
Warming and the AAM Variation

Figure 7a shows the time evolution of the AAM in the NH stratosphere (20-90°N,
100-0.4 hPa) with that of temperature at the North Pole, 30 hPa. In this figure, it is found
that the AAM decreased largely by the stratospheric sudden warming events from January
22 to February 21. But it is noted that although the major warming took place abruptly
around February 15-20, the AAM decreased gently during the 4 weeks before the major
warming. After the major warming, the decrease of the AAM stopped, and the AAM
increased. These characteristics of the AAM variation over the NH stratosphere are also
shown in the global stratospheric AAM (see the thick line in Fig. 7b). During the 4
weeks, the enhanced planetary wave activity seems to have contributed to the reduction of
the global stratospheric AAM. The global tropospheric AAM (see the middle thickness
line in Fig. 7b) has also decreased before the major warming, and discussion about this
aspect is made in Section 6.

The calculated total AAM, calculated tropospheric AAM, and LOD changes during
January-March 1989 are shown in Fig. 8. Here the calculated total AAM and tropospher-
ic AAM are shown in units of LOD (milliseconds (ms)) and estimated by applying
equation, JL.OD=1.68 JAAM, to the globally and vertically integrated AAM (the thin
line and middle thickness line of Fig. 7b). In this equation, LOD in ms units and 44AM
in 10*kgm’ ', and the constant 1.68 comes from the assumption of core-mantle decou-
pling (RoseN and SALSTEIN, 1983; JADIN and YaMAzaki, 1995). In Fig. 8, the mean
difference between total AAM and LOD during the three months was removed. The
calculated total AAM, calculated tropospheric AAM, and LOD gently decreased before
the major warming and recovered after the major warming. The changes of the LOD
correlated reasonably well with those of the calculated total AAM rather than the
calculated tropospheric AAM from January to March. On January 22, with AAM
maximum, and February 21, with AAM minimum, in the NH stratosphere (see the thick
line in Fig. 7a), the calculated total AAM and LOD decreased as much as 0.29 and 0.14
ms, respectively. The contribution of the global stratospheric AAM to the decrease of the
calculated total AAM is 48% (0.14 ms). If the beginning date is changed to January 26
when the calculated total AAM and LOD reached a maximum, the decreases of the
calculated total AAM and LOD are 0.38 and 0.34 ms, respectively. The correlation is very
good, and a contribution of the global stratospheric AAM to the decrease of the calculated
total AAM is 37% (0.14 ms) for this period. It is shown that stratospheric winds contribut-
ed significantly to the total AAM during the warming events in 1989.

The decrease of the LOD related to the period of the stratospheric sudden warming
is also seen in cases of other major warming (e.g., major warmings of February 1979,
February 1981, February 1984, December 1984, January 1987, and January 1991). We



190 DL SeoL and K. YAMAZAKI

15 250
- [ 240
o o l230 0
N g2
€ ] %
M 220 2
3 10 <
N gl 210 &
— (08|
8 200
> 74 >
< 190 W
< 6 —
5 180
90

SRR L) LRSS LR KRR LAARAAREN SARAARRALY LALLRRRRR) KALARRAAN
—~ -
—
1
(%]
~N
o
X E
¢ 80F &
. 1
O 60 - —
r
~ “A
UETEEN | FPTRTERNT] SERTNTUETI INCURTITTA [RNURTUTNN SRTURUTT] FUUUNRTTT Togins Lol

10 20 30 40 50 60 70 80 90
1989 (JULTAN DAY)
Fig. 7. (a) Time evolution of the AAM in the Northern Hemisphere stratosphere (20-90°N,
100-0.4 hPa: thick line) and temperature at the North Pole, 30 hPa (thin line). (b)
Time evolution of the global (90°S-90°N) stratospheric AAM (100-0.4 hPa: thick

line), tropospheric AAM (1000- 100 hPa: middle thickness line), and total AAM
(1000- 0.4 hPa: thin line).

made a composite of 7 major warming means, including the 1989 case, and the result is
shown in Fig. 9. Day 45 corresponds to the starting date of warmings. The relationships
between AAM, LOD and stratospheric sudden warming such as the above described are
also shown in this figure. These results suggest that not only the stratospheric AAM but
also the tropospheric AAM decreases before the major warming and so does the LOD.
This coherent variation between the tropospheric AAM and stratospheric AAM is unlikely
to be caused by chance.

Figure 10 shows the absolute angular momentum (72) multiplied by a cosine factor
to investigate the regions and patterns of A AM changes for 1989 warming. Figures 10a
and 10b show the latitude-height section over the difference of mcos¢ between January 22
with AAM maximum and February 21 with AAM minimum in the NH stratosphere,
while Figs. 10c and 10d show the same section in the period of the major warming, ie.,
from February 15 to February 20. In Figs. 10a and 10b, it can be seen that the AAM is
decreased in the whole region of the NH stratosphere, in particular, the decrease is large
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Fig. 9. As in Fig 8 except for 7 case (major warmings of February 1979, February 1981,
February 1984, December 1984, January 1987, February 1989, and January 1991)
mean. Arrow (day 45) denotes the day that the major warmings (MWs) of 7 case
were started.

in mid-latitudes of the stratosphere. The increase of the AAM in the Southern Hemi-
sphere stratosphere is due to the regular seasonal change of zonal winds. In the cases in
Figs. 10c and 10d, the AAM decreased at high-latitudes but increased at low-latitudes of
the NH stratosphere. These results suggest that the northern stratospheric AAM in the
period of the major warming does not vary very much from the viewpoint of the AAM
budget. In other words, the importance of the major warming lies in the redistribution of
the AAM within the stratosphere.

Figure 11 shows the latitude-time sections of mcos¢ which are integrated vertically
from 10 hPa to 100 hPa and from 0.4 hPa to 10 hPa, respectively. These figures assure that
the decreasing of the AAM starts in the upper stratosphere of the northern hemispheric
mid-latitudes (25-55°N) about 4 weeks before the major warming, and the increase of the
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AAM after the major warming also starts from almost the same region.

5. AAM Budget in the NH Stratosphere

Figure 12 shows the time evolution of terms in eq. (12) and the observed AAM change
(obtained by eq. (1)) over the region 20-90°N, 100-0.4 hPa. In this figure, it is found that
eddy forcing (see the thick dashed line) and the observed AAM change (see the thick solid
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Fig. 12.  Time evolution of the residual mean meridional circulation term (the sum of the first
and second terms on the right-hand side: thin dashed line) in eq (12), the eddy
forcing term (the sum of the third and fourth terms on the right-hand side: thick
dashed line) in eq. (12), and observed AAM change (thick solid line) over the region
20-90°N, 100-0.4 hPa. The thin solid line is the sum of the residual mean
meridional circulation and eddy forcing terms. Units are 10* kgm® s~' day~'.

line) terms are positively correlated, while the residual mean meridional circulation (see the
thin dashed line) term is negatively correlated with the observed AAM change term. In
other words, whereas eddy forcing plays an important role in the decrease of the AAM, the
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residual mean meridional circulation contributes to the increase of the AAM. In compar-
ing between the eddy forcing and the observed AAM change, it is noted that eddy forcing
was enhanced gradually during the 4 weeks before the major warming, and it contributed
to gradual decrease of the AAM. There can be seen several peaks of the eddy forcing in
Fig. 12. From comparison between Fig. 12 and Fig. 1, it is found that a few days after
significant enhancement of the eddy forcing, the stratospheric sudden warmings took place.
For example, the eddy forcing reached the peak value on day 24 (January 24) and day 38
(February 7), and the first and second minor warmings occurred during days 26-29
(January 26-29) and days 40-43 (February 9-12), respectively. The strongest eddy forcing
occurred around day 48 (February 17), and it caused the major warming during days 46-
51 (February 15-20). In case of the enhancement of the eddy forcing around day 67
(March 8), a warming event was seen at high-latitudes of the lower stratosphere below 50
hPa. Here the residual mean meridional circulation and eddy forcing consist of the
meridional components, the first and third terms on the right-hand side of eq. (12), and
vertical components, the second and fourth terms on the right-hand side of eq. (12),

dMr /dt

dMr /dt

10 20 30 40 50 60 70 80 90
1989 (JUL AN DAY)

Fig. 13.  Time evolution of the meridional (thin dashed lines) and vertical (thick dashed lines)
components of (a) the residual mean meridional circulation and (b) the eddy forcing
over the region 20-90°N, 100-0.4 hPa. Solid lines show the time evolution of
observed AAM change over the same region. Units are 10* kgm’ s™' day™".
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Fig. 14.  Correlations over the terms that are shown in Fig. 12. (a) Correlation between
observed AAM change (thick line) and time-variation of the AAM by the right-hand
side of eq. (12) (thin line), (b) correlation between observed AAM change (solid line)
and term of the residual mean meridional circulation (dashed line), (c) correlation
between observed AAM change (solid line) and term of the eddy forcing (dashed
line), and (d) correlation between term of the residual mean meridional circulation
(thin line) and term of the eddy forcing (thick line). The ordinate units are 10* kgn?
s 'day .

respectively. In the AAM budget, the meridional component of the residual mean
meridional circulation is more important than its vertical component (Fig. 13a), and the
vertical component of the eddy forcing plays a larger part than the meridional component
(Fig. 13b). Whereas the vertical component of the eddy forcing makes the AAM decrease,
the meridional component of the residual mean meridional circulation makes the AAM
increase by poleward transport of the large equatorial AAM and compensates for the
decrease of the AAM. In other words, the vertical component of the eddy forcing and the
meridional component of the residual mean meridional circulation are almost balanced
from the viewpoint of AAM budget.

Figure 14 shows the correlations of the terms that are shown in Fig. 12. The 95%
significance level is 0.210. The observed AAM change and time-variation of the AAM
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calculated from the right-hand side of eq. (12) are reasonably well correlated (Fig. 14a).
The correlation coefficients (c.c.) are 0.514. The observed AAM change has weak negative
correlation with the residual mean meridional circulation term (Fig. 14b) but has strong
positive correlation with the eddy forcing term (Fig. 14c). The residual mean meridional
circulation term and the eddy forcing term show especially strong negative correlation (Fig.
14d). These figures confirm that the AAM is controlled by the eddy forcing from the
troposphere, and the residual mean meridional circulation acts to compensate for the effect
of eddy forcing. In Fig. 14a, although the correlation coefficients show strong positive
correlations, some differences exist in variations of both lines. In general, the calculated
AAM decrease is small compared with the observed AAM decrease. The fact that the
calculated AAM decrease is smaller than the observed A AM decrease in Fig. 14a provides
evidence that the westerly deceleration is not enough. If above the differences are not
caused by the error in data or calculation, those must come from the neglect of X and/
or unresolved eddies in V - F (see Section 2).

6. Summary and Remarks

The relationship between stratospheric sudden warmings and the AAM variation for
January-March 1989 was examined. Using the angular momentum equation in the TEM
formalism, the AAM budget was also investigated. Principal results obtained in this study
can be summarized as follows:

1) In a series of stratospheric sudden warmings of 1989, the AAM of the NH stratosphere
is largely decreased.

2) Although the major warming took place abruptly, the AAM decreased gently during
the 4 weeks before the major warming. Such decreasing of the AAM is closely related
to enhancement of the eddy forcing that started about 4 weeks before the major warming.

3) The AAM decreased in the whole region of the NH stratosphere. The decrease first
occurred in mid-latitudes (25-55°N) of the upper stratosphere, and the increase of the
AAM after the major warming also started from almost the same region.

4) During the major warming, the AAM decreased in high-latitudes but increased in
low-latitudes of the NH stratosphere, and the total decreased slightly.

5) After the major warming, the decrease of the AAM stopped, and the AAM increased.

6) The decrease of the AAM by the major warming significantly contributed to the
decrease of the global AAM and LOD, and the contribution of the global stratospheric
AAM to decrease of the LOD is about 40-50%.

7) The eddy forcing is positively correlated with the time-variation of the AAM in the
NH stratosphere, while the residual mean meridional circulation is negatively correlated
with that. In other words, the eddy forcing decreases the AAM and the residual mean
meridional circulation increases the AAM.

8) The vertical component of the eddy forcing and the meridional component of the
residual mean meridional circulation play especially important roles in the AAM
budget.

The relationships between stratospheric sudden warmings and the AAM such as
described above are also seen in other major and final warmings that occurred from 1980
to 1994. In the major warmings of February 1981, December 1984, and January 1991, the
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AAM of the NH stratosphere gradually decreased during the 4 weeks before the major
warming and increased quickly after the warming (not shown). In the major warmings
of February 1984 and January 1987, the A AM started decreasing about 5 weeks before the
warming (not shown). In final warmings of March 1988 and 1993, the AAM, which
decreased before the final warming did not increase after the warming (not shown). Here
the final warming is defined as follows (YAamAzAk), 1987): A significant temperature
increase (Le., at least 20 degrees in zonal-mean in a period of a week or less) and circulation
reversal to easterly are observed at any stratospheric level and this circulation remains after
the event.

In this study, we found that northern stratospheric sudden warmings affect largely
variations of the northern stratospheric AAM. However, the sudden warmings have
almost no effect on variations of the southern stratospheric AAM. The global troposph-
eric AAM is also decreased (see Fig. 7b). The slight decrease of the northern tropospheric
AAM in high-latitudes seems to be related to the northern stratospheric sudden warming
(see Fig. 10). However, the main reduction of the global tropospheric A AM occurred in
the tropics (see Fig. 10). Therefore the variation of the global tropospheric AAM s
mainly related to the 40- to 50-day oscillation in the tropics (MADDEN, 1987, MAGANA,
1993). The reduction of the global tropospheric AAM prior to the stratospheric sudden
warming is also shown in the composite analysis (Fig. 9). According to the present study,
there seems to be a coherent variation of the 40- to 50-day oscillation and the stratospheric
AAM. The physical mechanism which links to the tropical 40- to 50-day oscillation and
the stratospheric AAM is not clear, though planetary wave activity in the mid-latitude
troposphere is likely to be a key factor. It needs further study.
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