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Isentropic mixing in the Arctic stratosphere during the

1992-1993 and 1993-1994 winters
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Abstract. Dynamic isolation of the winter Arctic circumpolar
vortex during 1992-1993 and 1993-1994 (the second and third
northern hemisphere winters of the UARS mission) is studied
using quasi-horizontal isentropic trajectories. Ejection of vortex
air and entrainment of mid-latitude air into the vortex are
quantified and compared with climatological values obtained
from the analysis of 16 Arctic winters. A number of unusual
features of both winters are discussed. The most notable features
are the anomalous isolation experienced by the vortex during
December 1992 and the unusual degree of isolation and
persistence of the vortex during February and March of both
years. The 1992-1993 winter season is the most consistently
isolated vortex on record. Only during January 1993, when
entrainment is large, is this pattern of extreme isolation broken.

Introduction

Mixing across the polar night jet during the 1992-1993 (92/93)
and 1993-1994 (93/94) northern hemisphere winters has been
examined recently using Upper Atmosphere Research Satellite
(UARS) and associated data by Manney et al. [1994a and b].
Unusual features of the Arctic winter vortex were reported by the
authors. In light of the short time period for which these data are
available, it is important to ground these studies in a
climatological sense by comparing analyses using the UARS data
to analyses based on a longer record, such as the combined
National Meteorological Center (NMC) [McPherson et al., 1979]
and Climate Analysis Center (CAC) [Gelman et al., 1986]
analyses.

Dahlberg and Bowman [1994], DB hereafter, developed a
climatology of large-scale mixing in the Arctic lower stratosphere
from 14 winters covering 1978-1979 through 1991-1992 (91/92).
They used analyzed winds to compute isentropic tracer
trajectories on the 450 K isentropic surface. The purpose of that
study was to examine the degree of isolation experienced by the
Arctic polar vortex, to complement similar work in the Antarctic
by Bowman (1993), and to determine the representativeness of
detailed studies of individual Arctic winter seasons by Plumb et
al. [1994], Waugh et al. [1994], and Waugh and Plumb [1994]
among others. DB found the Arctic winter vortex to be less
isolated than the Antarctic vortex, but still relatively well
isolated. The degree of isolation is highly variable and has a
pronounced seasonal cycle. In early winter exchange is
dominated by entrainment of midlatitude air into the vortex as it
strengthens and consolidates. Ejection of vortex air to
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midlatitudes during this period tends to be relatively low. As the
season progresses into January and February, the rate of
entrainment decreases rapidly and ejection increases only
slightly. In March mixing is dominated by ejection of filaments
of vortex air as the vortex breaks down due to weakening of the
circumpolar jet.

Manney et al. [1994c] examined the observed seasonal
evolution of the Arctic winter vortex as shown in 16 years of
NMC data (1978-1979 through 1993-1994). This study also
analyses suggest that the Arctic vortex was unusually isolated
during the 92/93 winter.

In this paper, results presented in DB are extended through the
93/94 winter season to include the most recent years of the
UARS mission. These results are compared with experiments
using the UARS and associated data [Manney et al., 1994a and b]
and the three-dimensional transport analysis by Manney et al.
[1994c] to gain a clearer picture of the representativeness of
these winter seasons.

Data and Methods

The data set for this study is a compilation of daily (1200 UT),
global, geopotential heights from the CAC stratospheric analysis
(70 - 0.4 mb) and the NMC tropospheric/lower-stratospheric
analysis (1000 — 100 mb) [Randel, 1987]. See also Trenberth
and Olson [1987] for further discussion of the data set.
Horizontal winds are computed as in Randel [1987]. Lagrangian
trajectories on the 450 K isentropic surfaces in the lower
stratosphere are computed as in DB. Isentropic calculations are
reasonable in the lower stratosphere due to weak heating rates
[Rosenfield, 1992] and limited diabatic motion as seen in Manney
et al. [1994b). Particles are initialized on 128 x 128 uniform
longitude-latitude grids ranging in latitude from 13° N to 88° N.
The particle trajectories are integrated, using a standard Runge-
Kutta scheme, for 30 days beginning on December 1, January 1,
February 1, and March 1. This trajectory approach is supported
by a number of studies [Bowman, 1993; Plumb et al., 1994,
Waugh et al., 1994; Waugh and Plumb, 1994; Manney et al.,
unpublished data, 1995; Schoeberl et al., 1992] which indicate
good agreement between the observed evolution of a semi-
conservative tracer field and the evolution determined by a
trajectory calculation.

Transport is represented as area-weighted fluxes of particles
across PV contours during a month. The mixing barrier,
symbolized by Q,, is defined as the PV contour crossed by the
least amount of air during a calculation.  Transport is determined
by comparing particular PV on the first and last days of the
integration. The mixing barrier is treated as an average vortex
boundary for the 30 day integration. Mixing is divided into
entrainment of mid-latitude air into the vortex and ejection of
vortex air. Entrained air is comprised of those particles that
move to higher PV and cross the mixing barrier at Q,, while
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Figure 1. Exchange fluxes across PV isopleths on the 450 K isentropic surface for the 1992-1993 and 1993/1994
winter seasons (December 1992-March 1993 and December 1992-March 1993, respectively). Fluxes represent
changes in particle PV between the first and last day of the 30 day integrations. Dashed curves indicate the flux
of entrained air (air which crosses Q, toward higher values of PV). Dotted curves give the flux of ejected air (air
which crosses @, toward lower values of PV). Vertical lines indicate the mixing barrier Q,. PV values are in

units of 107K m? 5! kg

ejected air is the particles which move to lower PV and cross Q,.
All fluxes are normalized by the initial area of the vortex (area
enclosed by the O, contour). A more detailed discussion of the
methodology can be found in DB.

Results

1992-1993 Winter Season

The total, entrainment, and ejection fluxes for the 92/93 and
93/94 winter seasons are plotted in Figure 1. The total flux
(solid) curves are included to show the range of PV values
observed during each month as well as the location of Q,
(indicated by the vertical lines). December 1992 is an example of
one of the most pronounced early winter mixing barriers as seen
in the local minima in the total flux curve at ~2.3 PV units in
Figure 1. The amount of air entrained into the vortex during this
month, 30% of the initial vortex area, is represented by the
magnitude of the dashed curve at Q, in Figure 1. The
entrainment curve goes to zero within the vortex much more
rapidly than the total flux curve indicating there is little deep
entrainment. The entrained particles actually occupy a narrower
band at the vortex edge than is apparent from Figure 1 because
PV gradients are largest at the vortex edge. Deep entrainment is
not uncommon for December calculations, and the lack of it
during 1992 further indicates an unusual degree of isolation
during this month. Monthly climatological entrainment values
are computed as 16-year means (1978-1979 through 1993-1994)
for each month and plotted in Figure 2a along with the
corresponding values for the 91/92 through 93/94 seasons. The
vertical bars show the minimum and maximum entrainment

values that occur in this 16-year period. The degree of
entrainment during December 1992 is lower than the
climatological December value of 47% and near the minimum in
the observed variability.

Ejection of air from the vortex during 92/93 and 93/94 is
represented by the dotted curves in Figure 1. A comparison of
these ejection rates to the 91/92 and climatological values is
presented in Figure 2b. Ejection during December 1992 (17% of
the initial vortex sample as seen Figure 1 or the dash-dot curve in
Figure 2b) is much lower than the climatological value of 28%
given by the solid curve in Figure 2b. The overall picture is of a
degree of isolation during December 1992 that is more consistent
with a midwinter (January or February) calculation.

January 1993 is also unusual when compared with
climatology. Entrainment is nearly twice the climatological
value of 33% while ejection is the lowest observed in the entire
record (Figures 1 and 2). The large degree of entrainment is not
as unusual, however, when compared with recent years,
particularly January of 1988, 1989, and 1990. Figure 3 contains a
plot of exchange rates for all January calculations. It can be seen
from this figure that the January 1993 calculation is second only
to January 1988 in entrainment. Another feature of January 1993
that is consistent with recent years is the fact that entrained air is
confined near the vortex edge throughout the integration. This
can be seen by comparing how quickly the entrainment (dashed)
curve decreases relative to the total flux (solid) curve within the
vortex in Figure 1.

Entrainment during February 1993 is approximately equal to
the February climatology (Figure 2a) in spite of partial splitting
of the vortex in response to the warmings observed by Manney et
al. [1994a and b]. This result further supports the claim in DB,
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Figure 2. (a) Solid curve represents monthly climatological entrainment values computed as the 16 year (1978-
1979 through 1993-1994) means for each month. Monthly entrainment values for the 91/92 are given by the
dotted curve. The dash-dot curve gives monthly entrainment for the 92/93 season and the 93/94 season is
represented by the dashed curve. Vertical bars are included to show the range of entrainment values for each
month. (b) The solid curve gives climatological ejection, defined analogous to above. Ejection during 91/92,
92/93 and 93/94 are represented by the dotted, dash-dot, and dashed curves respectively. Again, vertical bars

indicate the extremes of the variability for each month.

that a split in the vortex is not a sufficient condition for creating
entrainment. The trend of low ejection continues from the
previous two months (18% versus the climatological 40%). The
overall result is that February 1993 is one of the most isolated
months in the 16 year record.

March 1993 is very similar February. As discussed in Manney
etal. [1994b], the vortex shrinks and the mixing barrier moves to
a higher value of PV. Yet the vortex is unusually persistent and
shows no sign of breaking down even at the end of the month.
The amount of exchange during March is roughly equivalent to
that in February 1993. The 1982-1983 winter season is the only
previous case where the vortex remains this persistent and
isolated so late in the season.

1993-1994 Winter Season

December 1993 is an example of a near-average early winter.
Entrainment is right at climatology as seen in Figure 2a. The
ejection rate of 18% is below the December climatology. Once
again, the warmings observed by Manney et al. [1994b] appear as
partial splitting events in our analysis. In this case, the warming
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Figure 3. Summary of exchange across the mixing barrier
during January. Black bars indicate entrainment as a percentage
of the initial vortex air. White bars show ejection.

events do result in entrainment deep into the center of the vortex,
as can be seen by comparing the total (solid) and entrainment
(dashed) flux curves in Figure 1.

During January 1994 the vortex is poorly isolated.
Entrainment is as large as in the other recent January calculations
shown in Figures 3, but in this case, entrained particles are mixed
throughout the vortex interior by the end of the month rather than
remaining in a band at the vortex edges. This is evident when
comparing the entrainment and total flux curves in Figure 1.
Most of the deep entrainment is the result of a strong warming
early in the integration, again observed in Manney et al. [1994b].
Ejection is near climatology and shows no unusual features.

During February and March of 1994 the vortex experiences
several major splitting events, yet during both months
entrainment is nearly zero (6% and 2%, respectively). Here
again, splitting of the vortex is not sufficient to drive entrainment.
Ejection across the barrier during February is near the upper
extreme for February experiments (Figure 2b). As can be seen
from the dotted curve in Figure 1, ejected air is drawn from deep
within the vortex, but predominantly forms filaments which
remain wrapped around the vortex edge through the end of the
integration. The vortex remains intact and relatively well isolated
at the end of March as in the previous year. Only one major
filament is released from the vortex to midlatitudes as a result of
the warming event during the middle of the month.

Discussion and Conclusions

It is now possible to discuss the representativeness of the first
three UARS years (91/92 from DB and the 2 seasons presented
above) to the 16 year climatology. Examination of the seasonal
trends of mixing shown in Figure 2 reveals that January and
March 1992; December 1992, January and March 1993; and
January through March 1994 all display characteristics that are at
the extremes of the observed variability. A prominent feature of
all three seasons is the unusual persistence and isolation of the
vortex. This is most evident during 92/93 where, except for the
unusually strong entrainment during January, exchange is at or
below climatological values throughout the season. Ejection is
particularly weak during this season especially during January
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and March. These results are in agreement with Manney et al.
[1994c] who found the 92/93 season to be the most isolated on
record. Our analysis indicates that, except for the large
entrainment seen during January, this season has the most
consistently isolated vortex observed.

The seasonal cycle of entrainment is similar for all three years
except during January. In January 1992 entrainment is very weak
whereas large entrainment is seen during January of 1993 and
1994 (Figure 2). The lowest rates of entrainment are seen during
the mid to late winter of 93/94. Ejection rates are identical in
December for all three seasons. In 91/92, ejection goes on to
peak well above the climatology in January then returns to low
values through March. In 92/93 ejection remains well below the
climatology throughout the season. Ejection rates for 93/94
follow the climatological pattern more closely. Thus, 93/94 is
still unusually persistent, but less isolated than 91/92 and,
especially, 92/93.

The pattern of high entrainment in January observed during
92/93 and 93/94 has occurred 6 out of 7 years since 1988, but
only 3 out of 9 years previously (including 1979 where data
quality is suspect). It is not clear whether this pattern represents
a trend or simply natural variability, however, it is clear that the
second and third NH winters observed by the UARS mission
cannot be treated as a representative sample of the Arctic winter
vortex.
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