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Mixing of polar vortex air into middle latitudes as
revealed by tracer-tracer scatterplots
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Abstract. The occurrence of mixing of polar vortex air with midlatitude air is
investigated by examining the scatterplots of insitu measurements of long-lived
tracers from the NASA ER-2 aircraft during the Stratospheric Photochemistry,
Aerosols and Dynamics Expedition (SPADE, April, May 1993; northern hemisphere)
and the Airborne Southern Hemisphere Ozone Experiment / Measurements for
Assessing the Effects of Stratospheric Aircraft (ASHOE/MAESA, March-October
1994; southern hemisphere) campaigns. The tracer-tracer scatterplots from SPADE
form correlation curves which differ from those measured during previous aircraft
campaigns (Airborne Antarctic Ozone Experiment (AAOE), Airborne Arctic
Stratospheric Experiments I (AASE I) and II (AASE II)). It is argued that these
anomalous linear correlation curves are “mixing lines” resulting from the recent
mixing of polar vortex air into the middle latitude environment. Further support for
this mixing scenario is provided by contour advection calculations and calculations
with a simple ene-dimensional strain-diffusion model. The scatterplots from the
midwinter deployments of ASHOE/MAESA are consistent with those from previous
midwinter measurements (i.e., no mixing lines), but the spring CO,:N,O scatterplots
form altitude-dependent mixing lines which indicate that air from the vortex edge
region (but not from the inner vortex) is mixing with midlatitude air during this
period. These results suggest that at altitudes above about 16 km the mixing of
polar vortex air into middle latitudes varies with season: in northern and southern
midwinter this mixing rarely occurs, in southern spring mixing of vortex-edge air

occurs, and after the vortex breakup mixing of inner vortex air occurs.

1. Introduction

The extent of mixing of polar vortex and midlatitude
air is important for understanding the underlying cause
of ozone depletion observed in middle latitudes. In re-
cent years a controversial issue has been whether the
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polar vortices act as “containment vessels” or “flow re-
actors” [e.g., Randel, 1993]. There is now substantial
evidence from observational and modeling studies that
above about 16 km air deep inside the polar vortex is
essentially isolated from extravortical air, but that air
in the vortex edge region (the region of strong hori-
zontal gradients in long-lived tracers and potential vor-
ticity) is sporadically transported to middle and low
latitudes. Below 16 km, there appears to be more ex-
change between the polar vortices and middle latitudes.
However, there remain uncertainties in the rate of this
transport/mixing and its effect on middle latitudes, due
at least partly to the lack of data available at these
levels. See World Meteorological Organization ( WMO)
[1995], and references therein, for detailed discussion of
the above issues.

In this paper, we investigate the extent to which
polar vortex air is mixed with midlatitude air by ex-
amining the tracer-tracer scatter plots for measure-
ments of long-lived tracers made during NASA ER-2
aircraft campaigns: the Airborne Antarctic Ozone Ex-
periment (AAOE), the Airborne Arctic Stratospheric
Experiments (AASE I and IT), the Stratospheric Photo-
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chemistry, Aerosols and Dynamics Expedition (SPADE),
and the Airborne Southern Hemisphere Ozone Experi-
ment / Measurements for Assessing the Effects of Strato-
spheric Aircraft (ASHOE/MAESA) campaigns. In par-
ticular, we examine the anomalous behavior of interrela-
tionships between long-lived tracers which deviate from
relationships derived from earlier aircraft campaigns
and from two-dimensional chemical transport models.
We argue that these anomalous relationships are pro-
duced by the mixing of air from within and from the
edge of the polar vortex with midlatitude air.

The interrelationships between the mixing ratios of
long-lived tracers from the above aircraft campaigns
have been used previously to identify anomalous chem-
istry (such as ozone destruction and denitrification), to
determine fluxes into the troposphere, and to charac-
terize and quantify transport into and within the lower
stratosphere [e.g., Proffitt et al., 1989a,b, 1990, 1993;
Kelly et al., 1989; Fahey et al., 1989,1990b; Murphy
and Fahey, 1994; Tuck et al., 1994; Boering et al. 1994,
1995; Wofsy et al., 1994b; Volk et al. 1996]. In the
majority of these studies the analysis was based on the
fact that the points on scatterplots of long-lived tracers
usually form smoothly varying curves (so-called “com-
pact” correlation curves). Plumb and Ko [1992] argued
that these correlation curves are expected if the tracers
are in “slope equilibrium”, i.e., if quasi-horizontal mix-
ing along isentropes is much faster than the residual
advection (which ensures that isentropic gradients are
weak) and if both are much faster than chemical pro-
cesses. However, the existence of a compact correlation
in a localized region does not necessarily imply slope
equilibrium. During winter, for example, the require-
ments for slope equilibrium are generally not satisfied
at the vortex edge region: the tracer isopleths are not
“almost parallel” to the mixing surfaces (isentropes) in
this region because quasi-horizontal mixing is not sig-
nificantly faster than vertical advection. If the vortex is
totally isolated, then long-lived tracers will retain com-
pact correlations (see section 6 of Plumb and Ko [1992)),
but if air is mixed across the vortex edge the compact
correlation may break down.

To see this, consider the effect of mixing two air-
masses on tracer-tracer scatterplots. The solid curve
in Figure 1 represents the typical or “standard” corre-
lation curve of two long-lived tracers. An airmass with
uniform mixing ratios of tracers appears on a tracer-
tracer scatterplot as a single point. If twe such air-
masses are incompletely mixed together, the resultant
airmass has a range of mixing ratios which appear on
a scatterplot as a line of points lying between the two
points corresponding to the original airmasses, e.g., the
dashed lines in Figure 1. As the mixing proceeds, the
mixing ratios within the new airmass become uniform,
and the line of points on the scatterplot collapses to a
single point corresponding to the mass-weighted aver-
age of the mixing ratios of the two original airmasses,
denoted by the triangle in Figure 1. This mixing does
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Figure 1. Schematic diagram of the effect of mix-
ing on tracer-tracer scatter plots. The solid curve
represents the “standard” correlation curve of two
long-lived tracers. The triangle represents the re-
sult of total mixing between the discrete airmasses
labelled 1 and 2 (note that this represents the case
where the mass of airmass 2 is larger than that of
airmass 1). Partial mixing between the discrete
airmasses labeled 1 and 2 produces an anomalous
mixing line (dashed line A), but mixing of the dis-
crete airmasses labeled 3 and 4 {dashed line B)
does not significantly alter the scatterplot.

not produce an anomalous mixing line if the standard
correlation is linear in the region affected by the mixing
(.8., mixing of the discrete airmasses labeled 3 and 4
in Figure 1). However, if the tracer-tracer correlation is
curved, the mixing produces an anomalous mixing line,
as indicated by the dashed line A in Figure 1. Scatter-
plots of conserved variables, and the occurrence of mix-
ing lines, have been used in this way to examine mixing
processes within clouds [e.g., Emanuel, 1994, and refer-
ences therein].

The mixing line A is anomalous in the sense that
it represents a departure from “standard” tracer-tracer
relationships and, as such, must be indicative of anoma-
lous transport processes. Within the midlatitude surf
zones, vigorous mixing is occurring most of the time.
However, under the assumptions of Plumb and Ko [1992],
isentropic gradients are weak, and so isentropic mix-
ing will only mix airmasses with similar tracer mixing
ratios. Thus isentropic mixing is occurring locally be-
tween close points on tracer-tracer scatter plots, and a
single such event would thus produce a mixing line only
marginally off the standard curve (see dashed line B in
Figure 1). Continuous mixing would thus lead to a slow
evolution of the correlation curve, without significantly
destroying its compactness, or, in steady state, its ef-



WAUGH ET AL.: MIXING OF POLAR VORTEX AIR INTO MIDDLE LATITUDES

fects could be balanced by slow sources and sinks. Mix-
ing of the kind that can produce lines like A in Figure 1
must therefore be anomalous, occurring where mixingis
not usually dominant and thus where the assumptions
of slope equilibrium are not satisfied.

As noted above, curvature in the tracer-tracer re-
lationship is necessary to render the effects of mix-
ing visible. Among the tracers nitrous oxide (N3O),
chlorofluorocarbon-11 (CFC-11, CCI3F), total reactive
nitrogen (NOy ), and carbon dioxide (CO,), different
pairs of species yield relationships of different shapes;
those relationships that exhibit curvature do so in re-
gions in tracer-tracer space that correspond to different
regions in physical space. For example, at altitudes
sampled by the ER-2, the scatterplots of CFC-11 and
NO, against N;O form correlation curves that are al-
most linear outside the vortex but curved just inside the
vortex, while the CO; versus N,O relationship curves
at and just outside the vortex edge. Thus, these re-
lationships will display anomalous behavior only in re-
sponse to mixing across the vortex edge (for CFC-11
and NO, versus N3;O) or between the edge and mid-
dle latitudes (for CO; versus N3O). In what follows, we
show how these different windows may be exploited to
reveal stratospheric mixing processes and their effects
on tracers.

Anomalous “mixing lines” are indeed seen in the scat-
terplots of long-lived tracers measured during SPADE
and ASHOE/MAESA. In the next section we examine
the data from the SPADE campaign. The anomalous
correlation curves are shown to be consistent with the
mixing of polar vortex and middle latitude air. The evo-
lution of the polar vortex during the 1992/1993 north-
ern winter and, in particular, the mixing of vortex and
middle latitude air is examined in Section 3. Contour
advection calculations indicate that during SPADE the
fragments of the vortex were stretched into thin, slop-
ing sheets, and the locations of these sheets agree well
with where the anomalous data were measured. In
section 4, a one-dimensional strain-diffusion model is
used to examine different mixing scenarios. We show
how this mixing is manifested in the tracer-tracer scat-
terplots and estimate the rate at which vortex air is
mixed with middle latitude air in northern hemisphere
spring. Scatterplots of CO;, CFC-11, and NOy versus
N;O from ASHOE/MAESA are discussed in section 5,
with emphasis on the CO»:N;O scatterplots from Oc-
tober 1994 which form mixing lines that are potential
temperature dependent. Because no mixing of inner
vortex air with midlatitude air is evident in the CFC-
11:N30 and NOy:N,O relationships, we argue that the
straight lines in the CO2:N,O scatterplots are produced
by mixing of air into middle latitudes from the vortex
edge region but not from the inner vortex. Concluding
remarks are in the final section.
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2. SPADE Measurements

2.1. Data

Insitu measurements of a large range of chemical
species were made aboard the NASA ER-2 aircraft from
15°N to 60°N during SPADE in November 1992, and
April, May, and October 1993 [ Wofsy et al., 1994a]. In
this section we examine the measurements of the chem-
ical tracers N;O, CFC-11, CCLF-CCIF, (CFC-113),
NO,, CO3, Os, CHy, and HzO from the April-May 1993
deployment. N2O was measured by tunable diode laser
spectroscopy with the ATLAS instrument [Loewenstein
et al., 1990]; CFC-11, CFC-113, and CH4 by an airborne
chromatograph for atmospheric trace species with the
ACATS instrument | Woodbridge et al., 1995], NO, by
a dual channel chemiluminescence detector {Fahey et
al., 1989]; CO, by an infrared analyzer [Boering et al.,
1994]; Oz by a dual-beam UV absorption photometer
[Proffitt et al., 1989¢c]; and H,O by a Lyman « instru-
ment [Kelly et al., 1989]. Due to problems associated
with temperature and pressure equilibration within the
ATLAS instrument during SPADE, the first 45 min of
N,O data have been removed from the following anal-
ysis. These errors also resulted in a small positive bias
for the remaining data relative to previous missions and
to the ASHOE/MAESA campaign.

2.2. Tracer-Tracer Scatterplots

Plate 1 shows the scatterplots of CFC-11, NOy, CO,,
O3, CH4, and Rizo = H,0 - 2x(1.7 - CHy) with N;O
for the April-May 1993 SPADE data; the different colors
correspond to the different potential temperatures, 8,
of the measurements. Also shown, in some of the plots,
are fits to data from other ER-2 campaigns (see caption
for details). All scatterplots show linear relationships
for N3O < 240 ppb, and, as will be argued below, are
consistent with the sampled air being a mixture of polar
and midlatitude air.

We first consider the CFC-11:N,O relationship, shown
in Plate la. Also shown in Plate la is a fit to the data
from AASE II; measurements from this campaign were
made between October 1991 and March 1992, primarily
in northern polar regions. (Data from whole air samples
collected during AAOE, and AASE I and II, as well as
results from two-dimensional chemical transport mod-
els, are similar to the AASE II curve [Kawa et al., 1993;
Woodbridge et al., 1995].) A significant portion of the
SPADE data (those with N,O < 240 ppb and CFC-
11 < 150 ppt) deviates from the AASE II correlation
curve. Note that reanalysis of the SPADE ATLAS N,O
data correcting for temperature and pressure differen-
tials within the instrument should greatly reduce the
difference between SPADE and AASE II data for N,O
> 240 ppb. Also note that because the growth rates
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Plate 1. Scatterplot of (a) CFC-11, (b) NO,, (c) COa, (d) Oa, (¢) CHy, and (f) Ruzo,versus
N3O for data from the April-May 1993 flights of SPADE. The different colors correspond to the
different 8 of the measurements (see legend in Plate 1a). The curves corresponds to fifs to the other
ER-2 data: Plate la to AASE II, Plate 1b to AASE II (solid) and AASE I (dashed curves: upper
curve is for 8 = 470 & 10K, lower curve is for # = 450 + 10K), Plate lc to the February 18, 1994
ASHOE/MAESA flight, and Plate le to AASE [I data.
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of the CFCs |Elkins et al., 1993] have recently slowed
down to near zero and the growth rate of NyO is very
small (0.2-0.3% per year [Elkins et al., 1988]), there
should be little change in the CFC-11:N20O correlaiion
curve between the AASE II and SPADE campaigns. In
the following, we refer to the correlation curves from
AASE II (and earlier aircraft missions) as the “stan-
dard” correlation curve and to any data which do not
fit on these curves as “anomalous” data. The anomalous
CFC-11:N,0 data from SPADE form a single straight
line with no apparent 6 dependence.

Qur hypothesis is that the anomalous SPADE data
were the result of the mixing of two distinct airmasses,
one airmass with low NoO and CFC-11 (e.g., polar vor-
tex air) and the other with high N;O and CFC-11 (mid-
latitude air). The CFC-11:N30 ratio of the partially
mixed air then lies on the straight line between the two
original points on the scatterplot (see Figure 1). The
SPADE data in Plate 1 lie along the line joining points
on the standard correlation curve with N3;O =80 ppb
and 240 ppb. (At the altitude of the measurements N,O
is 7160 ppb at the vortex edge [Strahan and Mahlman,
1994].) Hence, if the anomalous data were caused by
the above mixing scenario, these would be the values of
N,O of the unmixed polar and midlatitude air, respec-
tively.

For low N0, the NOy:N,O scatterplot from SPADE
also deviates from the correlation curves from previ-
ous aircraft campaigns, see Plate 1b (also shown is a
fit to the AASE I data (dashed curves) and AASE II
data (solid curve)). If the AASE II curve is consid-
ered as the standard curve, the SPADE NO,:N,0O data
appear to be inconsistent with the mixing of air with
N20O mixing ratios of 80 ppb and 240 ppb because the
anomalous NOy:N,O data from SPADE are (1) 6 de-
pendent, and (2) at #~460 K lie along the line join-
ing N2O=240 ppb and N2O < 50 ppb on the AASE II
correlation curve (and not the line between N;O=240
ppb and 80 ppb). However, these inconsistencies are
removed if AASE I curves are considered the standard
curves. The NO;:N,O correlation curves from AASE I
are § dependent and show a dramatic decrease in NOy
for N2O < 120 ppb; thus, given the AASE I curves in
Plate 1b, the 8 dependent mixing of air with N2O mix-
ing ratios of 80 ppb and 240 ppb could, in fact, account
for the anomalous SPADE data observed in 1993,

The differences between the AASE I and AASE II
NOy data are believed to result from the sampling of
denitrified air in February 1989 but not in February
1992 [Loewenstein et al., 1993]. Therefore, if denitrifi-
cation occurred during 1992/1993 (and was of a similar
amount to that in 1988/1989), as suggested by other
measurements (see below), then both the CFC-11:N,;0
and NOy:N,O data from SPADE suggest that the air
sampled in spring 1993 was a mixture of two airmasses
with distinct tracer values: ome of polar origin (N,O
~80 ppb) and the other from middle latitudes (N;O
~s240 ppb).
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Measurements from earlier aircraft campaigns sug-
gest that temperatures near the frost point are required
for intense denitrification [Fahey et al., 19902]. Exam-
ination of analyzed temperatures shows that for short
periods during the 1988/1989 and 1992/1993 winters
the minimum temperature was around the frost point
whereas the temperature everywhere remained above
the frost point during the 1991/1992 winter (e.g., com-
pare Figure 3b of Manney et al. [1994a] and Figure 4 of
Fahey et al. [1990a]). Hence, the similarity between
minimum temperatures in 1988/1989 and 1992/1993
then suggests that denitrification could also have oc-
curred during 1992/1993. Furthermore, measurements
of NOyand N;O by the atmospheric trace molecule
spectroscopy (ATMOS) instrument during April 1993
indicate that denitrification had occurred in polar re-
gions (H. Michelsen et al., Evidence for aerosol-mediated
repartitioning of halogen and nitrogen species in the
lower stratosphere at northern midlatitudes, submitted
to Geophys. Res. Lett., 1996).

The CO,:N,0 data, shown in Plate lc, also sup-
port the mixing scenario outlined above, As in the
case of CFC-11:N;0, the CO2:N,O scatterplot is bi-
modal for N;O < 240 ppb: data from air shown to
be anomalous for CFC-11 and NOyversus N3O form a
linear CO3:N30 correlation curve which deviate from
the correlation curve for “non-anomalous” data. How-
ever, due to the dearth of nonanomalous data for N;O
< 240 ppb and because an annual increase in tropo-
spheric CO; of 1-2 ppm/yr results in a yearly offset in
CO;:N,0 correlation plots [Boering et al., 1994], it is
difficult to predict what the “standard” CO3;:N,O curve
would have been during SPADE. Nevertheless, a fit to
the ASHOE/MAESA test flight data from February 18,
1994 (solid curve, Plate 1c) is, in fact, nonlinear for
N;O < 240 ppb, suggesting that the linear part of the
C0O3:N;0 scatterplot is anomalous in the same sense as
the linear portions of the CFC-11:N20 and NO,:N;0
relationships are anomalous.

The O3:N;0O scatterplot from SPADE has different
anomalous straight lines for the different potential tem-
peratures corresponding to the anomalous measurements
(see Plate 1d). Asin the case of NOy:N3;O, the variation
of O3 with 8 could be due to variations in the extent
of chemical processing (and ozone loss) with altitude;
therefore the O3:N,O data are also consistent with the
mixing of vortex and midlatitude air. Assuming the
linear correlation curves were produced by the mixing
of air with NoO = 80 and 240 ppb (as implied by the
CFC-11:N;0O data) we have, from Plate 1d, that the O3
mixing ratio of the unmixed air with NoO=80 ppb, at
8-—-460 K, was around 2200 ppb. This is significantly less
O3z than measured in 1992 for the same N3O and 8 dur-
ing AASE II (see Figure 2 of Proffitt et al. [1993]), and
is consistent with the analysis of Manney et al. [1994a]
which showed greater Arctic ozone loss in 1993 than
in 1992. Thus the SPADE O3:N;O data suggest that
there has been ozone destruction and that this ozone-
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depleted air is mixed into middle latitudes during the
break-up of the vortex. However, the quantification of
this effect through the tracer-tracer correlations is likely
complicated by the timescales for Oz chemistry relative
to transport [Plumb and Ko, 1992; Hall and Prather,
1995].

The CH;:N,;O scatterplot from SPADE (Plate 1e)
forms a linear correlation curve, but the data are not
anomalous compared to previous campaigns (the solid
curve is a fit to AASE II [Kawa et al., 1993]). This
is because the standard CH4:N3;O correlation curve is
linear for NoO > 80 ppb, and therefore the mixing of
polar air (N;O a80 ppb) with middle latitude air does
not alter this correlation (see Figure 1).

Residual water Ruso is approximately conserved in
the stratosphere except when dehydration occurs [Kelly
et al., 1989; Fahey et al., 1990a; Tuck et al., 1994]. Plate
1f shows the scatterplot of Rya0 against N3 O. The mea-
sured Ryz0 during SPADE is relatively constant (3.3-
3.9 ppm) for N;O < 240 ppb, with only a slight vari-
atlon with N,O. This lack of variation indicates that
there had been very little (if any) dehydration of the
sampled air. As noted above, the NO,:N,O scatterplot
suggests that this air had been denitrified. Hence the
scatterplots suggest that in the “anomalous” air there
was denitrification without dehydration; this is consis-
tent with the air sampled during AASE I [Fahey et al.,
1990a].

2.3. Spatial Distribution

The anomalous correlation curves discussed above oc-
cur for low values of N;O (< 240 ppb) measured from
several SPADE flights. The majority are from the flight
of May 7, with the remainder from the flights of April
30, May 1, and May 6. The spatial distribution of the
measurements of low N;O on these flights is now dis-
cussed. Note that on the flights of April 23 and 26
low N3O and CO; were also measured [Newman et al.,
1996] but there were no corresponding measurements of
CFC-11 or NOy.

The May 7 flight was a “racetrack” pattern consisting
of seven near-isentropic legs between (36.5°N, 125.5°W)
and (37.5°N, 122°W). The first five legs were at 6 ~ 460
K, and the last two at #0490 K. Low values of tropo-
spheric sources gases (e.g., N2O < 180 ppb) were mea-
sured on all legs. The location of the low-N;O air dif-
fered between legs but was generally at the most south-
ern point of each leg, and the aircraft turned around in
this low-N20O air. On the final two legs low N3O was
measured, in regions approximately 100 km wide, in the
middle of the legs, and the aircraft passed completely
through the low-N;O air. A region of low N;O was
also sampled at #4450 K during the final descent. The
structure of the transition from low to high N3O varied
among encounters with all showing fine-scale features.

On both the April 30 and May 1 flights, low values of
N;O were measured in a narrow altitude range (A8 ~
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10K) while the ER-2 was ascending and descending:
8 ~ 450K above Ames (37.5°N, 122°W) on April 30
(see Figure 2 of Newman et al. [1996]), and 6 ~ 465K
at 60°N, 125°W on May 1. On the flight of May 6 a
narrow region (with horizontal extent around 300 km}
of low N,O was measured as the ER-2 climbed from
9= 455 K to # = 500 K. On the remainder of all three
flights the measured N,O was greater than 240 ppb.

The above measurements of low N;O suggest that
during SPADE the ER-2 passed through several local-
ized regions of exvortex air. During the earlier flights of
April 30 and May 1 narrow regions of exvortex air were
sampled only when the aircraft ascended or descended
through altitudes corresponding to 8 ~ 460 K and not
at higher or lower altitudes. In contrast, on the flights
of May 6 and 7 the ER-2 flew “horizontally” into the
exvortex air over a range of altitudes (450 K < 8 < 500
K).

3. Evolution of the Polar Vortex During
1992/1993

In the previous section, we suggested that the anoma-
lous air sampled during SPADE comprised a mixture
of exvortex and midlatitude air. We now examine the
evolution of the polar vortex in the lower stratosphere
during the 1992/1993 winter and investigate when the
mixing of polar vortex and midlatitude air occurred.

In early 1993 the Arctic polar vortex remained a sin-
gle entity in the lower stratosphere until mid-April.
Maps of Ertel’s potential vorticity (PV) on isentropic
surfaces show a strong coherent vortex throughout this
period with no sign of any large-scale mixing events
inside the vortex. Figure 2 shows the temporal evolu-
tion of the area enclosed by PV contours, derived from
National Meteorological Center (NMC) analyses, on the
460 K isentropic surface for the first five months of 1993.
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Figure 2. Temporal evolution of the equivalent
latitude of PV contours on the 460 K isentropic
surface, from NMC analyses, for January to May
1993. Lower contour is 0.5 x 10~°Km?s~1kg™';
interval is 0.5 x 10~ 5Km?s~kg*.
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Figure 3. Contour advection calculation on the 460 K surface using NMC winds for April 20 to
May 7, 1993. Contour was initialised as PV=2.4 x 10~*Km?s~1kg ' contour on April 20. Circles
mark locations where low N3O was measured. Outer edge of map is 10°N.

The closeness of the contours in Figure 2 is an indicator
of the steepness of PV gradients (and the edge of the
vortex). The size of the vortex remained approximately
constant from January until the end of March and then
decreased during the breakup of the vortex (note that
the temperatures inside the vortex were rapidly increas-
ing during the above period). Contour advection (CA)
calculations [ Waugh and Plumb, 1994; Norton, 1994] us-
ing NMC analyses confirm that that air was not trans-
ported out of or into the vortex during the January to
midApril period (although air was peeled from the outer
edges of the vortex in Rossby wave breaking events).
Manney et al. [1994b] have also shown, using PV anal-
yses together with three-dimensional trajectory calcula-
tions, that the polar vortex was isolated at 465 K during
the 1992/1993 winter.

After the breakup of the polar vortex there was vig-
orous mixing of vortex and midiatitude air. In the lower
stratosphere, the polar vortex broke up into several
fragments around April 18, and these fragments dissi-
pated during the last 2 weeks of April [e.g., Nash et al.,
1996; Newman et al., 1996]. Figure 3 shows a CA calcu-
lation on the 460 K surface (which was initialized with
the two largest fragments of the polar vortex on April

20) showing the fine-scale transport during this period.
This calculation indicates that after the break-up there
was strong stirring (mixing), and the fragments of the
vortex were stretched into long thin filaments which
became very convoluted. These filaments of exvortex
air were advected over the North Pacific and western
United States during the April/May SPADE campaign
period but not over Europe.

The evolution on other surfaces between 440 K and
500 K is qualitatively the same as at 460 K, with the
exvortex air stretched into long, convoluted, filamentary
structures. There are, however, some important differ-
ences. In particular, the filaments on different isentropic
surfaces are generally not vertically aligned; e.g., com-
pare Figure 4, which shows the evolution on the 490 K
surface, with Figure 3. In other words, the filaments
on isentropic surfaces are in fact sloping sheets. During
the period shown in Figures 3 and 4 the sheets of exvor-
tex air slope westward with increasing height (see also
Plate 5 of Newman et al. [1996]) , and the exvortex
air arrives over the SPADE measurement sites earlier
at the lower altitude, e.g., April 30 at 460 K compared
with May 6 at 490 K (see Figures 3 and 4).

The evolution of the exvortex air in the CA calcu-
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Figure 4. As in Figure 3 except on the 490 K surface; initial contour is PV=3.5 x 107 5Km?s~ kg~

confour.

lations is consistent with the SPADE measurements of
low N20. As discussed in section 2.3, during early ER-
2 flights (April 30 and May 1) low N;O was observed
only when the aircraft was at #~460 K, while on later
flights (May 6 and 7) low N;O was measured at all al-
titudes between 440 K and 500 K. There is good quali-
tative agreement between the location of the filaments
(sheets) of exvortex air in the CA calculations and the
location of the measurements of low N2O (see the cir-
cles in Figures 3 and 4). However, there is not exact
agreement. The differences are probably due to inac-
curacies in the winds. CA calculations have also been
performed with winds from the NASA Goddard Space
Flight Center (GSFC) GEOS 1 assimilation [Schubert et
al., 1993] and the United Kingdom Meteorological Of-
fice (UKMO) UARS stratospheric assimilation [Swin-
bank and O’Neill, 1994]. These calculations produce
similar filamentary structures to those described above,
but there are differences in the exact structure and loca-~
tion of the filaments of exvortex air (see also Newman
et al. [1996]). However the different CA calculations
all suggest that the low-N;O air sampled on the May 6
and 7 flights was part of a sheet of air produced during
the “shearing out” of the vortex fragment over China
that occurred around April 25 (see Figure 3). This im-
plies that around 12 days had lapsed since the sheet was
created.

4. Mixing in a Strain-Diffusion Model

We have argued above that the linear correlation
curves for long-lived tracers measured during SPADE
are the result of the mixing of two air masses with dis-
tinct tracer values, namely, the mixing of a filament of
vortex air into middle latitudes. However, it is possible
that the data are the result of mixing of air with a broad
range of tracer values. To examine the effect of the ini-
tial distribution of the tracers on the tracer-tracer scat-
terplots of the resultant “mixed” distribution, we ex-

930430

930507

1

amine the mixing of tracers in a one-dimensional strain-
diffusion model.

This strain-diffusion model is that used by Prather
and Jaffe [1990]. In this model the temporal evolution
of the tracer concentration o(z,%) is governed by the
equations

do d%c
o = Dot W
Az(i) = A.L'(U) exp (—5t), (2)

where Az is the spacing of the uniform grid used in the
z dimension. Equation (1) models the effect of diffusion
across the air mass (D is the diffusion coefficient), while
equation (2) models the effeci of random strain (S is the
rate of strain), see Prather and Jaffe [1990] for further

(04}
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Figure 5. A:B correlation curve for initial profiles
in the strain-diffusion model.
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Figure 6. The temporal evolution of tracer concentration o4 in the strain-diffusion model for (a)
the top hat distribution and (b) the broad distribution. In these calculations there is no strain

{8=0) and D = 5 x 10°m?/s. Bold curve is initial profile, and profiles are shown at daily intervals.

details. Prather and Jaffe considered strain and diffu-
sion in the vertical, and used values of D representative
of molecular diffusion. Here we consider strain-diffusion
in the horizontal, and D corresponds to the effective
horizontal diffusion produced by three-dimensional mix-
ing processes, rather than the coefficient of molecular
diffusion. In other words, we are assuming (for simplic-
ity) that the three-dimensional mixing can be modeled
using simple diffusion in the horizontal.

We consider the evolution of two tracers A and B,
with concentrations ¢4 and op. The initial profiles of
these tracers are chosen so that the o4:0p ratio lies
on the curve shown in Figure 5. (Here we are con-
sidering A as a N,O-like tracer and B as a NOy-like
tracer.) Initially the minimum value of o4 (which, for
2 N;O.like tracer, correspends to the most poleward
air) is at z = 0, and the profile is symmetric about
2z = 0. We consider a range of initial o4 profiles rang-
ing from a “top hat” profile (corresponding to a filament
of constant concentration in a constant background) to
a “broad” (Gaussian-like) profile (see Figure 6, bold
curves). Given initial o4, the initial profile of op is
then determined from the correlation curve shown in
Figure 5. The temporal evolution of o4 and op (and
hence the A:B scatter plot) is then determined by solv-
ing equations (1) and (2) numerically.

Figure 6 shows the evolution of the profile of a4, in
the case of no strain (i.e. S = 0), for the initial top
hat profile and broad profile. The corresponding evo-
lution of A:B scatterplots are shown in Figure 7a (top
hat) and 7b (broad). These plots show clearly that
the tracer-tracer scatterplots formed from the (diffu-
sive) mixing of two distinct airmasses are very different
from those formed by mixing an initially broad distri-
bution of tracer values. Mixing two distinct airmasses

produces a linear correlation curve along the line join-
ing the two original points on the scatter plot, whereas
mixing a broad distribution “flattens out” the nonlin-
ear correlation curve as the mixing proceeds. Note that
as the mixing proceeds the tracer values move from the
interior air values (low o) toward the exterior values
(high o4). The rate of movement of this end value
depends on D (i.e., for larger D the minimum value in-
creases more rapidly). Similar calculations have been
performed with nonzero sirain. The evolution of the
tracer-tracer relationship for the different profiles is sim-
ilar (with the rate of change of the correlation curves
now depending on both D and S). Comparing the re-
sults of the strain-diffusion model (Figure 7) with the
tracer-tracer scatterplots from SPADE (Plate 1) pro-
vides further support for the hypothesis that the air
sampled during SPADE was the result of mixing a fila-
ment of polar air into a middle latitude airmass, rather
than mixing air with a broad range of tracer values.
We now consider in more detail the mixing of a fila-
ment into a uniform background in the strain-diffusion
model. Prather and Jaffe {1990] showed that the results
from this model are sensitive to the values of S and D.
Here we use the tracer observations from SPADE to-
gether with CA calculations to infer appropriate values
of S and D for the transport/mixing during SPADE.
The appropriate value of S for the SPADE time pe-
riod can be estimated from the rate of growth of the con-
tour length in the CA calculations [e.g., Pierce and Fair-
lie, 1993]. Equation (2) models the exponential reduc-
tion in the minimum dimension of air parcels due to ran-
dom straining. Assuming conservation of area (which is
true for incompressible, nondivergent flow, and is a rea-
sonable assumption for flow in the lower stratosphere),
this then corresponds to exponential increase, with the
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Figure 7. A:B scatterplots for the tracer profiles shown in figure 6, at 5 day intervals.
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same exponent S, of the length of contours in CA calcu-
lations. The length of contours in the CA calculations
described in section 3 does increase approximately ex-
ponentially, and so this supports the use of the above
strain model. The value of S determined from the calcu-
lations with NMC winds varies only slightly with initial
PV contour and isentropic surface (for 450 K < 6 < 500
K), with S between 2.0 x 1075~ and 2.5 x 10~%~1.
The insensitivity of the stretching rate to the latitude
of the initial contour implies approximately constant
stirring throughout middle and high latitudes, and is
in contrast to midwinter calculations in which there is
a minimum in the stretching rate near the vortex edge
[e.g., Pierce and Fairlie, 1993; Chen, 1994]. Calcula-
tions using UKMO winds yield similar stretching rates
to those using NMC winds, but calculations with GSFC
winds produce greater stirring (with § & 3 x 107%s71).

The minimum N3O measured on the May 7 flight was
approximately 115 ppb; the fact that the CFC-11:N,0
data lie on a line joining the standard curve at 80 ppb
indicates that the N;O value at the interior of the fil-
ament has changed from 80 ppb to 115 ppb. Further-
more, CA calculations (see section 3) indicate that the
filament formed around 12 days earlier and therefore
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Figure 9. Scatterplot of CFC-11 versus N,O for
southern hemisphere data from all four deploy-
ments of ASHOE/MAESA. The solid curve is a
fit to the AASE II data; dashed curve is a fit to
the anomalous data from SPADE (see Plate 1).

suggest that the above mixing occurred in around 12
days. As noted above, in the strain-diffusion model the
rate of change of the minimum value depends on S and
D. Using the above estimate of S, together with the
observation that the interior value mixed upward from
80 ppb to 115 ppb in around 12 days, we can estimate
the appropriate value of D in the strain-diffusion model.

Figure 8 shows the temporal evolution of the mini-
mum o4 for calculations with several values of § and
D, for an initial filament of width dy = 500 km (the
approximate width of the filament on April 25) with
o4 = 80 ppb inside and o4 = 240 ppb outside. For
S between 2.0 x 1078~ and 2.5 x 107%™, the mini-
mum value increases from 80 to 115 in around 12 days
if D ~ 10°m?/s. With this value of D, the extreme
value inside the filament does not change for the first
7-8 days, then changes rapidly in the next 15 days as
the filament is stretched out and mixes with the back-
ground air; in approximately 30 days, the filament is
completely mixed with the background air. Thus these
calculations suggest that after the break up of the Arc-
tic vortex the air from inside the vortex is completely
mixed into the middle latitude within a month.

There are, of course, large uncertainties in the values
of each of the parameters used in the abeve celculations,
and the mixing rate is sensitive to these parameters, as
shown in Figure 9 (see also Prather and Jaffe [1990]).
Note, however, M. G. Balluch and P. H. Haynes (Quan-
tification of lower stratospheric mixing processes using
aircraft data, submitted to Journal of Geophysical Re-
search, 1996) recently examined the SPADE data using
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Plate 2. Scatterplot of CO; versus N;O for data from ASHOE/MAESA flights on (a) October
3, (b) October 5, (c) October 16, and (d) October 20, 1994. The different colors correspond to

different # bins.

a different technique, and their estimate of the diffusiv-
ity is consistent with the above value.

5. ASHOE/MAESA Measurements

We now examine the tracer-tracer interrelationships
observed during the ASHOE/MAESA campaign, and
compare these with the relationships from SPADE and
earlier campaigns. ASHOE/MAESA comprised four
deployments based in Christchurch, New Zealand (43°5,
172°E) and spanned a 9 month period from February
to November 1994. The measurements were obtained
with the same instruments as the SPADE data [ant sec-
tion 2.1), except CFC-11 which was measured by the
ACATS 1V instrument [Elkins et al., 1996].

Throughout the four deployments, the scatterplots
of CFC-11:N;0O (Figure 9) and NOy:N;O [see Keim et

al., this issue] show no evidence for the anomalous mix-
ing of low-N3O air with midlatitude air observed dur-
ing SPADE. (Note that there is a systematic shift in
the NO,:N3O correlation curves between the different
deployments [Keim et al., this issue], but this varia-
tion is much smaller than that produced by recent mizx-
ing of vortex and midlatitude air.) However, multiple,
B-dependent, mixing lines do appear in the CO3:N,Q
scatterplots from the October deployment for NaO <
240 ppb (see Plate 2). These mixing lines are not appar-
ent in the CO4:N30O scatterplots from the three other
deployments (not shown), although their existence can-
not be completely ruled out for the third deployment
in July/August 1994 since there is a slightly different
correlation for data with #< 420 K than for 8> 420 K,
and undersampling (both spatially and in N3O space)
may be of concern. Also, data from the March-April
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Figure 10. {a) Potential temperature - latitude
cross-section of a NgO-like tracer A. The dashed
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mixing. (b) Tracer-tracer scatterplots of tracer
A and tracer B (a COg-like tracer). The solid
curve represents the standard correlation curve,
whereas the dashed curves represent the “mixing
lines" produced by isentropic mixing at 500 K, 450
K, and 400 K (see dashed lines in Figure 10a).

flights out of Christchurch before the spin-up of the vor-
tex show a bimodal distribution; this distribution is not
indicative of the mixing processes discussed in this pa-
per but, rather, appear to be similar to the “pressure
bands” in the three-dimensional modeling study of Hall
and Prather [1995].

The tracer-tracer scatterplots from the fourth deploy-
ment raise two interesting questions. First, why are
there mixing lines in the CO3:N3O scatterplot but not
in the scatterplots of other long-lived tracers (such as
NOy:NzO and CFC-11:N;0)7 Second, why are the mix-
ing lines # dependent?

The absence of mixing lines in other long-lived tracers
is due to their standard correlation curves (with N;O)
being approximately linear for the range of N3O affected
by the mixing (N3O > 2120 ppb ), whereas the stan-
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dard C04:N;0 correlation curve is nonlinear within this
range. Hence the mixing of vortex edge air (N0 2 120
ppb) with midlatitude air does not alter the NO,:N;O
and CFC-11:N30 correlation curves but it does change
the CO4:N;0 correlation curve. This is the same rea-
son why mixing lines are detected in the NO,:N;0 and
CFC-11:N;0 scatterplots from SPADE, but not in the
corresponding CHy:N3O scatterplot (see Plate 1).
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Plate 3. Data from AASE II flight on February
13, 1992: (top) time series of N3O; (bottom) scat-
terplot of NOy:NO. The colored symbols are the
data that form the mixing lines: the blue symbeols
correspond to data measured within the vortex
edge region during the poleward leg into the vor-
tex, while the orange symbols correspond to data
measured within the vortex edge region during the
return leg out of the vortex. Note that some of the
scatter in the NO,:N;O could be attributable to
the temperature,/pressure dependence of the AT-
LAS instrument during AASE IL
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The @ dependence of the CO2:N20 mixing lines is
probably related to the strong 6 dependence of the
tracer concentrations. The values of tropospheric source
gases, such as N;O and COj, decrease with increas-
ing altitude at the vortex edge (e.g., in September
1987 (AAOE) dN,0/86 =~ —0.8 ppb/K [Strahan and
Mahlman, 1994]). Isentropic transport/mixing, which
is generally confined to the region between the steep
gradients at the vortex edge and the steep subtropical
gradients (the so-called surf zone), therefore mixes lower
values of N2O into middle latitudes, and reaches further
into the nonlinear section of the correlation curve, at
higher potential temperatures, as shown schematically
in Figure 10. In other words, transport/mixing along
the 500 K surface, for example, may mix airmasses from
the nonlinear section of the CO2:N30 correlation curve,
whereas transport/mixing along the 450 K surface may
only mix airmasses within the linear region (e.g., com-
pare Figures 10a and 10b). The observed variation of
the intersection of the mixing lines with the “standard”
(nonlinear) CO3:N20 correlation as a function of po-
tential temperature in Plate 2 is consistent with the
schematic in Figure 10; at 500 K the mixing lines inter-
cept the nonlinear portion of the CO;:N;0 correlation
curve at N2O a2140 ppb, whereas at 460 K the intercept
is at N3O ~2170 ppb.

Thus, the October scatterplots show that the mix-
ing of vortex “edge” air into midlatitudes has occurred
(from CO3:N,0) but that mixing of inner vortex air
into midlatitudes has not occurred (from CFC-11:N,0
and NO,:N;0).

6. Discussion and Conclusions

The presence of anomalous lines in scatterplots of
tracers without significant local chemical losses proves
to be a direct indicator of anomalous mixing processes.
Different tracer pairs exhibit curvature in different loca-
tions in physical space and allow us to diagnose mixing
at different locations and times. The power of this ap-
proach is that interpretation is relatively unambiguous.
In the tracers shown, except Oz (and NO,when deni-
trification has occurred), chemical causes can be ruled
out because of the rapidity of the changes. More im-
portantly, the approach is insensitive to how the mixing
takes place: issues such as the competition beiween dia-
batic advection and isentropic mixing, which can cloud
interpretation, do not arise here; all that matters is
the mixing ratios (or range of mixing ratios) in the air-
masses being mixed.

As mentioned in the introduction, the scatterplots
of NOy:N;0 and CFC-11:N30 from the winter flights
from AAOE, AASE I, and AASE II form compact cor-
relations (except for NO,:N;O inside the vortex when
denitrification has occurred). Further examination of
these data show anomalous mixing lines on one flight:
there are mixing lines in the NO,:N;O scatterplot for
data measured within the vortex edge region during
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the AASE II flight of February 13, 1992 (see Plate
3). Therefore, combining these data with the ASHOE/
MAESA data, of 35 flights at high latitudes during win-
ter, anomalous mixing lines (and hence mixing of inner
vortex air into middle latitudes) were observed on only
one flight. Hence, this combined data set provides very
strong evidence that, at ER-2 cruise altitudes (450-500
K), inner vortex air is rarely mixed into middle lati-
tudes during winter in sufficient quantities to effect a
measurable change in tracer concentrations there (see
also, Keim et al., [this issue]). Furthermore, the one ex-
ception (February 13, 1992) occurred following a large-
amplitude wave event in which the polar vortex was
nighly distorted {e.g., Plumb et al., 1994], and it is dur-
ing such events that modeling and trajectory studies
indicate that there can be significant exchange between
the inner-vortex and middle latitudes [ WMO 1995, and
references therein].

As anomalous mixing lines will also appear in tracer-
tracer scatter plots when there is mixing of midlatitude
air into the vortex (if there is curvature in the appro-
priate region of the standard tracer-tracer relationship),
the frequency of these lines reveals information about
the mixing into the polar vortices. The lack of mixing
lines in the appropriate regions of the NO,:N;O and
CFC-11:N30 scatterplots from AASE Il implies that
mixing into the inner vortex was not observed during
AASE II. Unfortunately, as CFC-11 and CO4 were not
measured and there was large-scale denitrification dur-
ing the earlier campaigns (AAOE and AASE I), we can-

from the tracer-tracer plots from these campaigns.

Mixing lines were observed in the scatterplots of
CO3:N;O but not in the scatterplots of the other long-
lived tracers for measurements from the spring deploy-
ment of ASHOE/MAESA. Together, these data there-
fore support the premise that during southern spring
there is mixing of vortex edge, but not inner vortex, air
with midlatitude air. As CO; was not measured on the
AASE T and II campaigns it is not possible to say, from
tracer-tracer scatterplots, whether this mixing of edge
air occurs during northern winter/spring (although tra-
jectory studies suggest that it does [e.g., Waugh et al.,
1994; Dahlberg and Bowman, 1994]).

Measurements made during SPADE show anomalous
mixing lines in the scatterplots of all long-lived tracers
(with curvature in their interrelationships), indicating
that after the breakup of the Arctic polar vortex, inner
vortex air is mixed into middle latitudes. CA calcula-
tions show that after the breakup the fragments of the
vortex are rapidly stretched into thin filaments (sheets)
which are stirred into middle latitudes. Furthermore,
comparisons of observations with calculations using a
one-dimensional strain-diffusion model suggest that this
exvortex air is completely mixed into middle latitudes
within a month (however, there are large uncertainties
in the values of the parameters, particularly the dif-
fusion coefficient, used in this model). Note that the
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above mixing following the vortex breakup is faster than
in the study of Hess [1991].

As noted in the introduction, the occurrence of mix-
ing lines when vortex air is mixed with midlatitude air is
related to the breakdown of slope equilibrium near the
vortex edge. Slope equilibrium also breaks down in the
subiropics: there are steep tracer gradienis at the sub-
tropical edge of the surf zone [e.g., Proffitt et al., 1989b;
Trepte and Hitchman, 1992; Randel et al., 1993; Grant
et al., 1994; Murphy et al., 1993]. As in the case of the
vortex edge, mixing lines can occur when there is trans-
port/mixing across the “subtropical barrier”. Note that
these mixing lines can occur if there is mixing out of the
tropics without mixing into the tropics (i.e., irrespective
of whether or not the atmosphere behaves like the “trop-
ical pipe” model of Plumb [1996]). Subtropical mixing
lines can be seen in the NO,:0j3 scatterplots from sev-
eral flights from AASE II and ASHOE/MAESA (e.g.,
flight of March 27, 1994 [Fahey et al., 1996]).

Measurements made over the next three years as part
of the Stratospheric Tracers of Atmospheric Transport
(STRAT) campaign should provide data that will en-
able further examination of the mixing across both the
vortex edge and the subtrepical barrier,
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