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[1] During the 2011 stratospheric final warming (SFW), a
large anticyclone rapidly encompassed the pole, displacing
the polar vortex and establishing strong summer easterlies.
Tracer Equivalent Latitude (TrEL) maps indicate low latitude
air was transported by the anticyclone into the summer polar
vortex. MLS nitrous oxide was anomalously high throughout
the following summer, confirming the TrEL results. A 33-
year (1979–2011) TrEL simulation at 850 K potential tem-
perature reveals a number of similar low-TrEL events, which
are often, but not always, associated with Frozen-In Anticy-
clone (FrIAC) formation. The summertime TrEL values are
highly correlated with zonal wind speed in the polar strato-
sphere following the SFW, suggesting that strong post-SFW
circulation favors polar trapping of low-TrEL air. The 2011
event, classified as a large-scale FrIAC, was unusual in
having the lowest TrEL values and the strongest easterly
vortex within the past three decades. Citation: Allen, D. R.,
A. R. Douglass, G. E. Nedoluha, and L. Coy (2012), Tracer
transport during the Arctic stratospheric final warming based on a
33-year (1979-2011) tracer equivalent latitude simulation,Geophys.
Res. Lett., 39, L12801, doi:10.1029/2012GL051930.

1. Introduction

[2] The seasonal cycle of the Arctic extratropical strato-
spheric circulation is characterized by a strong winter polar
vortex with cyclonic (westerly) circulation about the pole,
reversing during the stratospheric final warming (SFW) to a
weaker summer polar vortex with anticyclonic (easterly)
circulation. This winter-to-summer transition produces per-
sistent spatial structures in long-lived gases (tracers) in the
summer vortex [Hess, 1991]. There is significant interannual
variability in the timing and dynamical characteristics of the
SFW due to external and internal forcings on the atmospheric
circulation [Waugh and Rong, 2002; Waugh and Polvani,
2010]. For example, composites of stratospheric zonal wind
for late SFW years show a deceleration in January forced by
planetary wave activity, followed by a slow wind reversal in
April and early May driven primarily by diabatic heating;
early SFW composites shows only one rapid wind

deceleration in March forced by vigorous planetary wave
activity [Black et al., 2006;Wei et al., 2007]. Strong coupling
between the SFW and the tropospheric circulation occurs in
both hemispheres [Black and McDaniel, 2007a, 2007b],
suggesting that understanding SFW events is an important
component of the stratosphere-troposphere downward cou-
pling [Baldwin and Dunkerton, 2001].
[3] The dynamical differences in SFW events should be

reflected in trace gas distributions near the summer pole. In
this study, we seek to determine the dynamical conditions
that favor the poleward transport and trapping of low-
latitude air in the summer vortex. Recent studies have con-
firmed that long-lived features with characteristics of low
latitude origin are occasionally observed in the polar region.
These so-called Frozen-In Anticyclones (FrIACs) occur
when anticyclonic vortices move from low- to high-latitudes
and become trapped in the developing summer easterly flow.
The vortices decay over about a month, but the accompa-
nying tracer anomalies persist much longer. FrIACs have
been identified using trace gas observations in 2003, 2005,
and 2007 [Allen et al., 2011; Lahoz et al., 2007; Manney
et al., 2006; Thiéblemont et al., 2011]. Manney et al. [2006]
also found FrIAC-like signatures in analyzed potential vor-
ticity in 1982, 1994, 1997, and 2002, but there are no
accompanying observations of long-lived chemical tracers
during those years. Thiéblemont et al. [2011] found that
FrIAC occurrence is more likely in years with no major
winter sudden stratospheric warming and with tropical quasi-
biennial oscillation easterly phase. Their analysis of the
context of the three known FrIACs was limited to the 10-year
period from 2000–2009. This study places FrIACs in the
broader context of interannual tracer variability near the
summer pole from 1979-2011, relating FrIAC occurrence to
the tracer variability and the dynamics of the SFW.
[4] In the absence of a multi-decadal dataset for strato-

spheric tracers, we use a 33-year (1979-2011) Tracer
Equivalent Latitude (TrEL) simulation as a surrogate for
actual tracer data. This simulation is described in Section 2.
In Section 3 we detail TrEL evolution during the 2011 SFW,
which was marked by an unusually large area of low TrEL
air near the summer pole. Section 4 places the 2011 results in
the context of TrEL variations over the entire time series,
and Section 5 provides a summary and discussion.

2. Tracer Equivalent Latitude

[5] TrEL has been used to produce realistic tracer fields
for studies of stratospheric transport and mixing including
calculation of effective diffusivity, reconstruction of ozone
mini-holes, analysis of aircraft campaign data in the polar
lower stratosphere, and examination of transport during the

1Remote Sensing Division, Naval Research Laboratory, Washington,
D. C., USA.

2NASA Goddard Space Flight Center, Greenbelt, Maryland, USA.
3Space Science Division, Naval Research Laboratory, Washington,

D. C., USA.

Corresponding author: D. R. Allen, Remote Sensing Division, Naval
Research Laboratory, 4555 Overlook Ave. SW, Washington, DC 20375,
USA. (douglas.allen@nrl.navy.mil)

This paper is not subject to U.S. copyright.
Published in 2012 by the American Geophysical Union.

GEOPHYSICAL RESEARCH LETTERS, VOL. 39, L12801, doi:10.1029/2012GL051930, 2012

L12801 1 of 7



2002 Antarctic major warming [Allen and Nakamura, 2001,
2002, 2003; Allen et al., 2003]; a complete description of
TrEL calculation is provided in Allen and Nakamura [2003].
Briefly, TrEL is determined from the solution to the advec-
tion equation for a passive tracer on the sphere using a finite-
volume technique on a triangular grid. The tracer is initialized
on 1 January 1979 (12 Z) with mixing ratio equal to the sine of
latitude. For this study we used 20,480 triangles (resolution
�240 km) and isentropic advection at 850 K potential tem-
perature forced by the streamfunction (i.e., non-divergent
winds) derived from the Modern Era Retrospective-Analysis
for Research and Applications (MERRA) reanalysis [Rienecker
et al., 2011]. The simulation runs through 2011, providing a
continuous 33-year time series. The tracer mixing ratio is nor-
malized each time step to global minimum/maximum values
of �1/+1 using a simple linear operator. The tracer mixing
ratio is saved once per day (12 Z) and TrEL is calculated using
TrEL(q) = sin�1(A(q)/2pa2 � 1), where A(q) is the area with

mixing ratio q less than a given value and a is the Earth’s
radius. Since the tracer is global, TrEL ranges from �90� to
+90�. Since TrEL scales like latitude, it is useful for high-
lighting latitudinal transport. For example, low TrEL values
at the North Pole indicate poleward transport and high TrEL
values in the tropics indicate equatorward transport. Since
TrEL is passive and driven by isentropic winds, it is not
affected by interannual differences in photochemistry and
diabatic transport. TrEL is therefore useful for studying
interannual variability in isentropic transport.

3. Arctic Stratospheric Final Warming of 2011

[6] The 2011 Arctic winter vortex experienced more
chemical ozone loss than any other year [Manney et al.,
2011]. This was due to unusually cold temperatures in the
polar lower stratosphere in late-February and March, asso-
ciated with weak planetary wave driving [Hurwitz et al.,

Figure 1. Northern Hemisphere TrEL at 850 K potential temperature (~30 km) for select days in March through August
2011. White contours are 850 K streamlines at constant intervals. High (low) TrEL is generally associated with cyclonic
(anticyclonic) circulation. The maps use the orthographic projection with the Greenwich Meridian to the right (see continents
on plot for 25 March 2011).
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2011]. Here we show that a strong SFW in 2011 produced
large, rapid tracer transport from low to high latitudes in the
middle stratosphere. Figure 1 shows hemispheric maps of
TrEL and streamfunction at 850 K potential temperature in
March through August 2011. On 25 March, the winter vor-
tex is identified by closed streamlines and high TrEL cen-
tered slightly off the pole. On 2 April, an anticyclone is seen
over northern Asia. This anticyclone moves eastward and
poleward from 2–10 April, bringing with it low-TrEL air
from the tropics. The winter vortex is pushed off the pole
during this period and weakens considerably. By 15 April,
the anticyclone is established over the pole, with low TrEL
throughout. This situation resembles the FrIAC events of
2003 and 2005, in which an anticyclone moves poleward
and is trapped in the summer easterly flow. In 2011, how-
ever, the anticyclone completely dominates the polar region.
In addition, high-TrEL air previously defining the winter
vortex has spread out into a complete ring surrounding the
pole (see 20 and 25 April). This condition makes TrEL an
ambiguous marker of instantaneous meridional position,
since low TrEL air exists both near the pole and at low
latitudes. TrEL rather indicates the integrated history of air
motion accompanying the SFW. The low TrEL air persists
in the polar region throughout the summer, dissipating in
early August.
[7] The March–August 2011 TrEL results are confirmed

in Figure 2 with maps of Aura Microwave Limb Sounder
(MLS) version 2.2 nitrous oxide (N2O); see Lambert et al.
[2007] for validation of this product. Low N2O marks the

winter vortex on 15 March, while a tongue of high N2O air
moves poleward on 25 March. Unfortunately, Aura MLS
experienced an anomaly and did not make measurements
from 27 March–19 April, completely missing the 2011
SFW. However, by 20 April, high N2O is observed over a
large portion of the polar cap. The contrast between
25 March and 20 April shows more than doubling of the
N2O mixing ratios in the polar region. A ring of low N2O is
visible on 25 April surrounding the pole, consistent with the
high TrEL ring in Figure 1. The high N2O near the pole
persists into August, four months after the SFW. This per-
sistence of high-N2O is similar to the 2005 FrIAC, which
was also observed in MLS data [Allen et al., 2011], but the
2005 N2O anomaly was considerably smaller.

4. Interannual Variability During the Arctic
SFW (1979-2011)

[8] The time-series of TrEL averaged over the polar cap
(80–90�N) is provided in Figure 3a for 1979-2011. As
expected, in 2011 (see green line), a transition from high
(�80�) to low (�35�) TrEL occurs during the SFW in early
April. TrEL slowly increases in May and June, followed by
more rapid increase in July and August, with high TrEL
values becoming re-established at the pole by the end of
August. Note that in each year, high TrEL is re-established
at the pole by August as the high TrEL air mixes back
towards the pole during the summer vortex breakdown. This
interannual re-setting of the high TrEL values at the pole is

Figure 2. Northern Hemisphere MLS N2O at 850 K potential temperature for select days in March–August 2011. MLS
data are gridded using linear interpolation to 10� longitude spacing at the nominally defined level 2 latitudes (approximately
1.5� spacing). Data are smoothed using a 3 � 3 boxcar smoothing in longitude and latitude. Map orientation is the same as
Figure 1.
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necessary for TrEL to be a useful tracer for interannual
simulations.
[9] The 2011 SFW was unusual in terms of the magnitude

and persistence of the low TrEL, as compared with other
years (see Figure 3a). While there is large interannual

variability in TrEL during the SFW, there are several years
with similar evolution to 2011, with very low TrEL estab-
lished at the pole, followed by a slow relaxation to high
TrEL by the end of the summer. The TrEL values averaged
from 10 May–20 June of each year are shown in Figure 3b,

Figure 3. (a) TrEL at 850 K averaged from 80–90�N latitude for 1979-2011. Highlighted years in red (1982, 1994, 1997,
2000, 2002, 2003, 2004, and 2005) and green (2011) indicate TrEL values with a 10 May–20 June average of less than 55�.
(b) TrEL averaged from 80–90�N and 10 May–20 June. (c) Zonal mean zonal wind at 10 hPa, 60–70�N for 1979-2011.
For each year a 5-day smoothing is applied to remove high frequency variations and the data are shifted relative to the day
of final wind reversal (see text for details). (d) Average zonal wind at 10 hPa, 60–70�N for 15–25 days following the wind
reversal. (e) Scatter plot of values from Figure 3b versus values from Figure 3d. Dashed line shows the linear least-squares fit.
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with the nine lowest TrEL years (values less than 55�)
highlighted in red (1982, 1994, 1997, 2000, 2002, 2003,
2004, and 2005) and green (2011). With the exception of
2000 and 2004, these pre-2011 years were identified by
Manney et al. [2006] as FrIAC years using potential vor-
ticity. Note that in all years, some amount of low-TrEL air is
enveloped into the summer vortex during the SFW. Our 55�
TrEL cutoff, as well as the 80–90�N latitude averaging, are
therefore somewhat arbitrary, and one cannot use these
conditions to unambiguously identify FrIACs. Synoptic
analyses, such as that done in Figure 1, are necessary to
determine the origin of the observed low-TrEL air for each
year. For example, in 2000, 2002 and 2004, the low-TrEL
event formation is different from the previously studied
FrIACs, with the anticyclone developing in the middle-lati-
tudes rather than in the tropics. These years were therefore
not identified as FrIAC years by Thiéblemont et al. [2011].
On the other hand, the 2007 FrIAC identified by

Thiéblemont et al. [2011] circled the pole at ~70�N, and does
not show up as unusual in our 80–90�N analysis.
[10] The TrEL interannual variability should be closely

tied to the dynamical variability of the SFW. Thiéblemont
et al. [2011] argued that years with abrupt and early final
warmings favor FrIAC production, while years with slow
transition during late SFWs are less likely to produce
FrIACs. The synoptic analysis of Figure 1 shows that the
2011 SFW was marked by a large anticyclone that rapidly
displaced the winter vortex. This results in rapid reversal of
the zonal mean zonal wind at high latitudes; we therefore
examine the time-evolution of the MERRA zonal mean
zonal wind at 10 hPa, averaged from 60–70�N. We first
identify the date of the SFW as when the zonal wind
(smoothed with a 5-day running mean) at 10 hPa, 60–70�N
turns negative for the last time until the subsequent winter
vortex spin-up. We then time-shift the wind relative to the
date of the SFW. Figure 3c shows these time-shifted winds,

Figure 4. Northern Hemisphere TrEL at 850 K for the nine years highlighted in Figure 3 and, for comparison, three addi-
tional years (2007, 2009, and 2010). Each plot shows TrEL 25 days after the date of the SFW for that particular year. White
contours are 850 K streamlines at constant intervals. Map orientation is the same as Figures 1 and 2.
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and Figure 3d shows the average zonal wind 15–25 days
after the SFW, with years identified with low TrEL values
highlighted. Five of these years (1982, 1994, 1997, 2003,
and 2011) are notable for having very strong easterlies
(greater than �15 m/s) and very low average TrEL (less than
�50�). 2005 has rather weak easterlies for this time period;
this year was unusual with the earliest SFW in the 33-year
record (12 March) and is therefore considered an anomalous
year. Strong, persistent easterlies associated with strong
anticyclonic flow centered at the pole are necessary in order
to trap the low-TrEL air that moved polewards during the
SFW. The linear correlation coefficient between the average
TrEL values in Figure 3b and the wind values in Figures 3d
is very high (0.78), suggesting that this relationship is robust
(see Figure 3e).
[11] TrEL maps for selected years are provided in

Figure 4. Each map is a snapshot 25 days following the date
of the SFW in that year. Maps for the low-TrEL years
identified in Figure 3 generally show low TrEL values
encompassing the closed streamlines surrounding the pole,
while the highest TrEL air is elongated in the mid-latitudes.
In other years (e.g., 2009, and 2010) the low TrEL air is off
the pole and only fills a portion of the closed streamlines.
The 2007 FrIAC is visible as a small low-TrEL feature over
the date line at�60�N. Figure 4 provides a spectrum of post-
SFW TrEL distributions and places the unusually large 2011
FrIAC in context.

5. Summary and Discussion

[12] The winter-to-summer transition in the Arctic polar
middle stratosphere has been examined using a 33-year
Tracer Equivalent Latitude simulation at 850 K driven by the
MERRA reanalysis. In certain years, very low TrEL air is
transported poleward and becomes trapped in the summer
vortex. This is often, but not always, associated with a
FrIAC. The 2011 large-scale FrIAC was the most significant
in terms of the magnitude and persistence of low TrEL and
strong easterlies following the SFW. The dynamics of these
events resemble low-ozone pocket formation, in which low-
latitude air is drawn into a developing anticyclone and iso-
lated from surrounding air, resulting in chemical ozone loss
[Harvey et al., 2008, and references therein]. Low-ozone
pockets disappear with the decay of the anticyclone; FrIACs,
however, become fixed into the summer circulation and
serve as the “seed” of the summertime easterly circulation.
The synoptic analyses presented in Figure 1 show that zonal
wind reversal is caused by the anticyclone displacing the
winter polar vortex, a common feature for all identified
FrIAC years.
[13] The dynamics of SFWs are sensitive to the timing of

the vortex breakup [Thiéblemont et al., 2011]. In the com-
posite analysis of Wei et al. [2007], early breakup years
showed rapid wind reversal, with wind speed dropping from
30 m/s to �10 m/s over a month; this is similar to what
occurred in 1982, 1994, 1997, 2003, and 2011. In late
breakup years, an early vortex deceleration due to planetary
wave activity results in a weaker polar vortex that transitions
more gradually to summer conditions. These dynamical
differences result in different meridional transport, with
early breakup years favoring poleward transport of low
TrEL that becomes trapped near the pole. The breakup dates
according to our analysis at 850 K for the five large-scale

FrIAC years were 4 April 1982, 2 April 1994, 14 April
2003, 29 April 1997, and 6 April 2011. Four of these years
are early breakups (note that the mean breakup date
according to our criteria is 15 April). 1997 had an unusually
strong, persistent cold vortex [Coy et al., 1997] that broke up
quickly in late April. Further planned studies with multi-
decade chemistry climate model simulations will examine
whether the modeled climatology of tracer distributions
during SFWs agrees with the observed interannual variabil-
ity. This approach will complement the analysis of mid-
winter major stratospheric warming climatologies that have
been used to test the interannual dynamical variability in
general circulation models [Charlton and Polvani, 2007;
Charlton et al., 2007].
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