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Interannual variability in effective diffusivity in the upper
troposphere/lower stratosphere from reanalysis data
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The effective diffusivity based on passive tracer advection is used to evaluate the long-term
mixing properties for the period 1980–2012 in the lower stratosphere and upper troposphere
(UTLS) using data from the ERA-Interim reanalysis. The regions of strongest interannual
variability in effective diffusivity coincide with the regions of strong climatological mixing,
such as the winter and spring midlatitude stratosphere, the polar lowermost stratosphere
and around the edge of the subtropical jets (especially in summer). The annular modes
dominate the variability in the winter polar vortices, and the Quasi-Biennial Oscillation in
the tropical stratosphere. El Niño/Southern Oscillation modulates the strength of mixing
across the subtropical jets, and has a significant impact on mixing in the summer subtropical
lower stratosphere. Long-term trends show a vertical shift in the mixing consistent with the
effect of ozone depletion on the zonal wind in the austral summer polar stratosphere. Other
significant trends include increased mixing in the austral surf zone and a dipolar pattern
in the boreal summer and autumn, with mixing increased on the equatorward part of the
subtropical jet and reduced just above. The results are highly consistent with those from
the JRA-55 reanalysis when the same horizontal resolution is used. The calculations are
also qualitatively consistent with effective diffusivity obtained directly from the potential
vorticity field and, in the UTLS, they are broadly consistent with those obtained from the
ozone field.
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1. Introduction

Isentropic mixing is a key component of global mass transport in
the stratosphere, which strongly affects the global distribution of
chemical constituents. Stratospheric mixing occurs mainly along
the isentropes (quasi-horizontally) and acts to flatten meridional
tracer gradients, which are continuously sharpened by the slower
diabatic overturning circulation (e.g. Plumb, 2002; Shepherd,
2007). Zonal mean cross-sections of long-lived tracers derived
from satellite measurements in the stratosphere reveal distinct
regions of steep meridional gradients and others of homogeneous
concentrations, highlighting zones of weak and strong mixing
respectively. Accordingly, the stratosphere can be divided into
different latitudinal bands with different mixing properties, and
this constitutes the basis of the ‘leaky tropical pipe model’
(Plumb, 1996). In this conceptual model, the tropical region
and the polar winter vortices are largely isolated from the strongly
mixed middle latitudes by eddy transport barriers (Plumb, 1996).
Such boundaries, located in the subtropics and at the vortex
edge, exhibit substantial variability with altitude and time, in
particular a strong seasonality (e.g. Waugh, 1996; Neu et al.,
2003). Moreover, the barriers are not completely impermeable

and several studies provide evidence of eddy transport events
both across the subtropics and the polar vortex edge (e.g. Randel
et al., 1993; Waugh et al., 1994).

Irreversible mixing between air masses is mainly associated
with large-scale stirring following Rossby wave breaking in
the stratosphere (McIntyre and Palmer, 1983). The stirring
leads to stretching and folding of material lines, creating fine
filaments in the contours of a passive tracer (with negligible
sources and sinks). Accordingly, different techniques have been
developed to quantify mixing following Rossby wave breaking
events using the concepts of elongating passive tracer contours
and particle separation (e.g. Pierrehumbert, 1991; Bowman,
1993; Waugh and Plumb, 1994; Chen et al., 1994; Nakamura,
1996; Joseph and Legras, 2002; d’Ovidio et al., 2009). Given the
relatively long time-scales of diabatic motion in the stratosphere
(as compared to rapid isentropic stirring), potential vorticity
(PV) is commonly used to diagnose the evolution of material
contours on isentropes, as this quantity is conserved in adiabatic
conditions (e.g. Hoskins et al., 1985). The detailed analysis of PV
evolution, as well as the development of sophisticated contour
advection techniques, have allowed the capture of fine-scale
structures linked to Rossby wave breaking (such as tongues of
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air stripped from the polar vortex or the Tropics into the middle
latitudes), as revealed by tracer observations (e.g. McIntyre and
Palmer, 1983; Randel et al., 1993; Waugh, 1993, 1996).

Given the close link with Rossby wave activity, mixing
properties in the stratosphere are expected to be subject to
strong interannual variability. A number of studies in the
last decade have investigated the climatological structure of
the global stratospheric mixing and its interannual variability,
using different diagnostics. The work of Haynes and Shuckburgh
(2000a,b) (denoted HS00 henceforth) and Allen and Nakamura
(2001) provided the first comprehensive picture of mixing in
the stratosphere and upper troposphere, including the annual
variations. Their results were based on the effective diffusivity
calculations (Nakamura, 1996) over two years of operational
wind data from the ECMWF (European Centre for Medium-
range Weather Forecasts). Extending these calculations to six
years, the follow-up work of Shuckburgh et al. (2001) found an
influence of the Quasi-Biennial Oscillation (QBO) on the effective
diffusivity, consistent with stronger planetary wave propagation
from the winter into the summer hemisphere during westerly
phase. Based on the same type of diagnostic and using the ERA-
15 reanalysis combined with operational ECMWF analysis data
to obtain a 1979–2000 database, Scott et al. (2003) observed an
influence of El Niño-Southern Oscillation (ENSO) on mixing
at 350 K (in particular weaker mixing during strong El Niño
years). Their results showed some sensitivity to the change of
dataset, both in the seasonality and the interannual variability of
the estimated mixing. The influence of ENSO on mixing across
the subtropical jets was also examined by Chen et al. (2008)
through calculation of the momentum flux wave spectrum at
350 K both in ERA-40 and in a model. The results of these works
evidence a reduction of subtropical wave convergence near the
critical lines, linked to the strengthening of the jets during the
warm phase of ENSO (and an enhancement during the cold
phase). The influence of ENSO on mixing at 350 K was further
analysed using a longitude–latitude-resolving mixing diagnostic
(the Lyapunov diffusivity) in Shuckburgh et al. (2009). Recently,
Yang et al. (2014) analysed the response of effective diffusivity
to different imposed sources of heating in the Tropics (localized
and zonal mean), and found that zonal mean heating had a
similar effect on mixing at 350 K as that observed in response to
ENSO. Using Lyaponov exponents, Garny et al. (2007) examined
the interannual variability of mixing based on NCEP/NCAR∗
reanalyses over the period 1979–2005 on three isentropic levels
in the stratosphere. They found an influence of the QBO in
agreement with the results of Shuckburgh et al. (2001), but no
significant effect of ENSO or the solar signal in the levels under
study (450, 550 and 650 K). Garny et al. (2007) also computed
linear trends over the period 1979–2005 and found a significant
increase in mixing in the Southern Hemisphere (SH) polar region
from September to May at 450 K.

In the present work we investigate the climatology and the
interannual variability of mixing in the region 300–800 K over
the period 1980–2012 based on effective diffusivity calculations
using the ERA-Interim reanalysis. This constitutes the first
assessment of interannual variability in mixing from a consistent
long-term dataset with high vertical resolution across the upper
troposphere and lower stratosphere (UTLS). Section 2 describes
briefly the reanalysis data and the effective diffusivity calculations,
section 3 presents the climatology of effective diffusivity, and
section 4 identifies the main regions of interannual variability.
The role of different drivers of interannual variability is examined
in section 5, and section 6 presents some comparisons with
other datasets and calculation methodologies. Finally section 7
summarizes the main results and discusses the implications in
the context of previous work.

∗National Centers for Environmental Prediction/National Center for
Atmospheric Research.

2. Data and methods

2.1. Reanalysis data

Horizontal wind fields (U , V) from the ERA-Interim (EI)
reanalysis every 6 h for the period 1979–2012 are used in this
study. The EI reanalysis is based on the Cy31r2 version of the
ECMWF IFS model, it uses 12 h 4D-Var assimilation scheme and
has a variational bias adjustment of satellite radiance data; a full
description can be found in Dee et al. (2011). Simmons et al.
(2014) recently performed an accurate evaluation of interannual
variability in ERA-Interim temperatures, including a comparison
with other modern datasets and previous versions of the ECMWF
reanalyses, and showed that discontinuities due to measurement
changes do not affect interannual variability significantly below
∼10 hPa. We retrieve the data on 60 model levels from the surface
to 0.1 hPa on a regular 1◦ × 1◦ regular latitude–longitude grid.
The wind fields are interpolated from hybrid model levels to the
desired set of isentropic levels using the pressure and temperature
fields. The present work focuses on the layer extending from
the troposphere to the middle stratosphere up to 800 K (around
∼10 hPa, or ∼32 km). We have selected a set of 29 isentropic
levels between 300 and 800 K, with a higher density of levels
in the UTLS (every 10 K between 300 and 500 K, every 25 K
between 500 and 600 K and every 50 K between 600 and 800 K).
This inhomogeneous distribution was chosen to ensure accurate
representation of the more complex structures in the UTLS. We
note that the lowermost isentropes eventually intersect the ground
mostly in the tropical region, such that levels below ∼320 K are
expected to have larger uncertainties.

The EI results are compared with corresponding calculations
for the Japanese Reanalysis (JRA-55; Ebita et al., 2011). It also
has 60 vertical levels spanning from the surface to 0.1 hPa and
a higher horizontal spectral resolution (T319 instead of T255 in
EI). The 6-hourly data are interpolated from hybrid model levels
to the same isentropic levels. The data are retrieved on a Gaussian
grid in latitude with ∼0.562◦ spacing in longitude (640 longitude
and 320 latitude grid points).

2.2. Effective diffusivity calculations

The effective diffusivity is a measure of the complexity or
elongation of the contours of a tracer advected by the non-
divergent isentropic wind field. Nakamura (1996) showed that
the advection-diffusion equation for a tracer of concentration
c(x, t) (following HS00 notation), which is

∂c

∂t
+ u· ∇c = ∇· (κ∇c) , (1)

where κ is a constant diffusivity parameter and u is the
nondivergent wind vector, can be transformed into a purely
diffusive equation by defining a coordinate based on the tracer
concentration, the equivalent latitude φe. Specifically, an area
A(C, t) is defined within which the concentration is equal or
larger than C, and the equivalent latitude is defined as the
latitudinal boundary of the area distributed over a polar cap,
A = 2πr2(1 − sin φe), with r the Earth’s radius. Note that c and
C denote the same quantity (tracer concentration) expressed
on different coordinates. Using these definitions Eq. (1) can be
rewritten for C(φe, t) as

∂C

∂t
= 1

r2 cos φe

∂

∂φe

(
κeff cos φe

∂C

∂φe

)
, (2)

where κeff (φe, t) is the effective diffusivity, which can be computed
as

κeff = κr2

〈|∇c|2〉
(∂C/∂φe)

2 . (3)
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Figure 1. Climatology of equivalent length �eq (adimensional, colour shading, logarithmic scale) as a function of equivalent latitude and potential temperature for
seasons (a) DJF, (b) MAM, (c) JJA and (d) SON, averaged over the period 1980–2012. The white contours show the zonal mean zonal wind climatology, with a
spacing of 10 m s−1 (positive solid, negative dashed, with zero contour thicker). The wind climatology is shown as a function of regular latitude in all figures. The
black line shows the seasonal mean tropopause.

In Eq. (3), the angle brackets indicate an area average between
consecutive tracer contours. The equivalent length Leq is defined
such that

κeff (φe, t) = κ
L2

eq(φe, t)

(2πr cos φe)
2 , (4)

and it provides an upper boundary for the length of the contour
corresponding to each tracer value C(φe, t) (the two lengths
exactly coincide only when the tracer gradient is uniform along the
tracer contour). In the present work, we show values of the nor-
malized equivalent length squared �eq = L2

eq/ (2πr cos φe)
2 =

κeff/κ , which is a non-dimensional quantity that provides the
same information as κeff , given that the diffusivity κ is a constant.

In particular, �eq represents an estimate of the tracer contour
elongation relative to the minimum length of the tracer contour
(i.e. the corresponding latitude circle; HS00). High values of the
equivalent length indicate regions of strong mixing in which
tracer contours are largely stretched. Hence, throughout the
manuscript we will refer to �eq as the equivalent length or the
effective diffusivity, knowing that they are proportional.

Following the calculations of HS00, a passive tracer is
initialized with a zonally uniform concentration monotonically
decreasing from the South to the North Pole (in particular
− sin φ). The tracer is advected by the non-divergent wind
which is calculated from the vorticity field expressed in spherical
harmonics on the selected isentropic surfaces. A single-layer
spectral transport model (the same model used in HS00) is used
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Figure 2. As Figure 1, but as a function of pressure. The grey contours show some isentropic levels for reference.
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to solve the advection-diffusion equation on the sphere, with
a constant diffusivity parameter κ . The diffusivity accounts for
the unresolved scales and depends only on the resolution. The
chosen diffusivity parameter κ must be large enough to suppress
spurious features in the tracer, but also small enough that it
does not influence the value of effective diffusivity (see HS00 for
further discussion). A value of κ = 10474 m2s−1 is used in this
work for the T255 data, and κ = 6698 m2s−1 for the T319 JRA-55
data. These are such that the features with spatial scales half of
those of the input fields (∼30 km for T255 data) are damped on a
daily time-scale. The tracer is advected 720 times per day and the
results are stored every two days. The artificial tracer is initialised
one month prior to each season (DJF, MAM, JJA and SON) and
advected for four months, and the first month is allowed for
the stabilization of the calculations. We have checked that the
equivalent length results are not strongly sensitive to the length of
the advection period after allowing a one month initialisation and
stabilization period (i.e. if the tracer has been advected for one,
two or three months). The calculation of the equivalent length
is then carried out for the tracer field at each time using Eq. (3).
The equivalent latitudes are computed by remapping the tracer
concentration on polar caps, such that each equivalent latitude
corresponds to one tracer value at each time.

3. Climatology

The 1980–2012 climatology of the equivalent length and zonal
mean wind for the four seasons is shown in Figure 1. The main
features are highly consistent with the results of HS00 and Allen
and Nakamura (2001). We recall that here we use the same
methodology but applied to a longer record and a more modern
dataset (33 years of ERA-Interim reanalysis) and our analysis is
done with higher vertical and horizontal resolution than previous
work. HS00 showed that the magnitude of effective diffusivity is
independent of the resolution for a small enough value of the
diffusivityκ . This is not true for the equivalent length�eq = κeff/κ

(since κ is chosen differently for each resolution). Hence, the
higher horizontal resolution of our calculations explains why the
�eq values in the present work are larger than in the HS00 results.
We have checked that the effective diffusivity values in this work
are consistent with those of HS00 (not shown). Nevertheless, the
main interest of these analyses is not the absolute magnitude of
the effective diffusivity but the spatial structure and temporal
variability of the mixing properties.

Figure 1 shows regions of low equivalent length coinciding
with the core of the polar and subtropical jets, with lowest values
in the SH polar jet in JJA. Low �eq is also observed in the Tropics
throughout the year, consistently with weak mixing within the
tropical pipe (Plumb, 1996). A seasonal displacement of the broad
tropical region towards the summer hemisphere is observed, and
there is a band of minimum values close to the Equator in all
seasons. Equivalent length values in the core of the subtropical
jets are lowest in the winter hemisphere. These regions of weak
mixing are clearly distinguished from regions of strong mixing in
Figure 1, and the separation between them is a good indicator of
the location of mixing barriers (e.g. Joseph and Legras, 2002; Neu
et al., 2003).

In DJF there is a well-delimited region of strong mixing
between the tropical pipe and the Northern Hemisphere (NH)
polar vortex, corresponding to the surf zone (Plumb, 2002).
This region persists through MAM and it expands towards the
polar region as the vortex disappears. A weaker surf zone can
be observed in the SH in JJA, and it widens and strengthens
in SON, as the austral polar vortex is weakened and the wave
activity intensifies in the extratropical SH stratosphere. Note that
inside the polar vortex core there is enhanced mixing in both
hemispheres above ∼500 K and also at lower levels in JJA. Hence,
strong mixing by Rossby wave breaking is taking place outside
and inside the vortex, just not across its jet (in agreement with
previous studies, e.g. Roscoe et al., 2012; de la Camara et al.,

2013). The climatology also shows enhanced mixing around the
subtropical jets throughout the year, with important seasonal
modulations.

Above the subtropical jets, the strongest mixing is found in
the summer lower stratosphere middle latitudes. This feature
extends to higher levels in the austral (DJF) than in the boreal
(JJA) summer, due to the different climatological structures of
the zonal mean wind, with westerlies extending to higher levels
in the austral than in the boreal summer (compare the zero
zonal wind line in Figure 1). In the winter lower stratosphere,
the mixing is limited to a smaller latitudinal band, due to the
presence of the lower part of the polar vortex. The fact that mixing
in the lower stratosphere is stronger in the summer than in the
winter hemisphere is particularly interesting, because it marks
a clear difference with the middle stratosphere, where mixing
occurs primarily in the winter and spring surf zone (e.g. Plumb,
2002). This different behaviour is likely due to synoptic waves
which are limited to lower levels. Shuckburgh et al. (2009) argued
that, although synoptic wave activity is less intense in summer,
the efficiency of the mixing is enhanced in this season due to
the absence of the shear associated with the stronger winter
jets. Finally, in the polar (60–90◦N/S) lowermost stratosphere
(∼350 K and below), there is strong mixing throughout the year.

Although the results will be presented on isentropic coordinates
throughout the article, Figure 2 shows the climatology as
a function of log-pressure altitudes. This figure provides an
extended view of the structure around the subtropical jets.
In particular the tropical upper troposphere is expanded,
highlighting a band of enhanced mixing across the Equator
extending over ∼330–380 K. This is at the core of an X-shaped
region of strong �eq values around the subtropical jets, which
is seen as a thin layer in Figure 1. The �eq values in this band
are highest in JJA, perhaps due to the effect of the NH summer
monsoon circulations. The origin of the high �eq values in the
tropical upper troposphere may deserve further research beyond
the scope of this work. Another interesting feature highlighted
in Figure 2 is the strong mixing around the lower flank of the
subtropical jets, along isentropes below 350 K which connect the
extratropical UTLS with the Tropics near the surface.

The monthly evolution as a function of latitude is shown in
Figure 3 at four selected levels spanning the middle (600 K) and
lower (450 K) stratosphere, the near-tropopause region (380 K)
and the upper troposphere (350 K). This figure highlights that
effective diffusivity is closely coupled to the evolution of the zonal
wind at each level. In the middle stratosphere (600 K) a minimum
in �eq is observed following the core of the polar jets in both
hemispheres. Mixing increases gradually at the edge of the vortex
in late winter and spring, and persists until approximately one
month after the break-down. The mixing decay is faster in the
NH, where the summer easterly winds last longer, keeping mixing
values low. In the Tropics the very low effective diffusivity follows
closely the latitudinal displacement of the tropical easterlies
towards the summer hemisphere.

In the lower stratosphere (450 K) the lower part of the vortex
is associated with weak mixing (especially in the SH), but the
seasonality is substantially different to that in upper levels,
as there is a broad summer maximum in middle latitudes in
both hemispheres. This strong summer mixing in the lower
stratosphere, highlighted in Figure 1, is clearly observed in Figure 3
to expand over the Extratropics as soon as the westerly zonal winds
decrease below ∼10 m s−1. At this level the latitudinal migration
of the tropical band is still evident, in good correspondence with
the background zonal wind. At 380 K, low mixing signatures are
observed corresponding to the lowermost part of the SH polar
vortex at 60◦S, the subtropical jets in both hemispheres around
30◦N/S, and the tropical pipe, which is reduced to a narrow region
around the Equator at this level. There is enhanced mixing in
regions of strong wind shear around the zero-wind line, especially
in the summer hemisphere Subtropics. At 350 K the subtropical
jets are clearly observed in winter/spring of each hemisphere
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Figure 3. Annual cycle at levels (a) 600 K, (b) 450 K, (c) 380 K and (d) 350 K of equivalent length �eq (adimensional, colour shading, logarithmic scale) as a function
of equivalent latitude. The white contours show the zonal mean zonal wind climatology, with a spacing of 10 m s−1 (positive solid, negative dashed, with zero contour
thicker).

as bands of low equivalent length around 30◦N/S during the
winter of each hemisphere. In contrast with the stratospheric
levels, the tropical region at 350 K is characterized by enhanced
mixing, corresponding with the core of the X-shaped region seen
in Figure 2. Tropical mixing is largest around July–September
in the NH Tropics, coinciding with the strongest near-equatorial
easterlies. This timing suggests a linkage to the boreal summer
monsoon upper-level anticyclonic circulations. Strong mixing at
high latitudes (60–90◦N/S) is present throughout the year in both
hemispheres at this level, and shows a maximum from April to
August in the NH.

4. Interannual variability

The aim of the present work is to examine the interannual
variability in the effective diffusivity which modulates the
climatology shown in the previous section. Figure 4 shows the
standard deviation of the seasonal-mean data over the period
1980–2012. Overall, the spatial structure and seasonality of the
interannual variability is similar to the climatology in Figure 1.
There is small variability in the polar jets (especially in the SH
winter), within the tropical pipe and in the subtropical jets.
Large interannual variability is observed in the stratospheric
extratropical middle latitudes in spring, in the summer lower
stratosphere and in the lowermost stratosphere at high latitudes
(60–90◦N/S), especially in winter and spring. Nevertheless, there
are some relevant differences between Figures 1 and 4, in particular
in the vertical structure of the extratropical winter and spring surf
zones. For instance, there is stronger variability above 500 K than
below, while the absolute mixing values are more uniform or even
stronger in the lower stratosphere. Another example is the strong
variability in the SH summer (DJF) above the climatological zero
wind line. This interannual variability is linked to large year-to-
year differences in the position of the zero wind line, especially in
December and January (not shown).

In the following we examine the influence of different potential
sources of interannual variability on the effective diffusivity. In
particular we explore the role of the Northern and Sourthern
Annular Modes (NAM and SAM), the Quasi-Biennial Oscillation

(QBO), the ENSO, the solar cycle and the linear trends for the
period 1980–2012.

4.1. NAM and SAM

The annular modes in the northern (NAM) and southern (SAM)
hemispheres are dominant modes of stratospheric circulation
variability in extratropical latitudes. The NAM and SAM indices
are computed as the first Empirical Orthogonal Function (EOF) of
the geopotential height at 50 hPa over 20–90◦N/S (e.g. Thompson
and Wallace, 2000), and the positive and negative events are those
separated by more than 1 standard deviation from the mean (this
definition is the same for all the composites). Figure 5(a) and (c)
show the composites of �eq and the zonal wind corresponding to
positive minus negative index for the most relevant season for each
hemisphere (JFM for the NAM, SON for the SAM). Throughout
this section positive minus negative composites are used because
the analysed responses are close to linear (i.e. positive and negative
events produce almost equal and opposite-sign responses, not
shown), and the few exceptions will be mentioned explicitly. The
stippling indicates statistically significant composited anomalies
at the 95% level based on a Student’s t-test with degrees of
freedom reduced to account for autocorrelation. This is the same
for all the figures in this section.

The composites in Figure 5(a) and (c) show positive anomalies
in the vortex strength and corresponding negative anomalies in
mixing within the region of strong winds. The negative anomaly
is highly coherent vertically, especially for the NAM, which shows
strongest negative anomalies in the lowermost stratosphere. Note
that NAM composites show negative wind and positive �eq

anomalies on the equatorward side of the polar jet. This is
linked to a poleward displacement of the NH polar night jet
during the positive NAM phase, such that the zonal wind is
strengthened at high latitudes and weakened in middle latitudes.
A consistent increase in �eq is observed in the region of weakened
winds. This feature is not seen in the SAM composite, due
to the different structure of the SH polar vortex, whose wider
latitudinal extension shows less variability (e.g. Thompson and
Wallace, 2000). Figure 5(b) and (d) show the variance in �eq
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Figure 4. Interannual variability of the equivalent length �eq quantified by the standard deviation of the seasonal mean as a function of equivalent latitude and
potential temperature for seasons (a) DJF, (b) MAM, (c) JJA and (d) SON in the period 1980–2012 (adimensional, colour shading, logarithmic scale). The white
contours show the zonal mean zonal wind climatology, with a spacing of 10 m s−1 (positive solid, negative dashed, with zero contour thicker). The black line shows
the seasonal mean tropopause.
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Figure 5. (a, c) Composite of the equivalent length �eq (adimensional, colour shading) and the zonal wind contours (red positive, blue negative, with contour spacing
5 m s−1) for positive minus negative (a) NAM and (c) SAM indices. Stippling indicates the region of statistical significance at 95% (positive at 45◦, negative at −45◦).
(b, d) Fraction of variance in the equivalent length �eq (grey shading, %) and the zonal wind contours (red with spacing 20%, with zero contour omitted) linked to
the (b) NAM in JFM and (d) SAM in SON for 1980–2012. The green contours show the seasonal climatology of the zonal wind for the period 1980–2012 (spacing
10 m s−1, with positive solid and negative dashed, and zero contour thicker), and the black line shows the seasonal mean tropopause.

and the zonal wind explained by the annular modes, relative to
the total year-to-year variance. As expected, the annular modes
explain around 80% of the zonal wind variance throughout the
late-winter/spring Extratropics. The explained variance in �eq

reaches up to 60% in both hemispheres within the vortex region.
However only a small fraction of the �eq variance in the surf
zone is explained by the annular modes in both hemispheres,
consistently with the large interannual variability in these regions
highlighted in Figure 4.

4.2. QBO

Shuckburgh et al. (2001) showed an influence of the QBO on the
effective diffusivity using six years of data. With a longer record
(1980–2012) in the present work we confirm their results and
provide statistical information.

Figure 6(a) and (c) show the temporal evolution of the
equivalent length �eq at 700 K as a function of (equivalent)
latitude within the Tropics (30◦S–30◦N) for DJF and JJA. This
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Figure 6. Time series over 1980–2012 as a function of latitude within the Tropics of (a, c) equivalent length �eq (adimensional, colour shading) and (b, d) convergence
of the meridional component of the EP flux, for (a, b) DJF and (c, d) JJA. The (a, c) white and (b, d) black contours indicate the zero zonal wind line.

figure clearly shows that, when westerly winds of the winter
hemisphere extend towards the Equator, the equivalent length is
enhanced in the summer Tropics. This behaviour was noticed
in Shuckburgh et al. (2001), and they argued that it is due to
planetary waves in the winter hemisphere being able to propagate
meridionally within the westerly region and break on the other
side of the Equator (as proposed by Polvani et al., 1995). This
is confirmed by divergence of the meridional component of
the Eliassen–Palm (EP) flux, shown in Figure 6(b) and (d) for
both seasons. The zero wind line is highlighted to evidence the
strong connection with both the mixing and the wave drag. There
are peaks of enhanced EP flux convergence just on the edge of
the westerly regions, corresponding with the critical line for the
stationary waves propagating from the winter into the summer
hemisphere. The westerly phase is also associated with minimum
�eq at the Equator in Figure 6(a) and (c). This is because the
wave drag is shifted towards the weak winds in the summer
hemisphere, consistently with the relative minima at the Equator
in the EP flux convergence in Figure 6(b) and (d). The small
regions of positive EP flux divergence were carefully discussed in
Shuckburgh et al. (2001) and are linked to synoptic-scale waves
associated with barotropic instability arising in regions of strong
wind shear.

In order to quantify the influence of the QBO on the variability
of the equivalent length, we have computed two QBO indices
which correspond to the first two EOFs of the zonal mean wind
at the Equator on pressure levels within the layer 70–10 hPa
(following Wallace et al., 1993). The first EOF peaks in the lower
stratosphere and the second slightly above and is deeper in altitude
(Wallace et al., 1993). Note that to build the �eq and zonal wind
composites only one index is needed, and we choose the second
EOF which accounts for most of the wind variance at the upper
levels (e.g. Figure 6). However, the same conclusions apply for
the first EOF at lower levels.

Figure 7(a) and (c) show the composites of the equivalent
length and zonal wind for the difference between westerly and
easterly QBO phases (W–E) for DJF and JJA of the entire
period 1980–2012. The W–E composites Figure 7(a) and (c)
show an extensive region of westerly anomalies centred at the
Equator near 700 K for both seasons and statistically significant
anomalies in �eq mostly within the tropical region affected by

the wind anomalies, plus some additional statistically significant
areas outside this region, in particular in the SH in DJF and at
lower levels in JJA. Consistently with the behaviour observed in
Figure 6(a) and (c), Figure 7(a) and (c) show that the westerly
phase of the QBO is systematically associated with positive
anomalies in the summer Tropics and negative anomalies in
the winter Tropics. In JJA (Figure 7(c)), the negative anomaly
around 30◦S is due to increased mixing during the the easterly
phase at the edge of the vortex. Finally, note that in both seasons
the anomalies at the low levels in the Tropics change sign,
consistently with the reversed sign in the zonal wind pattern.

Figure 7(b) and (d) show the percentage of variance in �eq

and in the zonal wind explained by the QBO. A multiple
linear regression of the two QBO indices has been used for
this calculation. More than 80% of the zonal wind variability
in the Tropics is explained by the QBO. There is also strong
covariance of the effective diffusivity with the QBO in the tropical
region. In particular, �eq is most influenced by the QBO in the
summer Tropics, with up to 60% variance linked to the QBO over
the entire layer 400–700 K. Note that the QBO explains a small
fraction of variance (below 20%) outside the tropical band. In
general, the QBO explains a large fraction of the variance within
the Tropics, but in absolute values this represents small variations
because of the low mixing values in the tropical stratosphere
(Figure 4).

4.3. ENSO

In order to examine the links between the effective diffusivity and
ENSO, we have used the Multivariate ENSO Index (MEI; Wolter
and Timlin, 1998). Figure 8(a) and (c) show the composite
of equivalent length and zonal wind for the El Niño minus
La Niña phase (EN–LN) for DJFM and JJAS. (These extended
seasons are chosen to maximize the influence.) The zonal wind
composite shows a strengthening of the equatorward flank of
the subtropical jets. This is a known effect of ENSO related
to the warming of the tropical upper troposphere (e.g. Calvo
et al., 2010). A corresponding decrease in mixing across the jets
is clearly observed near 350 K in Figure 8(a) and (c), especially
in the summer hemisphere. This result is in agreement with
previous studies (e.g. Scott et al., 2003; Shuckburgh et al., 2009).
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Figure 7. As Figure 5, but (a, c) show composites of the equivalent length for westerly minus easterly (W–E) QBO phase in (a) DJF and (c) JJA. (b, d) show the
fraction of variance in the equivalent length �eq (grey shading, %) and the zonal wind contours (red with spacing 20%, with zero contour omitted) linked to the QBO
in (b) DJF and (d) JJA. The green contours and black line are as Figure 5.
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Figure 8. As Figure 5, but (a, c) show composites of the equivalent length �eq (colour shading, adimensional) and the zonal wind contours (red positive, blue
negative) for El Niño minus La Niña (EN–LN) in (a) DJFM and (c) JJAS. The zonal wind contour spacing is 2 m s−1. (b, d) show the fraction of variance in the
equivalent length �eq (grey shading, %) and the zonal wind (red contours, spacing 20%, zero contour omitted) linked to ENSO (MEI index) in (a, b) DJFM and (c, d)
JJAS.

The negative wind anomalies near 60◦S in DJF and corresponding
positive mixing are due to the fact that ENSO projects on the
SAM in this season (Figure 5(c)) during La Niña phase (as shown
in Chen et al., 2008). We have checked that this correlation is
only observed during this phase of the ENSO (not shown). One
dominant feature in addition to the reduced mixing across the
subtropical jets is an intensification of mixing in the summer
lower stratosphere, around 30◦S/N and 450 K. This effect is most
pronounced in the SH summer (DJFM).

Figures 8(b) and (d) show the variance of the equivalent length
�eq and the zonal wind explained by ENSO for each season. This
figure reveals that the ENSO impact on the subtropical SH lower
stratosphere in DJFM explains a large fraction (around 50%)
of the interannual variability in this region. Given the relatively
large total variance in this region (Figure 4), the magnitude of
the changes in mixing due to ENSO the subtropical summer
lower stratosphere are not negligible. However, the importance of
ENSO for mixing in this region has not been discussed previously
in the literature to our knowledge.
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Figure 9. Composite of the EP flux (arrows, kg s−1), the EP flux divergence
(colour shading, m s−1day−1) and the zonal wind contours (red positive, blue
negative, with spacing 2 m s−1) for El Niño minus La Niña (EN–LN) for
(a) DJFM and (b) JJAS over 1980–2012. Stippling indicates the region of statistical
significance at 95% (positive at 45◦, negative at −45◦). The green contours are as
Figure 8(b, d).

The analysis of the EP flux composite for EN–LN in Figure 9
shows that the increase in mixing in the lower stratosphere above
the SH subtropical jet coincides with a region of enhanced EP flux
convergence during the El Niño phase (the opposite behaviour
is observed during La Niña). Enhanced EP flux in this region
during El Niño has been observed in climate model simulations
(e.g. Calvo et al., 2010). The strengthening of the subtropical
jets around 350 K leads to decreased wave drag (anomalous EP
flux divergence) below the tropopause in Figure 9. On the other
hand, the strengthening on the upper flank of the jets leads to
the appearance of weak westerlies over regions of climatological
easterlies and hence there is an enhanced wave drag in the lower
stratosphere around the climatological zero wind line (Figure 9).
This EP flux behaviour is highly consistent with the dipole pattern
in the equivalent length in Figure 8(a) and (c).

4.4. Solar cycle

We have examined the influence of the solar cycle on the
equivalent length using the 10.7 cm solar radio flux index (e.g.
Kuroda and Kodera, 2005). The composite for maximum minus
minimum solar flux in October and November is shown in
Figure 10. This season is chosen because it is where the solar index
has a largest effect on the equivalent length. Figure 10 shows a
negative anomaly in mixing at the edge of the SH polar vortex
over a region of weak positive wind anomalies. The wind response
is consistent with the effect of the solar cycle on the SAM in these
months discussed in Kuroda and Kodera (2005) (positive SAM
linked to high solar flux). The effect on the equivalent length
is approximately similar to the SAM composite in Figure 5(c),
except in Figure 10 there is a positive anomaly at the edge of the
vortex at high levels. This is similar to the NAM behaviour in
Figure 5(a) and could be due to the fact that the wind anomalies
associated with high solar activity are weaker and more confined
latitudinally than the SAM variations. It is important to note
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Figure 10. Composite for the period 1980–2012 of the equivalent length �eq

(colour shading, adimensional) and the zonal wind contours (red positive, blue
negative, with contour spacing 2 m s−1) for maximum minus minimum F10.7
solar flux index in ON. Other details are as Figure 5.

that the fraction of variance explained is negligible compared to
other effects considered in our analyses (lower than 5%), and
hence it is not shown. In addition, the record used in this work is
likely too short to accurately identify the influence of the 11-years
solar cycle. For instance, the two large volcanic eruptions, which
happened around 9 years apart in the period under consideration,
could interfere with the solar cycle signal. We analysed the impact
of volcanic eruptions by performing composite of the equivalent
length after the El Chichón and Pinatubo eruptions. Significant
positive anomalies in �eq similar to those in Figure 10 (around
30◦S and ∼700 K) are observed during the October–November
season after the eruptions, even after removing the solar cycle
by linear regression (not shown). This supports the hypothesis
that volcanic eruptions might interfere in the solar variability
composite in Figure 10 (in particular Pinatubo took place during
a period of solar maximum). We have also examined the effect
of the volcanic eruptions on equivalent length in the following
boreal winters. The results (not shown) are very similar to the
positive NAM phase (Figure 5(a)), consistently with previous
studies of observed post-volcanic NH polar vortex anomalies
(e.g. Stenchikov et al., 2002).

4.5. Trends

Figure 11 shows the 1980–2012 trends in equivalent length and
zonal wind for the four seasons. The statistically significant trends
at the 95% confidence level (based on a Student’s t-test) are
indicated by the stippling. In general the trends in the equivalent
length �eq are robust to removal of the variability linked to
the QBO, ENSO, the solar cycle and the annular modes with a
multiple linear regression (not shown). In DJF there is a wide
region of zonal wind acceleration trends in the polar SH lower
stratosphere, which is linked to the cooling effect of long-term
ozone depletion in this region (e.g. Thompson and Solomon,
2002). In the lower part of these westerly trends, there is a
significant decrease in mixing, and an increase is observed in the
upper part, just above the climatological zero wind line. This
pattern indicates a vertical shift of the region of strong mixing
from the lower into the middle stratosphere, as the zero wind line
moves upward and allows stationary waves to propagate further
up. This behaviour is consistent with the trends in the DJF EP
flux shown in Figure 15b of Abalos et al. (2015), which highlight
increasing vertical propagation of waves into higher levels of the
stratosphere in this region.

In MAM there is a small region of statistically significant
acceleration of the wind on the edge of the NH vortex region
at high levels, and a corresponding decrease in equivalent length
is observed over a deep layer in middle latitudes, although this
feature is not statistically significant at 95%, given the large
interannual variability in this region (Figure 4). In contrast, in
JJA and SON there is a significant increase in mixing along the
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SH vortex edge especially at the upper levels, which is linked to a
decrease in the zonal wind (not significant at 95%). In addition,
in these two seasons there is a dipolar pattern in the trends in the
NH lower stratosphere, with increase of mixing near and across
the NH subtropical jet and decrease just above the jet in the
subtropical lower stratosphere (400–500 K). This pattern could
be associated with statistically significant EP flux trends observed
over this period in SON near the NH subtropical jet (shown in
Figure 15d of Abalos et al., 2015). The trends show reduced EP flux

convergence just above the tropopause and enhanced convergence
just below, consistently with the dipolar pattern in Figure 11. We
note that the dipolar pattern in Figs. 11c and 11d is very similar to
the pattern obtained for the cold ENSO phase (see Fig. 8b). Given
the trends towards cold ENSO phase in the last decades, this
suggests a connection between the trends and the ENSO signal.
However, as mentioned earlier, the trends remain very similar
when removing the ENSO variability by a linear regression. Thus,
the similarity could result from non-linear interactions.
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Figure 11. Linear trends over 1980–2012 in �eq (colour shading, decade−1) and zonal wind contours (red positive, blue negative, spacing 0.3 m s−1decade−1) for
(a) DJF, (b) MAM, (c) JJA and (d) SON. Stippling, green contours and black line are as Figure 5.
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Figure 12. Total �eq variance (grey shading, %) explained by all the examined terms together (NAM, SAM, QBO, ENSO, solar flux and linear trends) for (a) DJF,
(b) MAM, (c) JJA and (d) SON over 1980–2012. The green contours show the seasonal climatology of the zonal wind for the same period (contour spacing 10 m s−1,
solid: positive, dashed: negative, zero contour thicker).
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Figure 13. Comparison of the equivalent length �eq (colour shading, adimensional) computed from (a, b) EI, (c, d) JRA-55 with full resolution T319, and (e, f)
JRA-55 with resolution reduced to T255. (a, c, e) show the annual mean vertical structure and (b, d, f) the mean annual cycle for the period 1980–2012 at 450 K.

4.6. Total explained variance

In this section we have examined the separate influence of dif-
ferent possible sources of interannual variability on the effective
diffusivity. Figure 12 shows the fraction of the total variance that
is explained by all these terms together. In general, more than 20%
of the total variance is captured over most regions and seasons.
The QBO enhances the explained variance in the Tropics in all
seasons, and variance within the polar vortices is mainly captured
in DJF and SON. ENSO contributes to the variance near the
subtropical jet cores and in the subtropical lower stratosphere.
The signature of the trends in the SH in DJF indicates that these
represent an important fraction of the variance in this region and
season. The standard deviation of the regression model of �eq

combining all the sources shows an overall similar structure to
the total interannual variability shown in Figure 4, indicating that
the regression model is able to capture the overall structure of
variability, although with smaller variance (not shown). Variabil-
ity is particularly under-represented in the winter and spring surf
zones (e.g. the NH Extratropics in MAM), suggesting large inter-
nal variability not captured by the regression. Another region in
which the regression model poorly captures the interannual vari-
ability is the NH summer lower stratosphere; this could be linked
to variability in the synoptic wave activity and/or the monsoon
circulations not related to any of the factors considered. Finally,
we have examined the fraction of variance in the effective diffusiv-
ity which is explained by the local zonal mean wind. The results
show large covariance in regions with strong wind meridional

gradients, such as the surf zones and around the winter subtrop-
ical jets (not shown). Mixing in these regions is most sensitive to
changes in the zonal wind. The explained variance in the winter
surf zone is larger in the SH (∼60%) than that in the NH (∼40%),
although this difference could be due to the larger variability in
the position of the polar vortex in the NH. While this is accounted
for in the effective diffusivity (based on equivalent latitudes), it is
not considered in the zonal mean winds. Around 40% of the �eq

interannual variability in the NH Extratropics in MAM (the blank
region in Figure 12) is explained by the zonal wind variability.

5. Comparison with other calculations

In this section we compare the presented results with those
obtained with a different reanalysis dataset (JRA-55), to assess the
degree of agreement. The equivalent length is a highly derived
quantity and thus can potentially be affected by small differences
in the reanalyses winds. In addition we compare the calculations
shown above, based on the advected tracer field, with two
alternative estimates of the equivalent length obtained directly
from the fields of PV and ozone. These different methods are
found in the literature, but to our knowledge a careful comparison
between the effective diffusivity results has not been reported.

5.1. JRA-55 results

Figure 13 shows a comparison between EI and JRA-55 results
for the vertical structure on a particular year (a, c, e) and for the

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. 142: 1847–1861 (2016)



1858 M. Abalos et al.

−90 −60 −30 0 30 60 90
0

10

20

30

40

50

equivalent latitude

Standard deviation DJF 450 K

 

 

(a)

EI
JRA−55

−90 −60 −30 0 30 60 90
0

0.2

0.4

0.6

0.8

1

equivalent latitude

co
rr

el
at

io
n

Correlation DJF 450 K

 

 

(b)

corr
95%

−90 −60 −30 0 30 60 90
0

20

40

60

80

100

equivalent latitude

(%
)

Total explained variance DJF 450 K
(c)

−90 −60 −30 0 30 60 90
−40

−20

0

20

40

equivalent latitude

(1
/d

ec
ad

e)

Trend 1980−2012 DJF 450 K
(d)

Figure 14. Comparison of EI (black) and JRA-55 (gray) interannual variability in the equivalent length �eq for DJF at 450 K over the period 1980–2012: (a) standard
deviation, (b) linear correlation (the thin line indicating the threshold at the 95% significance level), (c) percentage of variance explained by the annular modes, the
QBO, ENSO the solar cycle and the trends together, and (d) linear trends (decade−1, with the dashed lines indicating the confidence interval for the trends at the 95%
significance level).

mean annual cycle over the period 1980–2012 at a particular level
in the lower stratosphere (b, d, f). Given the higher resolution
of the JRA-55 respect to the EI reanalysis data (T319 instead
of T255), the resulting equivalent length values are higher
(compare Figures 13(c) and (a) to Figures 13(b) and (d). We
recall that, while the effective diffusivity does not depend on
the resolution, the equivalent length (�eq) does. Despite the
different magnitude (larger equivalent length values in the higher
resolution reanalysis), note that the structure is very similar. In
order to account for the different resolution, we computed �eq

from JRA-55 isentropic wind data interpolated to the resolution
of EI. The results are shown in Figure 13(e, f), and highlight
the strong similarity in the equivalent length structure and
magnitude between the two reanalyses when the same resolution
is used (differences are below 10% over the entire region in
consideration).

Figure 14 shows a group of diagnostics to compare the
interannual variability between the two reanalyses (EI and
JRA-55 with reduced resolution), including the standard
deviation, the linear correlation, the total variance explained
by all the factors examined in the previous section, and the
trends. The results are shown at 450 K as a function of latitude
for one season (DJF) but the conclusions are valid for other
seasons and levels (although we note that the calculations have
not been done at all levels and seasons given the strong similarities
found for the levels considered). The standard deviation is
remarkably similar between the reanalyses (Figure 14(a)), and
the correlations are highly significant at the 95% level (note that
the threshold is dependent on the degrees of freedom and thus
spatially varying; Figure 14(b)). The effect of the different sources
of interannual variability examined in the previous section have
overall very similar impact of equivalent length in both reanalyses
(not shown). Figure 14(c) shows the total variance explained by
all the examined effects, which is highly coherent between the
two reanalyses. Finally the trends (Figure 14(d)) also show a
similar structure, evidencing the negative trends in the SH lower
stratosphere seen in Figure 11 also in JRA-55 reanalysis. Although
not shown here, other main features in the trends such as the
dipole pattern in the NH summer and autumn are also observed
in JRA-55. Overall, Figure 14 demonstrates very good agreement

in the interannual variability of effective diffusivity computed
from EI and from JRA-55.

5.2. Direct calculation from PV and O3 fields

In addition to the approach followed in the present work, which
involves advecting an artificial tracer, the effective diffusivity can
be computed directly from Eulerian fields under the assumption
that these fields have a quasi-Lagrangian evolution on the
isentropic surfaces (i.e. they are nearly conserved tracers). In this
sense the PV field is particularly well-behaved (Juckes, 1989), and
it has been extensively used in mixing studies based on effective
diffusivity (e.g. Yang et al., 2014) and on contour advection
techniques (e.g. Waugh and Plumb, 1994). Other work has
used tracer measurements to derive the effective diffusivity (e.g.
Nakamura and Ma, 1997; Gille et al., 2014). Here we compare
the equivalent length obtained with the full tracer advection
calculations with the results obtained directly from PV and ozone
fields from the EI reanalysis.

Figure 15 shows the equivalent length annual cycle for one
particular year on three isentropic levels spanning the stratosphere
and upper troposphere (600, 430 and 350 K). Note that the
magnitude is notably higher for the tracer advection (a, b and c)
than for the PV calculations (d, e and f). This is likely because
the advected tracer is able to resolve finer filaments leading to
mixing which are not captured by the coarser Eulerian PV field
(not shown). Note that the resolution used for the PV and ozone
fields is the same as the resolution of the artificial tracer data (640
longitudes × 320 latitudes). Besides the smaller magnitude, the
PV-based results show strong qualitative similarities with those
using the full tracer calculations. The agreement is particularly
good in the middle and lower stratosphere (600 and 430 K
panels), with slight differences such as the strong mixing inside
the SH polar vortex in October in the tracer calculations, not
seen in the PV results, suggesting that mixing inside the vortex
core might result from particularly fine filaments not captured
by the (Eulerian) PV structure. At 350 K the PV calculations
underestimate mixing in the tropical band compared with the
tracer results. Examination of the tracer fields show a strong
presence of waves across the tropical band that are not present in
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Figure 15. The annual cycle of the equivalent length �eq (shading, adimensional) for the year 2000 at three levels (a, d, g) 600 K, (b, e, h) 430 K and (c, f, i) 350 K
spanning the stratosphere and upper troposphere: (a, b, c) based on artificial tracer advection, and computed directly from the (d, e, f) PV and (g, h, i) ozone fields.
Note the different colourbars.

the PV field, which is almost zonally symmetric. This might reflect
the limitations of the PV conservation assumption in the Tropics,
as the Coriolis parameter approaches zero and the heating rates
get larger.

Because the ozone concentrations are not monotonic as
a function of latitude, the ozone-based equivalent length
calculations are done differently from those with the artificial
tracer and the PV. The ozone field is divided at each time into
latitudinal bands with monotonic zonal mean concentrations
and �eq is computed separately for each band (as done in
Shuckburgh et al., 2001). Alternatively, the calculations can be
done for each hemisphere, under the assumption that the ozone
field is monotonic in each hemisphere. This approach has been
followed in previous studies of effective diffusivity based on other
tracers (e.g. Nakamura and Ma, 1997) and ozone (e.g. Gille
et al., 2014). Using EI ozone, we have compared the results from
the hemispheric calculation (not shown) with those obtained by
carefully selecting the monotonic bands. The results are overall
similar, although the latter approach leads to more accurate
results around the polar vortices and in the tropical region, where
ozone concentrations deviate most from monotonicity. The ozone
results (Figure 15(g, h, i)) are similar in magnitude to the PV
results but present larger differences in the structure than in the
tracer calculations. The main features such as the seasonal cycle in
the polar and subtropical jets are broadly captured by the ozone
calculations. The largest differences are observed in the middle
stratosphere (600 K), likely due to the non-negligible effect of
chemical sources and sinks on the ozone concentrations at these
higher levels, such that ozone is far from satisfying the condition

of conserved or passive tracer. An additional source of uncertainty
in these ozone calculations are the possible inaccuracies in the EI
ozone field. Gille et al. (2014) computed equivalent length from
ozone measurements from the HIgh Resolution Dynamics Limb
Sounder (HIRDLS) satellite instrument. A careful comparison of
our full tracer advection results with those in Gille et al. (2014)
shows somewhat better agreement than with the EI ozone results
in Figure 15, suggesting that indeed part of the discrepancy is due
to uncertainties in the ozone data used here. Nevertheless, the
agreement between our artificial tracer results and the Gille et al.
(2014) calculations breaks-up at higher levels (approximately
above 450 K). This suggests that ozone measurements can be used
to broadly estimate equivalent length properties in the UTLS, but
not at higher levels where changes in the tracer concentration are
dominated by the chemistry. We note that other tracers would be
better suited for these calculations, such as N2O or H2O + CH4,
but these are not available from reanalysis data.

6. Conclusions

In this work we have examined the effective diffusivity
computed from artificial tracer advection-diffusion using ERA-
Interim reanalysis non-divergent isentropic winds for the period
1980–2012 in the upper troposphere and lower stratosphere
(UTLS). The results show high consistency with previous studies,
highlighting regions of strong mixing near the edge of the polar
jets and around the subtropical jets and regions of low mixing
in the core of the strong westerlies and within the tropical pipe
(Figure 1). The variability in effective diffusivity is closely coupled
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to the evolution of the zonal wind (e.g. Figure 3). The regions of
strongest mixing approximately coincide with regions of largest
variability (Figure 4), and particularly strong mixing magnitude
and variability are observed in the stratosphere in the winter and
spring middle latitudes (extending through a deep layer) and in
the summer lower stratosphere (limited to a shallow range of
altitudes). In contrast with the well-studied strong mixing in the
surf zone, the summer lower stratosphere mixing has received
relatively little attention. Examination of maps of the tracer
fields in these regions and seasons (not shown) shows that the
variance in the DJF SH lower stratosphere is partly linked to the
interannual variability in the date of the polar vortex break-up,
and that the Asian monsoon may play an important role in the
JJA NH lowermost stratosphere. Nevertheless, these are likely
not the only processes leading to the strong mixing and strong
interannual variability observed in this region, and further study
is needed to improve our understanding of mixing in the summer
lower stratosphere.

We have examined the role of different sources of variability in
modulating the mixing strength in the UTLS. The mixing within
the polar vortices is strongly coupled with the variability in the
zonal wind strength, as evidenced by the correlations with the
northern and southern annular modes (NAM and SAM, Figure 5).
However, only a small fraction of the variability in middle latitudes
(the surf zone) is explained by the annular modes. The QBO
accounts for up to 80% of the effective diffusivity variability in the
summer Tropics (Figure 7). In agreement with previous studies,
we find an ENSO modulation of mixing across the subtropical
jets. In addition, we observe a statistically significant increase in
mixing during El Niño (and decrease during La Niña) in the
summer lower stratosphere (Figure 8), explaining around 50% of
the variance in the SH case. The solar cycle plays a small role on
the total interannual variability of mixing in our reanalysis-based
calculations.

Statistically significant trends for the period 1980–2012 are
found over a few regions (Figure 11). One dominant feature is
a region of westerly trends in the SH polar lower stratosphere
in DJF linked to ozone depletion (e.g. Thompson and Solomon,
2002). In the lower part of the westerly trend pattern, negative
mixing trends are observed, and in the upper part there are
positive trends in equivalent length, indicating a vertical shift
in the level at which planetary waves break (linked to a vertical
shift in the critical line). This behaviour is qualitatively consistent
with an enhancement of the EP flux vertical propagation and
convergence in this region which is observed in reanalyses over
1980–2012 (e.g. Abalos et al., 2015). In addition, positive trends
are observed at the edge of the SH polar vortex in JJA and SON and
negative trends in the NH in DJF and MAM, although the latter
are not statistically significant (possibly due to larger interannual
variability). Finally, statistically significant trends in the NH lower
stratosphere in JJA and SON suggest changes in the altitude of
the summer mixing above the subtropical jet (Figure 11).

In the recent work of Ploeger et al. (2015), it is shown that
trends in stratospheric age of air derived from EI cannot be
explained by the changes in the advective circulation alone, and
thus isentropic mixing trends must account for an important
fraction of the age of air trends. However it is not straightforward
to identify such trends in Figure 11. This might be because
the measure of mixing provided in Ploeger et al. (2015) is not
independent of meridional gradients in age of air, which can
be strongly affected by circulation changes (as the gradients in
any real tracer). The equivalent length calculations in the present
work provide a measure of the isentropic mixing properties
independently from the changes in the gradients. Further studies
are needed to carefully compare the trends in mixing derived by
age of air calculations in Ploeger et al. (2015) with the effective
diffusivity trends obtained in the present work. Understanding
the relation between these quantities will allow disentangling the
effects of mixing from those of the advective circulation on the
age of air.

We have compared the results based on the ERA-Interim
reanalysis with those using a different reanalysis (JRA-55).
The comparison shows high consistency once the different
horizontal resolution is taken into account, both in the spatial
structure and in the interannual variability, including the trends
(Figures 13 and 14). This result is not totally surprising because
the calculations are based on the horizontal components of the
wind and do not depend on the vertical motion, which is a much
more uncertain quantity (e.g. Abalos et al., 2015). Nevertheless,
the good agreement between EI and JRA-55 results provides
additional value to our conclusions.

Finally we have evaluated the equivalent length using a different
(and faster) approach. Instead of running the advection-diffusion
code to determine the tracer distribution on each time step, the
field of some tracer considered approximately conserved on an
isentropic surface can be directly used to compute the equivalent
length. We have done these calculations using the PV and ozone
fields from EI. The results show overall coherence of the full tracer
calculations with the PV calculations, and higher differences with
the ozone calculations (Figure 15). These differences are mainly
found at upper levels considered (in the middle stratosphere) and
are caused primarily by the non-negligible chemical processes
that affect ozone concentrations. On the other hand, the PV
calculations provide qualitatively reasonable results, although the
magnitude is notably smaller due to unresolved fine filaments
and some details of the seasonality are not exactly captured.
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