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Abstract

The circulation of air in the stratosphere is important for the distribution of radiatively-
important trace gases, such as ozone and water vapor, and other chemical species, including
ozone-depleting chlorofluorocarbons. Age of air in the stratosphere is an idealized tracer
with unique mathematical properties, which we exploit to derive a theory for the relation-
ship of tracer observations to the stratospheric circulation. We show that the meridional
age gradient is a measure of the global diabatic circulation, the total overturning strength
through an isentropic surface, and test this time-dependent theory in a simple atmospheric
general circulation model. We apply the theory to satellite data of sulfur hexafluoride (SFg)
and nitrous oxide to derive the first observationally-based estimates of the global meridional
overturning circulation strength at all levels in the stratosphere. These two independent
global satellite data products agree to within 5% on the strength of the diabatic circulation
in the lower stratosphere. We compare to reanalyses and find broad agreement in the lower
stratosphere and disagreement (~ 100%) in the upper stratosphere. To understand the rela-
tionship between the diabatic circulation and other metrics of the circulation, we calculate it
in a state-of-the-science atmospheric model and in three different reanalysis data products.
The variability of the global diabatic circulation is very similar to one typical circulation
metric, and it is correlated with total column ozone in the tropics and in Southern hemi-
sphere midlatitudes in both a model and in reanalysis—data comparisons. Furthermore, we
develop a metric for the mean adiabatic mixing, showing that it is related to the meridional
age difference and the vertical gradient of age. We calculate this metric for a range of simple
model runs to determine its utility as a measure of mixing. We find very little mixing of air
into the tropics in the mid-stratosphere, and the vertical structure of mixing in the lower
stratosphere and upper stratosphere varies among model runs and between hemispheres. A
picture of global average stratospheric circulation could thus be obtained using age of air
data, given reliable long-term records.
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Chapter 1

Introduction

Understanding the circulation of the stratosphere has developed through observations of
trace gases. In 1929, Dobson tried to explain the ozone distribution in the atmosphere,
writing, “The only way we could reconcile the observed high ozone concentration in the
Arctic spring and the low concentration within the Tropics with the hypothesis that the
ozone is formed by the action of sunlight, would be to suppose a general slow poleward
drift in the highest atmosphere with a descent of the air near the Pole.” He proceeded to
dismiss this idea as unlikely (Dobson et al., 1929). However, in 1949 Brewer hypothesized the
meridional overturning circulation from the equator to the pole to explain the observations
of water vapor. He had observed extremely low values of water vapor in the stratosphere
over England, values not consistent with the temperatures there. Thus he suggested that
the water vapor rose into the stratosphere through a colder tropopause and air parcels were
mostly dehydrated before moving towards the poles (Brewer, 1949).

Neither meridional motion on a rotating sphere nor vertical motion through a strati-
fied fluid are easily achieved. Zonal motion within a layer is unimpeded by either angular
momentum or buoyancy and can happen freely. Meridional motions and vertical motions
require forcing, a torque in the former case and diabatic heating in the latter. Both of these
are provided by the deposition of pseudo momentum caused by the breaking of planetary
scale waves in the stratosphere. These breaking waves also cause a substantial amount of
stirring within the isentropic layers; indeed, this is the dominant effect. Thus we arrive at
the most basic picture of stratospheric circulation: Wave breaking drives rapid isentropic
motions that are faster in the zonal than the meridional direction; it also causes slow vertical
motions and associated diabatic heating and cooling. The rising of air in the tropics followed
by the slow poleward and downward motion has come to be known as the Brewer-Dobson
Circulation (BDC).

This thesis serves to build upon the foundations of understanding the stratospheric cir-
culation through trace gas distributions. We have developed the theoretical framework to
quantify the circulation strength from the distribution of an idealized stratospheric tracer.
By considering the system in the natural vertical coordinate for a stratified fluid, we isolate
the adiabatic mixing and the diabatic transport and arrive at new metrics for understand-
ing the circulation. We have quantified the strength of the global overturning circulation
from the available satellite data and from state-of-the-art reanalysis products, and we have
explored the relationship of our new metrics with the more traditional BDC metrics.

In the remainder of this introduction, I have provided more background, as an extended
introduction could be beneficial to some readers. The reader is encouraged to skip to Chapter



2 if they feel sufficiently familiar with the subject area. In Section 1.1, I have described the
BDC in more detail and discussed its impact on the troposphere. Section 1.2 provides an
introduction to the traditionally used residual mean theory and to the idealized tracer age
of air. Section 1.3 reviews the literature on predicted changes to the circulation and the
extent to which these have been borne out by observations.

Chapter 2 develops a theory to describe the diabatic circulation of the stratosphere using
the idealized age tracer. This theory is then validated in an idealized atmospheric general
circulation model. Chapter 3 shows the application of this theory to the available age
data from satellites and a comparison to a comprehensive climate model and to the state-
of-the-art reanalysis products. By calculating age difference using satellite data, I have
calculated the first data-based estimate of the strength of the global diabatic circulation of
the stratosphere. Chapter 4 is an exploration of the diabatic circulation and its relationship
with more traditional circulation metrics and with ozone. Chapter 5 returns to the theory
of Chapter 1 and expands upon it by introducing a relationship between age of air and
the adiabatic mixing and by considering the two hemispheres separately. In Chapter 6, I
summarize the conclusions of this thesis and discuss the significance of this work for future
stratospheric research.

1.1 The Brewer—Dobson circulation, trends, and stratospheric
impacts on the troposphere

A schematic of the BDC (from Plumb 2007) is presented in Figure 1-1. It shows a two
cell structure in the lower stratosphere and a one cell structure in the middle and upper
stratosphere. On the left side of the figure is the winter pole. In the stratosphere, above
the dark grey line that extends from pole to pole representing the tropopause, the winter
pole has a strong vortex associated with the extremely cold temperatures. The interior
of this vortex is isolated from lower latitudes, as represented schematically by the thick
nearly vertical light grey band. At midlatitudes in the winter hemisphere is the “surf zone”
(McIntyre and Palmer, 1984), where wave breaking drives both along and cross isentropic
transport and the majority of the air leaving the stratosphere exits through the tropopause
(Orbe et al., 2012). The tropics are relatively isolated from this, as represented by the mixing
barrier in light grey. In the tropics, diabatic upwelling is the dominant non-zonal motion.
Between the tropics and the summer hemisphere is a further mixing barrier. In reality, in
the upper stratosphere, the single cell of the circulation extends further into the summer
hemisphere than this diagram suggests. In the summer hemisphere, mixing is weak in the
upper stratosphere, and in the lower stratosphere, the air that upwells at the tropics returns
at midlatitudes. At the summer pole, the zonal winds are weak and typically easterly. For
an extensive list of references documenting these behaviors, refer to the review in Plumb
(2007).

Models of the stratosphere generally agree that the tropical upwelling from the tropo-
sphere into the stratosphere will increase by about 2%/decade in experiments that increase
greenhouse gases either by abruptly increasing CO; or in the medium warming (A1B) sce-
nario implying a strengthening of the overall Brewer—Dobson circulation (Butchart et al.,
2006, 2010). The mechanism for this increase in models involves the warming of the tro-
posphere and cooling of the stratosphere strengthening the upper flank of the subtropical
jets, causing the critical layers and Rossby wave drag to move upwards, allowing more
Rossby wave activity in the lower stratosphere {Shepherd and McLandress, 2011; Garny
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Figure 1-1: Schematic of stratospheric transport from Plumb 2007. The curve that extends
across all latitudes is the tropopause and the black lines with arrows represent the meridional
residual circulation. The grey bands are transport barriers, and the looped arrows represent
along isentropic mixing. The vertical coordinate is . See the text for a more detailed
discussion

et al., 2011). It has also been suggested that this represents more of a “lifting” of the cir-
culation as the height of the tropopause increases and that the mass circulation is largely
unchanged (Oberldnder-Hayn et al., 2016). Because the strength of the circulation is typi-
cally evaluated at a fixed pressure level, the rising tropopause height and associated rising
circulation patterns would appear as an acceleration even if the total mass transport through
the stratosphere were to remain unchanged.

The stratospheric circulation can have significant impacts on the troposphere. Dobson
proposed the existence of the BDC based on the distribution of stratospheric ozone, which
absorbs ultraviolet radiation, warming the surrounding atmosphere. The impact of the
ozone distribution on tropospheric dynamics is highlighted by the effects of ozone loss on
tropospheric circulation. In the Antarctic, ozone depletion causes a colder pole, leading to
a stronger polar vortex that persists longer into the spring (Thompson and Solomon, 2002).
Because Rossby waves propagate vertically through weak westerly winds, this also changes
the climatology of the wave forcing. The zonal wind responds to the eddy forcing, and
then through a positive feedback, the winds then affect the eddy forcing in the troposphere
(Lorenz and Hartmann, 2001). A stronger polar vortex is also associated with a poleward
shift of the tropospheric jet (Baldwin and Dunkerton, 1999). Polvani et al. (2011) examined
in detail the effects of lowering ozone in a model and found that the lower ozone resulted
in lower stratospheric cooling with an associated raised tropopause, leading to a) movement
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of the midlatitude tropospheric jet poleward, b) a stronger Southern Annular Mode and c)
poleward motion of the edge of the Hadley cell. Shifts in circulation are dominated by ozone
depletion effects rather than greenhouse gas effects (Polvani et al., 2011). Furthermore, as
the ozone hole has begun to recover, the variations in the dynamics have modulated the
rapidity of that recovery (Solomon et al., 2016).

The BDC helps determine the exchange between the stratosphere and troposphere as
well as the stratospheric distributions of trace gases; as such, it has important implications
for climate. Stratospheric water vapor is a greenhouse gas (Forster and Shine, 1999), and a
substantial portion of variability in stratospheric water vapor is associated with changes in
tropical upwelling (Dessler et al., 2013). Models predict that the strength of the BDC will
increase with global warming (e.g. McLandress and Shepherd, 2009; Butchart et al., 2010;
Garcia and Randel, 2008), and thus this effect would tend to enhance the warming, acting
as a positive feedback. Meanwhile, the impact of the changing BDC on climate through
ozone is two-fold. Ozone in the troposphere is a strong greenhouse gas, but ozone in the
stratosphere has a cooling effect (Forster et al., 2007). It has been predicted that strato-
spheric ozone transport into the troposphere will increase with global warming (Hegglin
and Shepherd, 2009), which could serve to enhance warming both due to the increase in
upper-tropospheric ozone and a decrease in stratospheric ozone. Decadal variations in lower
stratospheric water vapor have changed the rate of global temperature increase over the past
few decades (Solomon et al., 2010), demonstrating that stratospheric water vapor has an
important impact on surface climate.

1.2 Theoretical background: age of air and the residual mean
circulation

The “age” of air describes how long an air parcel has been in the stratosphere since it entered
at the tropopause (Hall and Plumb, 1994). Of course, there are many different pathways
traveled by the bits of air that make up the parcel, and so more accurately, any air parcel
can be described by an age spectrum, which describes the statistical distribution of ages of
air at a given location (Kida, 1983). A mathematical formulation for the age spectrum was
developed by Hall and Plumb (1994), treating the age spectrum as a Green’s function that
propagates the tropopause variations of a tracer into the stratosphere. For completeness,
the formulation for age from a linearly increasing tracer (Hall and Plumb, 1994) is included
here.
A conservative tracer satisfies

% + L(n) =0, (1.1)
where n is the mixing ratio and L is the full advection-diffusion operator. We treat the
transport described by L as stationary in time. If n = n(P,t) is known at location Py and
some time ¢t and n(Fp,t) = 0 for ¢ < 0, then at some other point, the mixing ratio is given
by

¢
n(Pt) = / n(Po,t —t"G(P, Py, t)dt', (1.2)

0
where G is the Green’s function that satisfies the condition that if n(Py,t) = §(t — tg), then

n(P,t) = G(P, Py, t — tp). The integral over all time of the Green’s function G(P, Py, t) is 1.
The tracer mixing ratio is assumed to be known at the tropical tropopause, Py. The
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Green’s function is the age spectrum or the distribution of transit times within a parcel.
Then the age is

(P, Py) = /0 TGP, Py, byt (1.3)

When the air travels with no mixing, G = d(¢ — tg), so I' = ¢y and this is simply the transit
time. In this case,
n(Pt) = n(Py,t —T). (1.4)

When the age spectrum has finite width and the tracer concentration is linearly growing in
time at Py,
n(Py,t) =t, t > 0, (1.5)

then (1.2) yields

t t
n(P,t):n(Pg,t)/ G(P,Po,t’)dt’—fy/ t'G(P, Py, t')dt'. (1.6)
0 0

As t — o0, this gives once again the result when there was no mixing, from (1.4). This limit
is valid when integrating beyond the transient response of the system, and so when there is
a linearly growing source that has been linearly growing for long enough, then the age of the
air is equivalent to the lag time. For a discussion of an exponentially growing tracer and a
periodic tracer, see Hall and Plumb (1994). Holzer and Hall (2000) generalized this theory
to have explicit sources rather than particular mixing ratios at the boundary.

A reformulation of this theory was used by Neu and Plumb (1999) after being brought
to light by Boering et al. (1996). Now instead of this conserved tracer, consider a tracer that
has a source of one unit per unit time, an “ideal age”, I';. The evolution will be governed by

ar;

En + L(I;) =1, (1.7)
with ['; = 0 at the surface (Waugh and Hall, 2002). This is equivalent to the mean of the
age spectrum: taking the time average of (1.1) with the Green’s function G with the surface
boundary condition d(t) results in (1.7).

The first moment of the age spectrum is known as the mean age in the literature.
Considering the wide variety of averaging calculations that are involved in this document,
however, 1 will refer to this “mean age” simply as the age and specify when I refer to a
spectrum instead of this mean.

Ideal age of air records the transport of the various components of a parcel of air and
as such provides a full description of the transport circulation of the stratosphere. Age has
been used extensively as a model evaluation tool (e.g. Hall et al. 1999) and the age has
been linked with the overall strength of the stratospheric circulation (Austin and Li, 2006).
The mean of the age spectrum is a mean of a right-tailed distribution and thus is a biased
estimate of the median transit time realized by the majority of air parcels. Nevertheless, if a
model were to produce the age distribution of the stratosphere perfectly correctly, it would
necessarily be representing the transport circulation of the real world correctly as well. When
a model does not reproduce the correct age distribution, however, it is not straightforward
to diagnose why. Even if a model did get the age distribution perfectly correct, it could be
doing so for the wrong reasons, getting the wave forcing magnitude correct but the source
incorrect. Relating age to the dynamical variables more commonly used by modelers is thus
a priority.
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As it has been described from tracers, the BDC encompasses the Lagrangian-mean mass
transport, and thus the relevant horizontal and vertical velocities are not the Eulerian veloc-
ity fields. The standard approach is to use the transformed Eulerian mean residual velocities,
v* and w*, (Andrews and McIntyre, 1976; Andrews et al., 1987) to approximate the mean
Lagrangian meridional transport. These are defined (Andrews and McIntyre, 1976):

7 =5 - (79/0.),, (1.8)

and
ot =w+ (W/éz)y. (1.9)

The bar denotes a zonal average, and the primes are deviations from this. 6 is the potential
temperature, and the subscripts are derivatives. This formulation creates a mean thermo-
dynamic equation that does not depend on the eddies for quasigeostrophic flow and a zonal
momentum equation in which the divergence of the Eliassen-Palm flux acts a body force
and is the only representation of the eddy component of the flow. This treatment also has
the advantage of being equivalent to the density-weighted isentropic mean circulation for
adiabatic, small-amplitude eddies. The residual circulation is therefore a dynamically useful
way to describe the stratospheric circulation, reflecting both the dynamical forcing by eddies
and the mass transport.

In an ideal case, a tracer could be directly related to the transport: a tracer with a
linearly increasing (in time) concentration at the tropical tropopause that purely underwent
advection along the residual mean circulation would give a simple estimate of the transit
time from the tropical tropopause to any point in the stratospheric interior and thus define
the residual circulation exactly. Age does not simply follow the zonal mean trajectories,
however, and this makes it a fundamentally different measure of the circulation than the
residual circulation. Any time spent moving exclusively in the third dimension (zonal) or
moving back and forth meridionally, that is to say any time spent “mixing”, will make the
age of air older than if it were purely following the residual circulation trajectories. Garny
et al. (2014) demonstrate this by comparing idealized mean age of air to transit times for
parcels purely following the residual circulation, finding that the mean age is greater than
the transit time in the midlatitudes and less than the transit time at high latitudes and
low altitudes, where they infer mixing with tropospheric air. The mean age is therefore an
imperfect proxy for the residual circulation.

Alternatively, if the transport circulation—that is the circulation that is felt by and
transports trace gases—and not the residual circulation is the quantity of interest, age of air
potentially contains the necessary information as it is a representation of the full histories
of the air parcels; the difficulty lies in disentangling that information such that we can
understand physically its relationship to the dynamical terms output by a model. This
thesis has developed a way to use the age distribution to understand both the diabatic and
adiabatic circulation.

1.3 Tracer observations

The idealized age of air tracer is zero at the tropopause and ages at a rate of 1 year/year
while it is in the stratosphere. As discussed above, the theory for age of air also applies to a
tracer with a concentration that is linearly increasing in time at the tropical tropopause and
then is conserved in the stratosphere, known as a “clock” tracer. Two species that roughly
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Figure 1-2: Measurements of monthly averaged CO; from Mauna Loa
(http://www.esrl.noaa.gov/gmd/ccgg/trends/graph.html)

match that description are carbon dioxide (CO2) and sulfur hexafluoride (SFg). These both
have a seasonal cycle and have long term behavior that is nonlinear, but they are close
to linear for recent years. In calculating age from these tracers, the nonlinear behavior of
the annual average CO2 and SFg can be corrected for, and generally the impact of this
nonlinearity is small (Garcia et al., 2011). The time series of COqy observations at Mauna
Loa is shown in Figure 1-2, demonstrating the nonlinearity. CO; has a strong seasonal
cycle, much stronger than that for SFg. This seasonal cycle impacts the estimation of age
from COs, especially in the lower stratosphere. SFg has a sink in the mesosphere, which
complicates its interpretation in the uppermost stratosphere. Together, global observations
of these two species would present a robust picture of age of air in the stratosphere.

Since the introduction of the concept of stratospheric age of air, tracers have been used
to estimate ages and age spectra. A linear combination of water vapor and methane concen-
trations yields the total hydrogen tracer, which is conserved upon entry into the stratosphere
and was used by Johnson et al. (1999) to estimate the age spectrum, combining satellite data
with balloon measurements. This method relied on the assumption that the transport is
independent of time, however, and the seasonal cycle and interannual variability of transport
are actually quite strong (Orbe et al., 2014). Long-lived stratospheric tracers, those with
lifetimes longer than the adiabatic transport time scales, share mixing ratio isopleths and
are related by compact relationships; those with lifetimes greater than the diabatic transport
time scales are related by linear relationships and can be used to predict each other (Plumb
and Ko, 1992). Characterizing these compact relationships can give additional information
about age (e.g. Andrews et al., 2001).

Mostly, however, researchers have used measurements of the clock tracers to calculate
age. A summary of high altitude balloon measurements was made by Engel et al. (2009),
with measurements of SFg and CO3 from 27 balloon flights that indicated a trend of +0.24

l*."
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+0.22 years/decade for air above 24 km, implying there has been no detectable trend over
the last 30 years. This estimate is limited by the sparse spatial and temporal coverage of the
observations, and a transformative development in the study of age of air is global coverage
provided by satellites. The Michelson Interferometer for Passive Atmospheric Sounding (MI-
PAS) instrument, which was on the Environmental Satellite (Envisat) in sun-synchronous
orbit, provided a decade of SFg measurements. The analysis of the MIPAS SFg data from
2002 to 2010 indicates a linear trend of increasing age of air at 25 km of +0.59 years/decade
(Stiller et al., 2012). The increase in age of air might suggest a slowing of the Brewer-Dobson
circulation, although the spatial patterns of the trends suggest a more complicated story and
are qualitatively consistent with a strengthening of the mean circulation and a weakening
of the mixing barriers. Recent work has shown that records of 30 years are necessary to
statistically significantly detect a 2%/decade trend from the background variability in the
BDC (Hardiman et al., 2017), and so studies of periods shorter than this do not reflect the
long-term trend associated with global warming.

This thesis serves to create a framework for understanding the relationship between the
circulation and age of air from tracer observations in a quantitative way. In Chapter 3, I
have reexamined the MIPAS data and used the compact relationship of NoO with age to
derive the a novel observationally-based calculation of the strength of the global overturning
circulation of the stratosphere.
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Chapter 2

The relationship between age of air
and the diabatic circulation of the
stratosphere

This chapter was published as Marianna Linz, R. Alan Plumb, Edwin P. Gerber, Aditi
Sheshadri, 2016: The Relationship between Age of Air and the Diabatic Circulation of the
Stratosphere. J. Atmos. Sci., 73, 4507-4518, doi: 10.1175/JAS-D-16-0125.1. (© American
Meteorological Society. Reproduced with permission. ML performed the research and wrote
the manuscript, under the supervision of AP. EG and AS assisted by providing model output
and guidance.
% Rt
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2.1 Introduction

The Brewer—-Dobson circulation (BDC) is the slow meridional overturning circulation of the
stratosphere, consisting of upwelling through the tropical tropopause then poleward motion
and downwelling through the midlatitudes and at the poles. This circulation is critical for the
vertical transport of tracers such as ozone, volcanic aerosols, and CFCs; for the temperature
of the tropical tropopause and consequently the amount of water vapor in the stratosphere;
and for stratosphere-troposphere exchange (e.g. Butchart 2014, and references therein).
Stratosphere-resolving climate models show a positive trend in the BDC—an increase in the
tropical upwelling at a fixed pressure level—as a robust response to increasing greenhouse
gases (Butchart et al., 2006; Hardiman et al., 2014). This increasing trend in the residual
circulation, however, might better be described as a “lifting” trend, associated with the
upward expansion of the tropopause (and entire tropospheric circulation) in response to
global warming (Singh and O’Gorman, 2012; Oberlander-Hayn et al., 2016). Reanalysis
products are in qualitative agreement with the climate models, showing positive trends
over the period 1979-2012, but with differing spatial structures for each individual product
(Abalos et al., 2015). Satellite-derived temperature trends are also consistent with the model
predictions (Fu et al., 2015).

The mean age of air (Hall and Plumb, 1994; Waugh and Hall 2002) has been used as a
metric for models’ ability to reproduce the stratospheric circulation (e.g., Hall et al. 1999;
Butchart et al. 2011). The apparent increase in the residual circulation has led to predictions
that the mean age of air should decrease. Attempts to identify trends of decreasing age of
air from observations of transient tracers in the stratosphere have found little evidence; in
fact age appears to be mostly increasing (Engel et al., 2009; Stiller et al., 2012; Haenel et al.,
2015). However, for one thing, available data records are short enough — global satellite
coverage of age tracers is available for less than a decade — that apparent trends could be
indicative of interannual variability rather than of long-term trends (cf. Garcia et al. 2011).
Moreover, mean age is a statistical average over many transport pathways (Hall and Plumb,
1994), and at a given location it depends on mixing processes and not just mean advection
(Waugh and Hall, 2002; Garny et al., 2014; Ploeger et al., 2015a). Satellite observations of
SFg have been used to identify spatially inhomogeneous trends in age between 2002—-2012
(Stiller et al., 2012; Haenel et al., 2015), and while these trends can be compared to model
output, for which the contributions of advection and mixing can be isolated (Ploeger et al.,
2015b), in reality they are difficult to disentangle (Ray et al., 2010).

There are certain aspects of the stratospheric age distribution that are dependent on
the mean circulation alone. Using a “leaky tropical pipe” model, Neu and Plumb (1999)
showed that, in steady state, the tropics—midlatitude age difference on an isentrope depends
only on the overturning mass flux and is independent of isentropic mixing, provided that
diabatic mixing is negligible. This result has been used to assess transport in chemistry—
climate models (Strahan et al., 2011). Here we present a generalization of this analysis.
In Section 2.2.1 we show that the steady—state result of a simple and direct relationship
between age gradient and overturning diabatic mass flux holds even in the absence of a
“tropical pipe,” provided the isentropic age gradient is defined appropriately. For the more
realistic case of an unsteady circulation, we show in Section 2.2.2 that the result holds for
the time average; in Section 2.2.3, the fully transient case is discussed. The accuracy of the
theoretical predictions is demonstrated in Section 2.3 using results from a simple general
circulation model; the theory works well when applied to multi-year averages, though there
are systematic discrepancies which appear to indicate a role for large-scale diabatic diffusion.

. ]
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Applications and limitations of the theory are discussed in Section 2.4.

2.2 Age difference theory

A passive tracer x follows the tracer continuity equation

Ix

5 +L(x)=S6, (2.1)
where £ is the advection—diffusion operator and S is the source. For the stratospheric age
tracer, I', the source is 1 (year/year) with a boundary condition of I' = 0 at the tropopause.
In equilibrium, age determined from a conservative tracer (§ = 0) with a boundary condition
that is linearly growing at the tropopause will be equivalent to the age tracer I' (Waugh and
Hall, 2002). Considering the tracer continuity equation for the age tracer I' in potential tem-
perature (#) coordinates, we rewrite the full advection—diffusion operator as the divergence

of a flux to obtain,
%)
= (eT)+ V- -F' =0, (2.2)

where o = —;}%E is the isentropic density and FT is the advective-diffusive flux of age.

tropopause

Pole Equ'ator Pole

Figure 2-1: A schematic diagram of the time-average circulation of the stratosphere, and
the overturning through one isentrope. The diabatic circulation streamfunction is sketched
in the black contours. The upwelling region of the isentrope is colored purple and the
downwelling region is colored green. In the insets, the age spectra are shown schematically
for the upwelling and downwelling air, along with the means, I';, and ['y. Based on a similar

diagram in Waugh and Hall (2002).
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2.2.1 Steady-state

In a steady state, integrating (2.2) over the volume V above any surface S shows that

/ n-FldA = / odAdf = / pdV, (2.3)
S v Vv

where n is the downward unit normal to the surface S and assuming hydrostatic balance.
The net age flux through a surface is equal to the mass above that surface, so that, for
example, the age flux through the tropopause is equal to the mass of the stratosphere and
the rest of the atmosphere above (Volk et al., 1997; Plumb, 2002).

Let us choose S to be an isentropic surface that is entirely within the stratosphere. If
the motions are strictly adiabatic, isentropic stirring will cause no flux through the surface.
Assuming diabatic diffusion of age is negligible, the diabatic transport is entirely advective,
and (2.3) gives

/ odA = —M(8), (2.4)
[/

where fj is the integral over the 6 surface and M(f) = f|, pdV is the mass above the
surface. We define the mass—flux—weighted age of upwelling and downwelling air as

T,(0) = [ / oédA]—l / o0TdA, (2.5)
up up

and

T4(6) = [ /d . aédA]-l /do L ofTdA. (2.6)

where fup and | down 2T€ integrals over the portion of the area of the isentropic surface through
which air is upwelling and downwelling respectively as shown in Figure 5-1. Although this
schematic is for a zonal mean, the regions are defined in two dimensions and not simply by
the zonal mean turnaround latitudes. While the schematic shows upwelling in the tropics
and downwelling in the extratropics, nothing in the derivation presented here requires any
particular structure for the diabatic circulation, provided only that it is nonzero.

In equilibrium under steady—state conditions, the mass flux through the upwelling and
downwelling areas must be equal, and let this be called M(6):

/ ofdA = — / o0dA = M(6). (2.7)
up down
Then
/ ofTdA = MT; (2.8)
up
/ ofTdA = — MTy. (2.9)
down
The global integral in (2.4) is the sum of (2.8) and (2.9):
/ o0TdA = M (T, — Ty) = —M(9), (2.10)
A ,
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which can be rewritten as

M(9)
M(6)
Thus, the gross mass-flux-weighted age difference, as defined by (2.11), (2.5), and (2.6),

between downwelling and upwelling air is simply the ratio of the mass above the isentrope
to the mass flux through it, i.e. the gross residence time of the air above the surface.

AT(8) = Tg(8) — Ty(6) = (2.11)

This relationship is essentially identical to that obtained by Neu and Plumb (1999) in
their tropical pipe model, but the present approach avoids assumptions made in that model,
other than steadiness and the neglect of diabatic diffusion (which will both be addressed in
the following sections). As discussed by those authors (and by Plumb 2002 and Waugh and
Hall 2002), (2.11) is remarkable and counter—intuitive in that the gross isentropic age gradi-
ent is independent of isentropic mixing (except insofar as the mixing of potential vorticity
drives the diabatic circulation) and depends only on the overturning mass flux through the
0 surface—it is independent of path in the diabatic circulation. For a given mass flux, the
age gradient is the same whether the circulation is deep or shallow.

The potential power of (2.11) lies in the fact that, unlike age itself, Al is a measure
of the age distribution that is directly dependent only on the overturning mass flux and
hence provides a tracer—based means of quantifying the strength of the circulation. The one
isentrope on which the age itself is relevant is that which skims the tropical tropopause;
there Ty, = 0 and so ['y =~ AI'. Below this isentrope (i.e. in the “lowermost stratosphere”),
(2.11) is no longer applicable as the assumptions made (in particular, the neglect of diabatic
diffusion) do not apply where portions of the isentropes are below the tropopause.

2.2.2 Time-average

The atmosphere is not in steady state; the stratospheric circulation varies on synoptic, sea-
sonal, and interannual timescales. We can instead consider the time-average age equation.
The time derivative in (2.2) goes to zero for a long enough averaging period, provided the
trends are small. Then (2.4) becomes

—_t
/ o6CdA = —M(8)', (2.12)
0

where ! is the time mean. We can define the time-average mass—flux-weighted age of
upwelling and of downwelling air as:

11 t
Tz(f) = { / ofdA / ofTdA , (2.13)
wp' 1
and
11 t
T'3(6) = [ /_ o6dA / o6TdA (2.14)
down | down

e

21



where now the upwelling region is defined by where the time-average diabatic vertical ve-

—t
locity is positive (# > 0). When we equivalently define the mass flux

/ obdA = — f obdA = M(9), (2.15)
wpt down'

this allows us to write (2.12) as

—_—t
/ ofTdA =M (Ty - T3) = —M(0), (2.16)
0
or .
(ry - Ta) = MO (2.17)
With time-averaging, we thus recover the form of the result from the steady—state theory.
Although this derivation has been done for upwelling and downwelling regions, the time—
average formulation does not require the two regions of the isentrope to be strictly upwelling
or downwelling. As long as the isentrope is split into only two regions which together span
the surface, any division will do. The overturning mass flux M(O)t will be the net mass
flux up through one region and down through the other. For example, the “upwelling" could
be defined as 20°S—20°N and the “downwelling" the rest of the isentrope. The difference
between the mass—flux—weighted age averaged over the area outside of 20°S—20°N and av-
eraged over the area within 20°S—20°N would give the total overturning mass flux through
those regions. Because some of the true upwelling is now in the “downwelling” region, the
total overturning mass flux between these two regions will be necessarily less than the true
total overturning mass flux through the surface. We will demonstrate this and discuss fur-
ther in Section 2.3. We emphasize that the “age difference” in all of these cases is based
on the mass—flux—weighted average ages; hence in principle, it is necessary to know the
circulation in order to accurately calculate the age difference as defined here.

2.2.3 Time-varying

Here we use a different approach that allows us to look at seasonal variability and fully
account for time variations. The upwelling and downwelling mass fluxes are not necessarily
equal, and the mass above the isentrope may be changing. The age at a given location can
also change in time. Returning to the ideal age equation, (2.2), integrating over the volume
above an isentropic surface, there is now an additional time-dependent term:

/o ofTdA = —M(0) + 56; [ / I‘dM} , (2.18)

where

/ TdM = / oTdAdS (2.19)
v

is the mass-integrated age above the isentrope. This term accounts for fluctuations in the
mass—weighted total age above the isentrope. If the mass above the isentrope is varying in
time,

oM

= .20
Mg+ M, 5 (2.20)
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The upwelling and downwelling regions can also be varying in time and must now be defined
instantaneously. Define the total overturning circulation

M(0) = (My — Ma) /2, (2.21)

recalling that M, > 0 and My < 0 so that M(f) is always positive. From (2.20) and (2.21)
we write

10M
_ 19M 2.
M = M(O) + 55 (222)
and 1 OM
_ 1oM 2.23
Ma=-M(O) + 57 (2.23)
Then we rewrite the flux equations, (2.8) and (2.9):
/ ofTdA = M, T, =T, [M(O) + 159—]\—4] , (2.24)
up 2 ot
and L oM
/ o0dA = MgTy = —Ty [M(O) - Ea_] . (2.25)
down t

As in the steady-state case, the net global flux is the sum of these two. Using (2.18), the
time—dependent version of (2.10) is

1 M
MAT = M = = (MT,), + 5 (T + Ta) 857’ (2.26)

where AT =T'y — I', as before, and
1
= 2.27
T, (0) M/QFdM (2.27)

is the mean age of air above the isentrope. The two terms on the right side of (2.26) arise
because the time—derivatives are no longer zero. Throughout the rest of the paper, these
two terms will be collectively referred to as the “time—derivative terms.”

The balance expressed by (2.26) should hold true at any time. However, averaging over a
year or several years will make the time derivatives smaller, as the high frequency variability
and seasonal cycle are stronger than the interannual variability. The time derivatives will
now be expressed with a subscript. Rearranging and taking the time average gives

N — ¢t 1 t
MAT' = M' — (MTy), + 3M: (T +Ta) - (2.28)

Separating the overturning, M, and the age difference, AT, into time mean components and
deviations therefrom (M = M’ + M’ and AT = AT" + AI") yields

' AT =W - AT — (MT), + %Mt S (2.29)
Or t + 4 4
i I IL 13 13
art- M MAT (ML), | 1Mi(@Tuw+Ta) (2.30)
. M M M 2 M
: i
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If the time—derivative terms and the term involving fluctuations, M’ AF’t, are small, then
we arrive at the same result as in steady state and the age difference is the mean residence
time in the region above the isentrope.

Note that this differs from the time-average version of the theory, presented in Section
2.2.2. In the derivation of (2.30), the average of ATl is taken after calculating the mass—
flux—weighted upwelling and downwelling ages instantaneously. The time-varying theory
is sensitive to the definition of region of upwelling/downwelling, in contrast to the time—
average theory, because the instantaneous mass flux averaged over either the upwelling or
downelling region could change sign in time. If the flux were zero in one region and nonzero
in the other, then because of the mass—flux weighting, AI' would be singular. In contrast,
the time-average mass flux through a region as defined in (2.17) will be well defined as
long as the regions are defined to have nonzero overturning mass flux. The time—varying
theory is therefore only appropriate when the upwelling and downwelling regions are defined
instantaneously.

2.3 Verification in a simple atmospheric GCM

2.3.1 Model setup

To verify the theory, we evaluate the terms in (2.11), (2.17), and (2.26) in a simple atmo-
spheric GCM with and without a seasonal cycle. The model is a version of the dynamical core
developed at the Geophysical Fluid Dynamics Laboratory (GFDL). It is dry and hydrostatic,
with radiation and convection replaced with Newtonian relaxation to a zonally—symmetric
equilibrium temperature profile. We use 40 hybrid vertical levels that are terrain—following
near the surface and transition to pressure levels by 115 hPa. Unlike previous studies using
similar idealized models (e.g. Polvani and Kushner 2002, Kushner and Polvani 2006, Gerber
and Polvani 2009, Gerber 2012, Sheshadri et al. 2015), the model solver is not pseudospec-
tral. It is the finite-volume dynamical core used in the GFDL Atmospheric Model Version 3
(AM3; Donner et al. 2011), the atmospheric component of GFDL’s CMIP5 coupled climate
model. The model utilizes a cubed-sphere grid (Putnam and Lin, 2007) with “C48” resolu-
tion, where there is a 4848 grid on each side of the cube, and so roughly equivalent to a
2° x 2° resolution. Before analysis, all fields are interpolated to a regular latitude-longitude
grid using code provided by GFDL.

In the troposphere, the equilibrium temperature profile is constant in time and similar
to Held and Suarez (1994) with the addition of a hemispheric asymmetry in the equilibrium
temperature gradient that creates a colder Northern Hemisphere (identical to Polvani and
Kushner 2002). In the polar region (50°-90° N/S), the equilibrium temperature profile
decreases linearly with height with a fixed lapse rate of v, which sets the strength of the
stratospheric polar vortex. The stratospheric thermal relaxation timescale is 40 days. As an
analog for the planetary scale waves generated by land-sea contrast, flow over topography,
and nonlinear interactions of synoptic scale eddies, wave—2 topography is included in the
Northern Hemisphere at the surface centered at 45°N as in Gerber and Polvani (2009). The
Southern Hemisphere has no topography. As in Gerber (2012), a “clock” tracer is specified
to increase linearly with time at all levels within the effective boundary layer of the Held and
Suarez (1994) forcing (model levels where p/ps = 0.7) and is conserved otherwise, providing
an age of air tracer.

The seasonally—varying run has a seasonal cycle in the stratospheric equilibrium tem-
perature profile following Kushner and Polvani (2006), with a 360 day year consisting of a
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configuration v (K/km) | h (km)
1 || seasonally—varying 4 4
2 || perpetual-solstice 1.5 3
3 || perpetual-solstice 4 4
4 || perpetual-solstice 4 0
5 || perpetual-solstice 5 3

Table 2.1: Summary of setup for the five runs used in this study. One run has a seasonal cycle
as described in the text and the others are perpetual-solstice with varying stratospheric lapse
rates (v, in K/km) and wavenumber-2 topographic forcing (h in km) in the one hemisphere
only. The winter hemisphere in these perpetual-solstice runs is the same as the hemisphere
with topography.

constant summer polar temperature and sinusoidal variation of the winter polar tempera-
ture, so that equilibrium temperature in the polar vortex is minimized at winter solstice.
The lapse rate is v = 4 K/km, and the topography is 4 km high. With a lower stratosphere-
troposphere transition, this topographic forcing and lapse rate were found by Sheshadri
et al. (2015) to create the most realistic Northern and Southern Hemisphere-like seasonal
behavior. The model is run until the age has equilibrated (27 years) and then for another
50 years, which provide the statistics for these results.

For the perpetual-solstice runs, the model is run in a variety of configurations as de-
scribed in Table 2.1. These four simulations correspond to those highlighted in detail in
Figs. 1-3 of Gerber (2012), capturing two cases with an “older” stratosphere and two cases
with a “younger” stratosphere. Note however, that Gerber (2012) used a pseudo-spectral
model and the age is sensitive to model numerics. All are run to equilibrium, at least 10000
days, and the final 2000 days are averaged for the results presented here.

2.3.2 Model seasonality

Panel a) of Figure 2-2 shows a 20 year climatology of the residual vertical velocity at 53
hPa for the seasonally—varying model run. Because of artefacts from the interpolation from
the cubed—sphere grid and the high frequency of temporal variability, the field has been
smoothed in time and latitude using a binomial filter of two weeks and 10°. Discontinuities
are nevertheless visible in midlatitudes in both hemispheres. The seasonal cycle is barely
evident; there is stronger polar downwelling in Northern Hemisphere winter/spring and
weaker tropical upwelling during Southern Hemisphere winter. Panel b) of Figure 2-2 shows
the climatology of the zonal mean diabatic velocity, é/@z, on the 500 K surface for the
same model run. The 500 K surface is, in the annual mean, near the 53 hPa surface. The
diabatic vertical velocity is similar to the residual vertical velocity in the annual mean, but
differs at the equinoxes and has a much stronger seasonal cycle in high latitudes. These
differences are primarily a result of the motion of the isentropes over the course of the year;
in spring, the isentropes descend as the polar region warms, and hence the air moves upward
relative to the isentropes. This strong seasonal variability in the diabatic vertical velocity,
the relevant vertical velocity for the age difference theory, suggests the importance of the
time—derivative terms in (2.26) and (2.30). Panel c¢) of Figure 2-2 shows the climatology
of age on the 500K isentrope for the same run. The ages for this model tend to be older
than observed ages, which can be attributed partially to the age being zero at 700 hPa
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rather than at the tropopause and partially to the strength of the circulation in the model.
Nevertheless, the pattern of age is as expected given the circulation; the air is younger in the
tropics and older at the poles, with little variability in the tropics and the oldest air in the
vortices in late winter. As in observations (Stiller et al., 2012), the Northern Hemisphere
air is generally younger than the Southern Hemisphere air. The seasonal variability in
age difference, dominated by variability in polar age of air, is also large compared to the
variability in the residual vertical velocity. Meanwhile, the total mass above the isentropic
surfaces changes very little over the course of the year.

latitude

Jan Feb Mar Apr May Jun Jul AugSep Oct NovDec
month

Figure 2-2: Annual cycle based on a 20 year average of the seasonally-varying model run
for a) The residual circulation vertical velocity at 53 hPa. The field has been filtered using
a binomial filter (14 days in time and 10° in latitude) in order to smooth high temporal
variability and cubed-sphere interpolation artifacts. b) The zonal mean diabatic vertical
velocity at 500 K divided by the background stratification (6/8;). The 500 K isentrope is
on the annual average located near the 53 hPa surface. ¢) The age on the 500 K isentrope.
Contour levels are 1.2x10™* m/s and 0.5 years.

&
26



2.3.3 Time—average results

We examine the time-average theory as described in Section 2.2.2. We calculate the terms
in (2.17) for annual averages of 50 years of the seasonally-varying model run and for the
average over the last 2000 days of the perpetual-solstice run with the same lapse rate
and topography (runs 1 and 3 in Table 2.1). In order to demonstrate the flexibility of
the definition of “upwelling” and “downwelling” regions, we have calculated (FE — I‘g) and

Wt /ﬂt for several regions, and these are shown in Figure 2-3. The different “upwelling”
regions are defined as follows: the “true” upwelling based on the time-averaged location
of positive diabatic vertical velocity (this is not uniform in longitude); between 20°S and
20°N; between 30°S and 30°N; and between 40°S and 40°N. For each case, the “downwelling”
region is the rest of the globe. The average age in each region (I'z or I'7) is the mass—flux
weighted age through each of these regions as defined in (2.13) and (2.14). Three different
levels are shown, and error bars are one standard deviation of the annual averages for the
seasonally—varying model run. The maximum overturning mass flux is for the “true” regions,
as expected. Because it is most different from the true region, the 20° overturning is the
weakest, indicated by the largest age differences. All of the different regions have similar
agreement with the theory in both the seasonally—varying model (red and gray points) and
in the perpetual-solstice model (blue and teal points). Although the flexibility of the theory
is clear from this plot, the 20° tropics does not capture all the upwelling in the model, as
can be seen in panel b) of Figure 2-2. Most of the upwelling occurs in the narrow band
between 20° S and 20° N, but the 20° overturning is substantially different from the “true”
overturning because the weaker upwelling between 20-40° is of older air, and so the age
difference neglecting that upwelling is greater than for the “true” regions. Thus although this
method can determine the overturning through two regions, to determine the overturning
mass flux through the stratosphere, the “true” regions must be used. The agreement of
the 40° tropics with the “true” regions is a reflection that on average the “true” regions are
bounded by 40° in this simple model. The age difference is largest at 600 K for all of these
model runs, which demonstrates a minimum in the relative strength of the overturning
circulation. Because the perpetual solstice version of the model has no weakening and
reversing of the circulation associated with the seasonal cycle, the annual mean overturning
mass flux through an isentrope is greater than in the seasonally-varying model, and so the
age difference is smaller.

All of the points fall above the one-to—one line, a discrepancy consistent with the neglect
of diabatic diffusion in the theory as will be discussed in Section 2.3.6. The points on the 800
K isentrope are closest to the theory line, which is also consistent with diabatic diffusion.
The results from the seasonally—varying model agree as well with the theory as do the results
from the perpetual-solstice run, demonstrating the success of the time-average theory in
recovering the steady result.

2.3.4 Time-varying results

Next we move on to the time—varying theory; consider Figure 2-4. Panel a) shows three
years of the the age difference and panel b) shows the total mass divided by the mass flux
for the same three years of the seasonally—varying model run. If the steady—state theory
held instantaneously, these would be equal at all times. They are obviously not equal; in
fact, their seasonal cycles are out of phase, with even negative values of age difference when
there is polar diabatic upwelling of very old air associated with the final warming event each
R
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Figure 2-3: The ratio of mass above an isentrope to mass flux through an isentrope versus
the difference between age of air in different regions on the isentrope. The red and red-toned
points are based on the seasonally—varying model. The blue and gray points are based on the
perpetual-solstice model run with v = 4 K/km and 4 km topography. The “true” points,
in red and blue, are calculated using the time average “true” upwelling and downwelling
regions. The gray and red toned points are calculated with the “upwelling” region as the
band between 20°S and 20°N, 30°S and 30°N, and 40°S and 40°N, and the “downwelling”
region defined as the rest of the globe. The darker points correspond to narrower tropics
for both the seasonally-varying and perpetual-solstice runs. Error bars are one standard
deviation of the annual averages. The black line is the one-to—one relationship predicted by
the theory, and the different symbols are different isentropic levels.

Southern Hemisphere spring.

We evaluate the time—derivative terms in (2.26), (MT), and (I'y + I'q) M;/2. To calcu-
late (MT),, the mass-weighted average age above each pressure surface is calculated and
then interpolated to the isentropes—the integration is performed in pressure coordinates
for improved accuracy. The product of the age and the total mass has substantial high—
frequency variability. If the model were not run to steady state, long-term changes in the
average age of air in the stratosphere would also appear in this term. For example, a rel-
atively dramatic mean age change of 0.5 yr/decade would make this term about 5% of the
size of the total mass above the isentrope. The other term, (T'y + I'y) M;/2, has much less
short—term variability.

The average seasonal cycle over twenty years of the model run for each of the terms in
(2.26) is shown for three different levels in Figure 2-5. At 400 K, shown in panel a), in
the very low stratosphere, there is very little effect of the seasonal cycle. The product of
the overturning strength and the age difference, MAT, is at all times less than the total
mass, M. This discrepancy will be addressed in Section 2.3.6. The time-derivative terms

&
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Figure 2-4: Three years of a) the age difference (AI') and b) the ratio of total mass above

the isentrope to overturning mass flux through the isentrope (M (8)/M) calculated daily for
the seasonally—varying model run. Contour levels are 0.5 years.

are small. At 600 K, shown in panel b), the seasonal cycle is much more pronounced, and
here the difference between MAI" and the total mass above the isentrope has a stronger
variation in time. The time—derivative terms are approximately the same magnitude, but
the variability in (MT), is much greater—it has been smoothed with a binomial filter before
contributing to the sum. The sum of MAT'+(MT),+— (T'y + T'q) M, /2 is closer to the total
mass above the isentrope M (f), and by including the time-dependent terms, the seasonal
variation is decreased. Significant discrepancies remain, however. At 800K, shown in panel
c), the balance holds even more closely, as the sum is quite close to the total mass for most
of the year.

Because of the strong temporal variability, it is clear that the steady-state theory cannot
be applied instantaneously. The contributions of the time—derivative terms are smaller upon
long—term averaging, however. The magnitude of the annual average of these terms is shown
as a percentage of the total mass above each isentrope in the solid lines in Figure 2-7, and
the standard deviation is shown in the shading. As we already observed from Figure 2-5,
the variability of (MT),, is much greater than of (I'y + I'q)M;/2, up to 10% of M(6). The
long-term averages of both terms are small. In Figure 2-6, we compare the annual average
of M/M and AI'. The mean of 50 years from the seasonally—varying model run are in the
red points, with the error bars showing the standard deviation of the annual means. The
blue and green points are from the variety of model runs in perpetual-solstice scenarios,
as enumerated in Table 2.1. These steady-state runs represent a wide range of climates,
with the mass flux across the 600 K surface varying by a factor of about 2. As the total
mass above each surface does not change much between the simulations, this results in a
factor of 2 in the age difference as well. Examining the blue and green points shows that
the theory holds across the whole range of climates simulated here. The annual averages
from the seasonally—varying model run result in as good agreement with the steady-state
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Figure 2-5: 20 years of model output have been averaged at each day of the year to produce
a climatological seasonal cycle for the different terms in the age budget: M(0) = MATL +
(MTs), + [~ (Ty + Tq) M;/2]. Each panel shows the individual terms and the right hand
side at a different level: a) 400 K; b) 600 K; ¢) 800 K.

theory as the perpetual-solstice model runs, and so we conclude that the annual average
overturning strength can be determined by the annual average of the age difference and of
the mass above the isentrope.

2.3.5 Area weighted averaging

This theory has been developed, by necessity, using mass-flux-weighted age of air. This
precludes applying the theory directly to age data, because the circulation is unknown.
We therefore try here to determine the bias introduced by using area—weighted age of air
rather than mass—flux—weighted age of air. To do this, we define regions of upwelling and
downwelling and take the area-weighted average of age in those regions. Because age of
air data alone will not inform us as to the upwelling and downwelling regions, we also
perform the averaging for the same “upwelling” and “downwelling” regions as for the time-
average results (constant latitude bands). The bias introduced by this averaging in the
seasonally—varying model is shown at different levels in Figure 2-8, where we show this bias
as a fraction of the mass—flux—weighted age difference. The area—weighted age difference is
smaller than the mass—flux-weighted age difference in all cases. Using the “true” upwelling
and downwelling regions gives a bias of about 10-15%, and the 40° band is similar. When
the regions get farther from the “true” upwelling and downwelling, the bias becomes greater.
I
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Figure 2-6: The ratio of mass above an isentrope to mass flux through an isentrope versus
the difference between downwelling and upwelling age of air on the isentrope. The green and
blue points are averages from the last 2000 days of perpetual-solstice runs as described in
Table 2.1. The red points are the average of 50 annual averages from the seasonally—varying
run with 4000 m topography and lapse rate of 4 K/km. The error bars are one standard
deviation of the annual averages. The black line shows the one-to—one relationship predicted
by the theory, and the different symbols are different isentropic levels.

In this model, the bias is quite consistent from year to year, as can be seen by the narrow
range spanned by one standard deviation from the mean. This investigation demonstrates
that we can qualitatively think about the age difference on an isentrope as a proxy for the
diabatic circulation through that isentrope.

2.3.6 The role of diabatic diffusion

As in Figure 2-3, the points in Figure 2-6 all fall above the one-to-one line, implying that
the actual age difference is less than that predicted by the theory by up to about 15%. In
the time-average case there is nothing to account for this discrepancy, and in Figure 2-6,
the discrepancy is too great to be explained by the time average of the transient terms.
Therefore, the discrepancy must arise from terms missing from the theory. Diabatic mixing
was neglected at the outset. If we revisit that assumption and include a diffusion of age in
(2.4), we obtain

ofl'dA — G'Kaggdfl =-M, (2.31)
0 8 eld
or
ar
MAT + | 0Kgg—dA = M, (2.32)
P oo
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Figure 2-7: The fractional contribution of the annually averaged time-dependent terms in
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standard deviation of the annual averages in shading. The blue is (MT');/M x 100%, and
the black /gray is (T + T'a)M,/2/M x 100%.

where Kpg is the diffusivity. Because of adiabatic mixing in this model, age increases with
increasing @ in all latitudes and altitudes considered here. Since Kjyg is positive, the diffusion
is a positive term on the left side. In panel a) of Figure 2-5 we noted that the product of
the overturning mass flux and the age difference was always less than the total mass above
400K. Now we see that this difference is consistent with the neglect of diffusion. Similarly,
the contribution from the diffusive term would account for age differences lower than the
theory predicts in both Figures 2-3 and 2-6. To determine whether the diffusivity, Kpg,
necessary to close the age budget is reasonable, we assume constant diffusivity and find that
at 450 K, Kgg =~ 1.7 x 107°K?s~!. Given the background stratification in the model, this
corresponds to about K, ~ 0.1 m?s™!, a value that is consistent with observational studies
(Sparling et al., 1997; Legras et al., 2003).

In the real world, small-scale diffusion will provide a diabatic component of the age
flux, but the model has no representation of such processes and so they cannot be a factor
here. However, the large-scale motions are not, as was assumed in the derivation, strictly
adiabatic but will exhibit “diabatic dispersion” (Sparling et al., 1997; Plumb, 2007). We can
estimate the diffusivity based on Plumb (2007),

Kgg ~ [9.’|2Tmi:1:ingu (233)

where Tpizing is the time scale for isentropic mixing across the surf zone. For the purposes
of this estimate, we use the deviation of # from the zonal mean as an approximation for
0" and use Tmizing =~ 30 days. Using an average value for |é’ |2 in Northern Hemisphere
P
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Figure 2-8: The bias introduced by using area—weighted age difference rather than mass-
flux—weighted age difference for different regions. The shading shows one standard deviation
of the annual average for 50 years of the seasonally varying model run. The overturning
regions are defined as in Figure 2-3. The blue shows the “true” region, the black the 20°S-
20°N upwelling region, magenta 30 ° and cyan 40°.

midlatitudes at 450 K from the seasonally-varying model run gives Kgg =~ 1 x 1079K?%s~ 1.
The diabatic dispersion is thus close to the diffusivity necessary to close the age budget in
this simple model. Now revisiting the observation that the points on the 800 K isentrope
seem to have better agreement with the theory line in Figure 2-3, we can understand this as
the effect of the reduced cross-isentropic gradient of age higher up in the stratosphere. The
same diabatic diffusivity will therefore result in less diffusion of age because of the smaller
gradient and the calculated age difference will better match the theory.

2.4 Summary and Conclusions

The theoretical developments in this chapter have focused on extension of the simple rela-
tionship between the gross latitudinal age gradient on isentropes and the diabatic circula-
tion, obtained by Neu and Plumb (1999) for the “leaky tropical pipe” model. Under their
assumptions of steady state and no diabatic mixing, but without any “tropical pipe” con-
struct, an essentially identical result follows. We then show that the result survives intact
when applied to time—averages of an unsteady situation, but does not apply locally in time.
The predicted age gradient is independent of isentropic mixing, and of the structure of the
circulation above the level in question.

Analysis of results from a simplified global model, in both perpetual solstice and fully
seasonal configurations, shows that the time-averaged result holds quite well, although the
predicted age difference overestimates the actual value by up to 15 percent, a fact that we
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ascribe to the neglect of large-scale diabatic mixing in the theory. Indeed, estimates of
diabatic dispersion in the model are sufficient to account for the discrepancy.

The theory is, of necessity, formulated in entropy (potential temperature) coordinates
and consequently it is the diabatic circulation (rather than, say, the residual circulation) that
is related to the latitudinal structure of age. While these two measures of the circulation
can, at times (especially around the equinoxes), be very different, in the long-term average
to which this theory applies they are essentially identical.

The relationship between age gradient and the circulation is straightforward, but in or-
der to use age data to deduce the circulation there are some subtleties: in order to quantify
the mean age difference, in principle one needs to know the geometry of the mean upwelling
and downwelling regions, and the spatial structure of the circulation (since, strictly, it is the
mass-flux-weighted mean that is required). The theoretical result is unchanged if simpler
regions (such as equatorward and poleward of, say, 30°) are used instead of those of up-
welling/downwelling, but of course the mass flux involved is that within each chosen region,
rather than the total overturning mass flux. When we test the agreement of the theory us-
ing an area—weighted age difference using the “true” upwelling and downwelling regions, this
introduces a bias of a 10-15% underestimation of the magnitude of the age difference, with
a smaller bias lower in the stratosphere. Using 40°S to 40°N as the upwelling region and the
rest of the globe as the downwelling region, which is a calculation that is possible entirely
from data, we find that the area—weighted age difference has a similar underestimation of
the mass—flux—weighted age difference as using the “true” regions. The area—weighted age
difference can therefore be used to infer the circulation qualitatively, since the difference is
only up to 15%. We caution that this bias estimate was performed with the simple idealized
model, and to get a quantitative estimate of the overturning circulation strength from data,
a more realistic model is necessary and other factors must be considered.

Despite these caveats, these results offer an avenue for identifying trends in the circulation
by seeking trends in age data, as done by Haenel et al. (2015); Ploeger et al. (2015b). For
one thing, the theory shows that it is the gross isentropic age difference, and not the age
itself, that is related to the strength of the circulation. For another, these results show
that annual averages (at least) are necessary to relate the strength of the circulation to the
age, and so good data coverage in space and time is necessary to eliminate the seasonal
variability for which the theory is not applicable. It will require an accumulation of a long
time series of global measurements to separate the long-term trends in the circulation from
the short-term variability.

34



Chapter 3

The strength of the meridional
overturning circulation of the
stratosphere

Much of this chapter is reproduced verbatim from Marianna Linz, R. Alan Plumb, Edwin
P. Gerber, Florian J. Haenel, Gabriele P. Stiller, Douglas E. Kinnison, Alison Ming and
Jessica L. Neu: The strength of the meridional overturning circulation of the stratosphere,
accepted for publication by Nature Geoscience. ML performed the research and wrote the
manuscript, under the supervision of AP. EG provided guidance. FH and GS are responsible
for the MIPAS age data set. DK ran the WACCM model. AM provided the diabatic heating
rates from ERA-I. JN helped with the nitrous oxide data and with the manuscript. I have
included some additional discussion that was omitted from the journal article because of
space constraints.
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3.1 Introduction

The Brewer-Dobson circulation, the meridional overturning of mass in the stratosphere,
is important for the distribution of gases in the stratosphere, such as ozone and water
vapor, which impact surface climate. The distribution of gases such as ozone and water
vapour in the stratosphere — which affect surface climate — is influenced by the merid-
jonal overturning of mass in the stratosphere, the BreweraASDobson circulation. However,
observation-based estimates of its global strength are difficult to obtain. Here we present
two calculations of the mean strength of the meridional overturning of the stratosphere. We
analyse satellite data that document the global diabatic circulation between 20074AS 2011,
and compare these to three re-analysis data sets and to simulations with a state-of-the-
art chemistry-climate model. Using measurements of sulfur hexafluoride (SFg) and nitrous
oxide (N20), we calculate the global mean diabatic overturning mass flux throughout the
stratosphere. In the lower stratosphere, these two estimates agree, and at a potential tem-
perature level of 460 K (about 20 km or 60 hPa in tropics), the global circulation strength is
6.3-7.6 x 10° kg/s. Higher in the atmosphere, only the SFg-based estimate is available, and
it diverges from the re-analysis data and simulations. Interpretation of the SFg data-based
estimate is limited because of a mesospheric sink of SFg; however, the reanalyses also differ
substantially from each other. We conclude that the uncertainty in the mean meridional
overturning circulation strength at upper levels of the stratosphere amounts to at least 100
%.

Previous calculations of the strength of the stratospheric circulation from data have relied
on indirect measures. Observational estimates of the strength of the overturning have been
limited to qualitative descriptions based on tracer distributions (e.g. Stiller et al. 2012, Engel
et al. 2009, Mahieu et al. 2014, Haenel et al. 2015) or quantitative measures of limited regions,
such as the vertical velocity over a narrow range in the tropics (Mote et al. 1996, Schoeberl
et al. 2008, Flury et al. 2013). Other metrics are available for stratosphere-troposphere
exchange, such as measurements of 14CO5 (Kanu et al., 2016). Free-running climate models
vary widely in stratospheric circulation metrics, including the tropical upwelling mass flux
at 10 hPa and 70 hPa, though the multimodel mean is relatively close to some reanalysis
products (Butchart et al., 2011). Reanalyses, meanwhile, differ substantially (about 40%
between 10 and 70 hPa and even more lower in the stratosphere) in their mean tropical
upwelling velocity, with the magnitude of the mismatch depending on how it is computed
(Abalos et al., 2015). They tend to agree for long term trends, showing a weakening of the
lowermost stratospheric circulation over the past few decades, and the time period covered
by these reanalyses is just about the minimum to assess a long term trend in the stratospheric
circulation, based on the time of emergence of a 2%/decade trend (Hardiman et al., 2017).
Here we consider the diabatic circulation of the stratosphere; because the stratosphere is
stratified, vertical motion moves air across potential temperature surfaces and thus must
be associated with warming/cooling in the ascending/descending branches. Hence the net
meridional overturning of mass is tightly linked to diabatic processes. We use potential
temperature as our vertical coordinate and the meridional overturning becomes explicitly
the diabatic circulation in this framework.

In a generalization of the work by Neu and Plumb (1999), Linz et al. (2016) presented
a theory to calculate the strength of the diabatic stratospheric circulation through each
isentropic surface above the tropical tropopause from the idealized tracer “age of air” (Waugh
and Hall, 2002), which is a measure of how long an air parcel has spent in the stratosphere.
The difference between the age of the air that is upwelling and downwelling through an
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isentropic surface is inversely proportional to the strength of the diabatic circulation through
that surface, in steady-state and neglecting diabatic diffusion.

In this paper, we apply the age difference theory to calculate the mean magnitude and
vertical structure of the global overturning circulation of the stratosphere based on observa-
tions of SFg and N3O. We demonstrate the validity of the theory and explore limitations of
the tracer data with a coupled chemistry-climate model. We calculate the global overturn-
ing directly from the diabatic vertical velocity from three reanalyses to compare with the
data and model results. Information on the data products, model, and reanalyses is given
in Table 3.1.

3.2 Age of air observations and model

A trace gas that is linearly increasing in time in the troposphere and has no stratospheric
sinks can be converted to age following the theory presented in Waugh and Hall (2002), and
these are known as “clock” tracers. Carbon dioxide (COq) and SF¢ are both approximately
linearly increasing in the troposphere and have minimal sinks in the stratosphere. COg
has a strong seasonal cycle in the troposphere, which makes the calculation of age more
difficult in the lowermost stratosphere, while SFg has a mesospheric sink that complicates
its interpretation in the uppermost stratosphere. Together these two clock tracers provide
useful complementary information to constrain the true age of air. We use age derived
from SFg measurements (henceforth SFg-age) from the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) on Envisat (Haenel et al., 2015). COg is currently not
retrieved from satellites with enough accuracy and spatial coverage to calculate age of air
differences (Carlotti et al., 2016). We interpolate SFg-age onto isentropic surfaces using
simultaneously retrieved pressure and temperature from MIPAS (von Clarmann et al., 2003,
2009). The resulting SFg-age on the 500 K surface is shown in Figure 3-1a. Age is young
in the tropics, older in the extratropics, and oldest at the winter poles, consistent with the
pattern of upwelling in the tropics and the majority of downwelling in the winter polar
region. The SFg-age at high latitudes in wintertime is older than observations of age based
on CO3 measurements (Plumb et al., 2002). Because SFg is not conserved in the mesosphere,
areas with mesospheric influence, such as the poles and the upper stratosphere, will have a
high bias in SFs-age (Hall and Waugh, 1998).

To explore the limitations of using SFg-age, we compare SFg-age to ideal age of air in
a coupled chemistry-climate model, the Community Earth System Model 1 Whole Atmo-
sphere Community Climate Model (WACCM). This fully coupled state-of-the-art interactive
chemistry climate model (Marsh et al., 2013; Garcia et al., 2017) includes the physical param-
eterizations and finite-volume dynamical core (Lin, 2004) from the Community Atmosphere
Model, version 4 (Neale et al., 2013). The model domain extends from the Earth’s surface
to the lower thermosphere (140 km). The WACCM simulations are based on the Chemistry
Climate Model Initiative REF-C1 scenario (Morgenstern et al., 2017). WACCM models only
one of the two sinks of SFg in the mesosphere; photolysis at Lyman-alpha wavelengths is
included, but associative electron attachment, recently shown to be the dominant loss mech-
anism for SFg below 105 km (Totterdill et al., 2015; Kovacs et al., 2017), is not. The impact
of the mesospheric sink of SFg on stratospheric SFg will be determined by the strength of
the dynamical coupling between the stratosphere and the mesosphere. We calculate SFg-age
following the methods of Stiller et al. (2012) to compare with the MIPAS SFg-age, and for
details see the Methods section. Although WACCM is missing the dominant SFg loss mech-
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Data Variables Resolution | Time pe- | Reference
source riod
MIPAS age from SFg; | zonal mean, | 2002— Haenel et al.
temperature; 10° lat, 41 | 2012 2015
pressure levels from
8 km to 54
km
GOZ- N.O zonal mean, | 2004— Froidevaux et al.
CARDS 10° lat, 15 | 2014 2015, Andrews
pressure et al. 2001, Stra-
levels from han et al. 2011
100 to 0.46
hPa
EPA Cli- || tropospheric in sttu sur- | 1980- US EPA 2016
mate In- || NoO face 2014
dicators
WACCM || SW; LW; tem- | 2.5 ° lon, | 1979- Marsh et al,
perature; ideal | 1.875 ° lat, | 2014 2013, Garcia et
age; SFg 31 pressure al. 2017
levels from
193 hPa to
0.3 hPa
JRA 55 SW; LW; tem- | 1.25°%1.25°, | 1979- Kobayashi et al.
perature 16 pressure | 2014 2015
levels from
225 hPa to
1 hPa
MERRA || total dT/dt; | 1.25°x1.25°,| 1979- Rienecker et al.
temperature 17 pressure | 2014 2011
levels from
200 hPa to
0.5 hPa
ERA- SW; LW; tem- | 1°x1°, 26 | 1979- Dee et al. 2011
Interim perature pressure 2014
levels from
150 hPa to
0.5 hPa

Table 3.1: Data, reanalyses, and model output used

radiation and LW is the longwave radiation.
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Figure 3-1: Age of air on the 500 K surface. (a) SFg from MIPAS, (b) N2O from GOZ-
CARDS, Andrews et al. 2001 (c) SFg from WACCM, and (d) WACCM ideal age tracer.
Contours are every half year, and the ages in the Southern Hemisphere winter for MIPAS

get above 8 years old.

anism, the difference between SFg-age and ideal age will qualitatively illustrate the sense

and location of any bias introduced by using SFg as an age tracer.
Age on the 500 K surface between 2002 and 2012 is shown for WACCM SFg-age in Figure
3-1c, and for WACCM ideal age of air in Figure 3-1d. Note that both of these are much
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younger than the MIPAS SFg-age, especially at the poles. WACCM age is at most 4 years
in the Northern Hemisphere winter at the pole, where the age derived from the NoO data
suggests up to 5 years and the ages from MIPAS SFg show ages up to 8 years. Ideal age is
very similar to SFg-age in the tropics, though there are deviations in the winter poles. The
close agreement between ideal age and SFg-age on the 500 K surface suggests that SFg-age
might be a good proxy for ideal age for most latitudes on this level. The temporal correlation
at each latitude on the 500 K surface is high (r = 0.93), and only at the poles is SFg-age
older than ideal age by up to half a year. The zonal mean mean correlation coefficient
between the time series of SFg-age and ideal age at every latitude and height between ideal
age and SFg-age is shown in Figure 3-2a and the slope of that correlation is shown in Figure
3-2b. The correlation is calculated using reduced major axis regression on the detrended
time series, with the mean climatology removed. Where there is more mesospheric influence,
the correlation is weaker and no longer one-to-one: higher in the stratosphere and at the
highest latitudes (r = 0.52 and age has only 35% of the magnitude of variations of SFg-age
at 1200 K at 85° N). The weakest correlation is at the Southern Hemisphere vortex edge
and the center of the Northern Hemisphere vortex at upper levels. The correlation is also
weak near the tropopause in the tropics because of how the reference SFg time series is
defined; the location from which the reference time series is drawn impacts this correlation
at these low levels, which have values of SFg similar to those of the reference time series, but
does not impact the overall structure of the correlation higher up where we are investigating
the impact of the mesospheric sink. The slope of the correlation is less than one for most
regions, so SFg-age is more variable than ideal age. In the Southern Hemisphere polar
region, as far down as 700 K, the SF¢-age is more than twice as variable than the ideal age.
Because of the dramatic difference between the tropics and the poles, using SFg-age instead
of ideal age will definitely introduce a bias in the age difference between the upwelling and
downwelling regions. The correlation is dominated by the seasonal cycle; when the seasonal
cycle is removed (not shown), the correlation between SFg-age and ideal age becomes almost
negligible throughout the domain, except in certain regions where their temporal evolution
is anticorrelated. Since WACCM is missing the dominant sink of SFg, the differences shown
here represent a lower bound on the bias from using SFg-age as a proxy for ideal age.

The difference between the MIPAS SFg-age and WACCM SFg-age is substantial. MIPAS
SFg-age has been shown to be consistently older than in situ CO2 and SFg-age observations,
though typically within error estimates (Stiller et al. 2012; Haenel et al. 2015, see also
Supplementary Information). These known biases of 0.5-1.5 years are almost enough to
explain the difference between WACCM SFg-age and MIPAS SFg-age in the tropics. In the
polar region, a similar amount of bias exists at low levels, and at upper levels there are no in
situ measurements for comparison. In WACCM, the dynamical coupling of the stratosphere
and mesosphere has been shown in certain events to be too weak (Funke et al., 2011, 2017)
and in another case to be accurate (Ray et al., 2017), and so the reliability of the model’s
transport of mesospheric air into the stratosphere is unclear.

Given the potential biases of SFg-age and the MIPAS data, other age tracers are desir-
able to corroborate the circulation strength calculations from SFg-age. Since, CO; is not
available, we determine age from N9O, which demonstrates a compact relationship with age,
like other long-lived stratospheric tracers (Plumb and Ko, 1992). We use the relationship
between age of air and N3O calculated empirically by Andrews et al. (2001), accounting for
the linear growth in tropospheric N2O. Following the procedure outlined in the Methods, we
calculate age of air from the Global OZone Chemistry And Related trace gas Data records for
the Stratosphere (GOZCARDS) N3O data for 20042013 (Froidevaux et al., 2013). Because
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Figure 3-2: The zonal mean (a) correlation coefficient and (b) slope of correlation for the
correlation between the time series of SFg-age and ideal age at every grid point for WACCM
from 1990-2014.

of the range of tracer values over which the empirical relationship holds, global coverage
exists for a small range in potential temperature (about 450 K-500 K). Another empirical
relationship between N>O and age was calculated more recently by Strahan et al. (2011),
who found an approximately linear relationship between age and N2O based on balloon and
satellite measurements of COg and SFs. This is discussed extensively in the Supplementary
Information.

The age on the 500 K surface calculated from the empirical relationship of age with N2O
from Andrews et al. (2001) is shown in Figure 3-1b. The Southern Hemisphere winter polar
coverage is poor on this level because values of NoO are below 50 ppbv, the lower limit of
the empirical fit. Age from the NoO data is generally younger than MIPAS SFg-age, though
somewhat older than ages from WACCM. The temporal correlation of MIPAS SFg-age and
N3O-age at every latitude on the 500 K surface is around r = 0.5, except in the Northern
Hemisphere midlatitudes, where the correlation is not significant.
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3.3 Age difference and the diabatic circulation

Chapter 2 showed that, in steady state, the diabatic circulation (M) through an isentropic
surface wholly within the stratosphere can be calculated as the ratio of the mass above the
surface (M) to the difference in the mass-flux-weighted age of downwelling and upwelling
air on the surface (AT, or age difference).

M = M/AT. (3.1)

M is the total mass flux that is upwelling (or downwelling, as in steady-state these must
be equal) through the isentropic surface. (See Figure 5-1 for a diagram.) Intuitively this
reflects the idea of a residence time; the age difference is how long the air spent above the
surface, and it is equal to the ratio of the mass above the surface to the mass flux passing
through that surface.

The real world is not in steady-state, and so averaging is necessary for this theory to
apply. In Chapter 2, I found that a minimum of one year of averaging was necessary for the
theory to hold in an idealized model. As the MIPAS instrument has five years of continuous
data, the longest average possible for this study is five years. To test the validity of applying
this steady-state theory to five-year averages of age difference, we have calculated the 2007—
2011 averages of ideal age difference and the ratio of the total mass above each isentrope to
the mass flux through that isentrope from WACCM output. These are shown in the blue lines
(solid and dotted respectively) in Figure 3-3. The total overturning strength is calculated
from the potential temperature tendency, 8, which is the total all sky radiative heating rate
interpolated onto isentropic surfaces. The upwelling and downwelling regions are defined
where 6 is instantaneously positive or negative, and the mass fluxes through these regions
are averaged to obtain the total overturning mass flux, M. If the age difference theory
held exactly, the two blue lines in Figure 3-3 would be identical. In the upper stratosphere,
these two calculations agree closely; in the lower stratosphere, the ratio of the mass to the
mass flux is greater than the ideal age AI'. This behavior is consistent with the neglect of
diabatic diffusion, which is greater in the lower stratosphere (Sparling et al., 1997). Using
area weighting of ideal age, since mass-flux weighting is not possible with data, results in
about a 10% low bias of A" compared to the mass-flux weighting shown here.

We calculate the five year average (2007-2011) of the difference in area-weighted age of
air in the regions poleward and equatorward of 35° from the SFg-age from both MIPAS and
WACCM, and from the N2O-age. (See Supplementary Information for a discussion of this
latitudinal extent.) The results of this are shown in Figure 3-3. The MIPAS SFg-age ATl is
notably different from the other estimates except around 450 K. At 400 K, it is much smaller,
in part because of older tropical air at that level (see Supplementary Information). Starting
around 500 K, MIPAS SFg AI is much greater than the model AI" using either ideal age
or SFg-age. Age difference for N3O is calculated only where there is data available over the
entire surface at almost all times, 450-480 K. In this limited range, the age difference from
N,O-age is somewhat greater than the age difference from WACCM and agrees with the age
difference calculated from MIPAS SFg-age.

To gain insight into the role of the mesospheric sink, we compare the ideal age ATI" with
SFg-age AT in WACCM. The ideal age AT is the mass-flux-weighted age difference between
upwelling and downwelling regions, and the SFg-age AT from WACCM is calculated in the
same way as the MIPAS SFg-age AI'. Because of the area-weighting, we expect the SFg-age
AT to be 10% lower than the ideal age AT'. This is true from 450-550 K, but above that, the
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Figure 3-3: The average age difference between downwelling and upwelling age of air on
each isentrope between 2007-2011. AT is plotted in solid lines: MIPAS SFg-age in purple,
GOZCARDS N3O age in black, WACCM SFg-age in green, and WACCM ideal age of air in
the blue. The blue dotted line shows the ratio of the total mass above each isentrope to the
mass flux through the isentrope (M /M) from WACCM. The shading shows one standard
deviation of the five annual averages that are averaged to get the mean. The mean height
of each isentrope in the tropics (calculated from MIPAS pressure and temperature) is on
the right y-axis. Where the line for the MIPAS SF calculation is thick, there is confidence
in both the data and in its conversion to age. Where it is thin, there are reasons to believe
bias in either the data or in the conversion that lend less credence to its age difference.

SFg-age AT is either equal to or greater than the ideal age AT", and at 1200 K SFg-age AT is
50% greater. Since WACCM does not include the dominant sink of SFg for the mesosphere,
the bias is certainly greater, and we cannot estimate an upper bound.

All three calculations of AI' from the model as well as the AI' from MIPAS SFg-age
show a peak somewhere in the middle stratosphere. This peak indicates a relative minimum
of the diabatic velocity at that level, and so this provides evidence that there are indeed two
branches of the circulation (Birner and Bénisch, 2011) and is a straightforward diagnostic
for the separation level.

Although the focus of this chapter is on the mean strength of the circulation, much
recent interest has been focused on the trends in the circulation strength. We therefore use
WACCM to explore whether the age difference calculated using SFg-age can be a reliable
measure of circulation changes over a timescale of a decade. Figure 3-4 shows the time series
of the age difference on the 500 K surface and on the 1200 K surface using mass-flux-weighted
ideal age averaged over the true upwelling and downwelling regions and also using SFg-age
averaged between 35°S-35°N as the upwelling region and the region poleward of 35° as the
downwelling region. At 500 K, the two time series appear to be highly correlated, with the
ideal age AT showing a bit more variability than the SFg-age Al'. At 1200 K, the two time
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series are no longer as obviously correlated. Moreover, and more troublingly, the SFg-age
shows a statistically significant positive trend in age difference, while the ideal age does
not. Over this same time period, there is no statistically significant trend in the diabatic
circulation at that level. Thus, trends in SFg-age AI' may be unrelated to the trends in the
diabatic circulation at upper levels. We hypothesize the trend in SFg-age at upper levels is
due to changes in the degree of coupling with the mesosphere, but have not yet confirmed
this with examination of mesospheric tracers in the model.
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Figure 3-4: Time series of AI' calculated using ideal age and SFg-age from WACCM starting
in 1999 for two different levels. The blue lines are the age difference on the 500 K surface
and the black lines are the age difference on the 1200 K surface. The dashed lines are the
ideal age AT, averaged over the true upwelling and downwelling regions. The solid lines are
the SFg-age AL area weighted over the tropics and extratropics, with the dividing latitude
at 35°. The bright green lines are the trends calculated for the 1200 K AT, with the solid
green line showing the trend for the SFg-age AL and the dashed line showing the trend for
the ideal age AT, and their p values are reported in the bottom right legend.

3.4 Circulation from Reanalyses, Model, and Age

Figure 3-5 shows the total overturning circulation strength calculated using the ratio of
the total mass above the isentrope to AT for the MIPAS SFg-age and the N2O-age. To-
tal mass is determined from the simultaneously retrieved pressure in the former case and
from pressure from the Modern Era Retrospective analysis for Research and Applications
(MERRA, Rienecker et al. 2011) for N3O. Also shown is the directly calculated overturning
circulation strength from the three reanalysis products MERRA, Japanese 55-year Reanal-
ysis (JRA 55, Kobayashi et al. 2015) and the ECMWF Reanalysis Interim (ERA-Interim,
&
44



Dee et al. 2011), and from WACCM. The total overturning strength is calculated from the
potential temperature tendency, 6, from the total diabatic heating rates from JRA 55 and
ERA-Interim forecast products and from total temperature tendency provided by MERRA,
and then following the same procedure as above for WACCM.

These six estimates of the strength of the circulation are quite different, as can be seen
clearly by examining the circulation at individual levels. At the lowermost levels, the reanal-
yses tend to agree, while the MIPAS SFg-age circulation estimate is much greater because
of its very low AI. In the range where we have estimates from both observational data
sets, they agree closely and are flanked by the reanalyses, which vary more widely (see
Supplementary Information for more details). At 500 K and above, the MIPAS SFg-age
based circulation strength has the lowest value, and at 900 K and above, it is lower by a
factor of three. The circulation strength from MIPAS SFg-age AT is biased low consistent
with the sink of SFg in the mesosphere (Kovacs et al., 2017). The disagreement at 1200 K
would require that the bias be nearly 300% for the model and reanalyses to be consistent.
In addition to the disagreement of MIPAS SF¢-age circulation strength with the model and
reanalyses, there is significant disagreement between different reanalyses. MERRA has a
distinct vertical structure, with weaker circulation in the lower stratosphere and stronger
circulation in the mid-stratosphere. JRA 55 and ERA Interim have a similar vertical struc-
ture; JRA 55 is stronger by around 3x10° kg s™1, except above 800 K, where it decreases
much more quickly with height than ERA-Interim so that they converge by 1200 K. The
shading is the standard deviation of the annual averages that make up the five year average,
and it shows the interannual variability, which is generally small.

3.5 Conclusions

The strength of the stratospheric circulation helps determine transport of stratospheric
ozone, stratosphere-troposphere exchange, and the transport of water vapor into the strato-
sphere (Butchart, 2014). Stratospheric water vapor has been demonstrated using both data
(Solomon et al., 2010) and a model (Dessler et al., 2013) to impact the tropospheric climate.
The stratospheric ozone hole recovery is also influenced by the strength of the circulation
(Solomon et al., 2016).

We have calculated the strength of the overturning circulation of the stratosphere from
observations, reanalyses, and a model. We find that at 460 K (about 60 hPa or 20 km in the
tropics), the total overturning circulation of the stratosphere is 7.3 £0.3 x10° kg/s based
on the agreement of two independent global satellite data products to within 4%. More
details on these two different age products is in the Supplementary Information. Given the
possibility that area weighting has created a high bias of up to 10%, any model or reanalysis
product between 6.3-7.6 x10° kg/s could be considered to agree with the observations at
this level. Despite this wide range, two of the three state-of-the-art reanalysis products
lie outside of this range, suggesting deficiencies in their lower stratospheric transport (see
Supplementary Information). This can be used as a metric to determine the accuracy of
the mean transport of climate models. Because the diabatic circulation and not the residual
circulation is used in this case, the computational demands for this metric are minimal,
requiring only monthly mean total diabatic heating and temperature on pressure levels.

The global SFg data have enabled this first quantitative calculation of the diabatic cir-
culation in the middle and upper stratosphere. However, the interpretation of age from SFg
is limited because we cannot quantify the impact of the mesospheric sink of SFg, which
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Figure 3-5: The strength of the total overturning circulation through each isentrope averaged
between 2007—-2011. The solid lines are for the data-based estimates MIPAS SF¢ is in purple
and GOZCARDS N5O in black. Reanalyses are shown in dashed lines: JRA 55 in light blue,
MERRA in green and ERA-Interim in gold. The dotted blue line is WACCM. The shading
shows one standard deviation of the five annual averages. The details of the calculation
for each data product, the model, and the reanalyses are described in the text. The mean
height of each isentrope in the tropics (calculated from MIPAS pressure and temperature)
is on the right y-axis.

we find to be important above 500 K. We estimate that this makes the age difference a
minimum of 60% too high at 1200 K, which would imply a 35% low bias in the overturning
strength at 1200 K, and we cannot estimate an upper bound on the bias. The reanalyses
may correctly represent the true stratospheric circulation where they agree at the upper-
most levels, although at those levels the data becomes more limited (e.g. Dee and Uppala
2009). Beneath 900 K, however, the reanalyses disagree with each other as well as with
the circulation strength implied by the data; it is clear that the data assimilated into these
reanalyses are not sufficient to constrain estimates of the circulation.

Climate models predict an increase in the strength of the Brewer—Dobson circulation of
about 2% per decade (Butchart et al. 2006, Hardiman et al. 2014), and much effort has re-
cently gone towards calculating trends in the stratospheric circulation based on observations
and reanalyses to see if such a trend can be detected (Engel et al. 2009, Seviour et al. 2012,
Diallo et al. 2012, Abalos et al. 2015). However, the mean diabatic circulation strength is
not known except at one level. At upper levels, the circulation is uncertain to within at
least 100%. We suggest cautious interpretation of trends that are much smaller than that
uncertainty. More global age of air tracer data, in particular CO3, is necessary to provide
an independent estimate of age difference necessary to calculate the strength of the diabatic
stratospheric circulation. High altitude balloon and aircraft measurements at high and low
latitudes could be very useful; further characterization of compact relationships between age
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and long-lived tracers, such as N3O or methane, would provide additional constraints on the
circulation in the lower stratosphere, enabling more complete utilization of current global
satellite data.

Methods

MIPAS SF¢ For more details on validation and methods, we refer the readers to the papers
on this product (Stiller et al., 2008, 2012; Haenel et al., 2015). We note that the vertical
resolution is 4 to 6 km at 20 km, 7 to 10 km at 30 km, and 12 to 18 km at 40 km altitude.
Noise error on individual profiles is of the order 20%, but because of the many profiles,
meaningful SFg has been obtained by using monthly and zonal mean averages in 10 degree
bins.

N2O Andrews et al. (2001) calculate an empirical fit between NoO and age from an
extensive record of NASA ER-2 aircraft flights and high-altitude balloons from 1992-1998.
Age is based on COg, and for details of the conversion from CO5 to age, see Andrews et
al. (2001). The fit holds well for 50 ppbv < N2O < 300 ppbv and is given by the equation
['(N20) = 0.0581(313 — NoO) — 0.000254(313 — N2O)? + 4.41 x 1077(313 — N2O)3, where
313 ppbv was the average tropospheric mixing ratio for 1992-1998. Although different
tracer-tracer relationships are expected in the tropics and the extratropics (e.g. Strahan
et al., 2011, Plumb, 2007), the limited tropical data used to calculate this relationship
were not treated separately. In order to account for the increase in tropospheric N2O,
we calculate the trend from the data product provided by the EPA Climate Indicators
(US Environmental Protection Agency, 2016), a combination of station measurements from
Cape Grim, Australia, Mauna Loa, Hawaii, the South Pole, and Barrow, Alaska. The slope
is 0.806+0.014 ppbv/yr. (One standard error on the slope is reported. Using only Mauna
Loa, the tropical station, does not change the fit much, since NoO is quite well mixed in
the troposphere.) We linearly adjust the GOZCARDS N»2O data using this slope to account
for the growth in tropospheric NoO, although simply subtracting the mean difference in
tropospheric NoO between 2009 and 1995 yielded very similar results. Then we apply the
empirical relationship between 2004 and 2012 to obtain age estimates. Age difference is
calculated only on those levels for which there are very few gaps in age. Only 460 and 470
K have no gaps at all. This method relies on several potentially problematic assumptions:
the compact relationship from the 1990s is assumed to be applicable over a decade later;
the tropics are assumed be represented by this relationship well enough to obtain unbiased
estimates of age difference; and linearly adjusting the data is assumed to sufficiently account
for the changing tropospheric source.

WACCM SFg The method to calculate age from SFg in WACCM is as follows: The SFg
on pressure levels is zonally averaged and then averaged in the same latitudinal bins that
were used for MIPAS. That zonally averaged SFg is then converted to age following Stiller
et al. (2012). The reference curve for SFg is the zonal mean value in the tropics at 100hPa
just north of the equator (0.5° N) with a one year low-pass fourth order Butterworth filter
applied to remove the weak seasonal cycle. Results are insensitive to the filtering provided
the filter is sufficient to obtain a strictly increasing reference curve. We use the same method
for correcting the age of air for the nonlinear tropospheric growth, with a Newtonian iteration
(see Stiller et al. 2012 equation 3). The nonlinearity correction is insensitive to the choice
of constant parameter used to describe the relationship of the width of the age spectrum
with the age. Once the age is determined, it is interpolated to isentropic levels using zonal
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mean temperatures that have also been binned by latitude according to the MIPAS grid.
No attempt is made either by Haenel et al. (2015) or in this work to adjust the age for the
mesospheric sink.

Statistics for 460 K overturning To calculate the average overturning circulation
strength where the two data estimates agree most closely (within 5% at 460 K), we average
them. The error estimate is based on the variability in the total overturning circulation
strength from WACCM calculated using SFg-age to infer the circulation (M/SFg-age ATL).
We take the average of five annual averages chosen randomly from the annual averages from
1999-2014 100,000 times. The standard deviation of the 100,000 resulting mean circulation
strength estimates (0.14 x10° kg/s) is taken to be half of the error. We repeated this proce-
dure using the true overturning circulation strength (M) and found smaller variations in the
standard deviation (0.09 x10° kg/s). This error estimate assumes that WACCM represents
the variability of the true circulation. The standard deviations of the five annual averages
that were averaged for each data estimate were considerably smaller than these reported
error bars. We therefore believe this is a conservative representation of the uncertainty in
the diabatic circulation strength.
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3.6 Supplementary Information for “‘The strength of the merid-
ional overturning circulation of the stratosphere”

Included in this supplementary information is a more thorough examination of age and
age difference from the two satellite data products, GOZCARDS NO (Froidevaux et al.,
2013) and MIPAS SFg (Haenel et al., 2015). It includes how we chose the upwelling and
downwelling regions, use of a different empirical relationship to calculate age from N3O, a
comparison between NoO-age and MIPAS SFg-age, an extrapolated extension of the NoO
age difference, and plots of age of air from MIPAS SFg on surfaces above and below 500 K.

3.6.1 Choosing the upwelling region

Because satellite data do not reveal where air is upwelling and where it is downwelling, we
must choose the latitudinal extent of the upwelling region in some other way. For this paper,
we have chosen 35° N and S. Linz et al. (2016) showed that using 40° in a simple atmospheric
GCM was very close to using the actual upwelling and downwelling regions at all heights
(their Figure 8). To determine whether these are characteristic turnaround latitudes for
the real atmosphere, we have plotted the total diabatic vertical velocity climatology from
MERRA at four different levels in Figure 3-S1. The lower levels have less seasonal variability,
while at upper levels, upwelling extends poleward of 50° in some seasons, and downwelling
reaches nearly to the equator. We are satisfied with using 35° as an approximate average
of this strong variability over the course of the year for all levels. The coarse meridional
resolution of the GOZCARDS N3O (10°) does not lend itself to more precision than this,
and choosing 40° for the upper levels with MIPAS makes little difference as the meridional
gradient of age in the midlatitudes is relatively weak.

These climatologies are also useful to visualize the difference between the diabatic verti-
cal velocity on isentropes and the transformed Eulerian mean vertical velocity on pressure
surfaces, which has a narrower extent in the lower stratosphere and a wider extent in the
upper stratosphere. The upwelling associated with the motion of the isentropes during the
final warming is evident at all levels, and is not seen in the transformed Eulerian mean
vertical velocity in pressure coordinates. This polar upwelling does not strongly bias the
area-weighted age differences as compared to the mass-flux-weighted age differences because
it occurs for such a short period of time and at the pole, where there is much less area, . Note
that the climatology at 1200 K is somewhat suspect because of sparseness of observations
that are assimilated at that level. (See Abalos et al. 2015, Figure 1.)

3.6.2 Calculating age from GOZCARDS N,O

For this study, we used the empirical relationship between N2O and age of air from Andrews
et al. (2001); it is a cubic that was calculated from a large number of aircraft flights, and
it has a relatively wide range of N2O values over which it is apparently valid. To explore
the robustness of this result, we have used two different empirical relationships, both linear,
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Figure 3-S1: Climatology of the zonal mean total diabatic vertical velocity, calculated as
the total potential temperature tendency divided by the mean stratification (6/6,), from
MERRA monthly means from 1979-2013 on four different levels. At 1200 K, the vertical
velocities at both poles in winter are larger than this color scale shows.

based on the data from Strahan et al. (2011) shown in Figure 3-S2 (courtesy of S. Strahan,

personal correspondence).
The NoO data are six year means of observations from the Atmospheric Chemistry
Experiment (ACE) instrument onboard SCISAT-1, 68°S-68°N from 150 hPa. The age data
{9
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Figure 3-S2: Co-located age and N2O concentrations from balloons, ACE, and flights. Points
above 50 hPa are in teal, tropical points below 50 hPa are in blue and extratropical points
below 50 hPa are in red. Three different lines are shown. The black line is the overall fit to all
points with N3O beneath 150 ppb. The red line is the fit to the extratropical points, and the
blue line is the fit to the tropical points. The black dotted line shows the cubic relationship
from Andrews et al. (2001), which has been adjusted for the trend in tropospheric N2O as
described in the Methods.

are from balloon COjg profiles in the tropics and both CO3 and SFg balloon measurements
in the midlatitudes (Engel et al., 2009) and from the same aircraft flights used by Andrews
et al. (2001) at 50 hPa. The points that overlap in altitude and latitude (regardless of timing)
are shown in the scatter plot. This decision to look at colocated points without accounting
for changes in timing neglects the considerable seasonal and interannual variability. The
compact relationship appears to hold for values of NoO above 150 ppb and below 315 ppb.
Although Strahan et al. chose to calculate the same fit including the tropical points and the
midlatitude points together, there is reason to believe that the tropical and extratropical
relationships should be different (Plumb and Ko, 1992), and so we have calculated the
slopes separately for the tropical points and the extratropical points beneath 50 hPa (shown
in blue and red lines) for comparison to the original fit (shown in the black line). The original
fit, which was calculated from data up to 10 hPa in the tropics and up to 30 hPa in the
extratropics, is dominated by the extratropical points, with the same slope and nearly the
same intercept. When the tropics are treated separately, the relationship appears different.
Both tropical and extratropical fits are performed using reduced major axis regression with
each variable scaled by its standard deviation and are significant at the 95% level. To create
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a smoother transition, the 35° points are the average of the age from the extratropical and
the tropical fit (I' = —0.035 x NoO + 11.36). However, there are still artefacts of using this
relationship evident in the meridional gradient of the age, and so we do not calculate age
difference using this. The original fit was used in Strahan et al. (2011). The cubic fit of
Andrews et al. (2001) does not agree as well with these more recent data except in the tropics.
In particular, the newer data never have an age above 5 years, whereas the measurements
that went into the cubic fit included values of nearly six years. This difference could reflect
a difference in the methods or a change in the NoO age relationship over the course of a
decade.

Cubic . __Linear Linear separate tropics

0 50 0 -50 0 50
latitude latitude latitude

0 05 1 15 2 25 35 4

Figure 3-S3: The average age of air as a function of latitude and pressure based on GOZ-
CARDS N0 data from 2007-2011 that has been converted to age of air using three different
relationships: In the left column, the cubic relationship from Andrews et al. (2001) is used.
In the middle column, the linear relationship determined by Strahan et al. (2011) is used.
In the right column, the linear relationships shown above in Figure 3-S2 for the tropics and
extratropics are used. The first row is the mean value neglecting any data gaps, and the
second row is the mean value only where there are no data gaps for the five years. Contours
are every half year.



Figure 3-S3 shows the zonal mean 2007-2011 mean age of air calculated using these three
different empirical relationships. In the upper row, the mean values of the existing data are
shown, neglecting data gaps. The bottom row shows only the points for which continuous
data is available between 2007-2011. Ages are oldest using the cubic relationship (left),
with the extratropics and tropics older than the age using the linear fit by about 0.5 yr
for lower levels. The linear fit that does not treat the tropics separately (middle column)
has the youngest tropical air, while fitting the tropics separately results in older air, though
not as old as the cubic. Because the two linear fits were calculated with only data below
50 hPa, the relationship shown in the right column is only valid up to that level, and the
transition between the two fits is very evident. The tropical data for the cubic relationship
in the upper left panel is biased high because the only times the relationship holds at lower
levels are when the tropical air has unusually low N,O.
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Figure 3-S4: 2007-2011 zonal mean age on four different pressure levels, calculated using
the cubic empirical relationship between age of air and NoO (from GOZCARDS) based on
Andrews et al. (2001) (left column) and using the linear empirical relationship between age
of air and N3O based on Strahan et al. (2011). Contours are every half year.

We explore the data gaps and how they lead to biases by looking at the timeseries of the
age determined using Andrews et al. (2001) and Strahan et al. (2011). These are shown at
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five different pressure levels in Figure 3-S4. The ages calculated using the cubic relationship
are older than those from the linear relationship. Because of the different ranges of NoO
over which they are valid, the two relationships produce different data gaps. The cubic
relationship does not hold above 300 ppb, making tropical coverage very limited at 100 hPa.
At 68 hPa, there is only one gap in the data, and at 46 hPa, the data gaps are all now
in the Southern Hemisphere winter pole, where the air is oldest. For the purposes of the
paper, I have not used anything above 46 hPa , since the long data gaps in the Southern
Hemisphere winter above that level will cause biases of unknown magnitude (there are no
in situ measurements of South Pole SFg at these levels). Looking at Figure 3-S4, it is
evident why this linear relationship was not appropriate for drawing conclusions about the
strength of the circulation. The linear relationship holds only below 315 ppb, which adds
some tropical coverage compared to the cubic relationship. However, already at 68 hPa, the
polar air is getting below 150 ppb, the lower limit for this linear relationship, in Southern
Hemisphere winter. By 46 hPa, the polar air is almost always out of the range of the
empirical relationship. This relationship yields younger ages (about 0.5 yr) in the tropics
and midlatitudes and similar ages at the poles. Because they are derived from the same
data, the two different age relationships are highly correlated.

3.6.3 Comparison of GOZCARDS N;0O-age and MIPAS SF¢-age

This study benefits from having two completely independent global satellite data products
that cover the same time period. This section presents a comparison of the age from these
two different data products.

In Figure 3-S5, we show the monthly mean vertical profiles of age from MIPAS SFg,
and from the three different relationships between GOZCARDS N5O and age presented in
Figure 3-S2. On the left is January 2007 in both a tropical and an extratropical Northern
Hemisphere location. On the right is June 2011 for the same locations. The MIPAS SFg
age is consistently older than the N2O age in the tropics, except at the lowest level in
January of 2007. This is consistent with the high bias seen in Haenel et al. (2015). In the
subpolar region, the cubic NoO-age is closer to the MIPAS SFg-age, and in June the SFg-age
is actually younger than the cubic NoO-age. Both linear relationships produce ages from
N3O that are younger than the MIPAS SFg-age. Higher in the stratosphere, the difference
between the extratropical SFg-age and the cubic NoO-age becomes more pronounced, with
the SFg-age being higher by at least two years at 20 hPa. It is possible that this is the
influence of the mesospheric sink, though that would be more prominent at high latitudes
only. The ages calculated using separate tropical and extratropical linear relationships agree
more closely with the cubic relationship in the tropics and with the linear relationship in
the extratropics. The seasonal difference is not large.

In order to calculate the age difference on an isentrope, both satellite data products are
interpolated to isentropes on a finer grid than either are reported on. MIPAS SFg-age is
calculated at height levels, and both temperature and pressure are simultaneously retrieved.
GOZCARDS N3O is reported on pressure levels. The interpolation method makes only
a small difference. Nevertheless, it is important to recognize that the multiple isentropic
levels reported here are, for N2O, based on about three levels in the original data. Because
of the seasonal motions of the isentropes in pressure, the data gaps look different from the
gaps on pressure levels. Figure 3-S6 show timeseries of the zonal mean age of air from
GOZCARDS N3O on isentropes using the cubic relationship and the linear relationship
respectively. Figure 3-S7 shows the same for the MIPAS SFg-age. The color bar is the same
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Figure 3-S5: Vertical profiles of age of air from MIPAS SFg and using three different empirical
relationships for the relationship between NoO and age of air. The left panel is January 2007
and the right panel is June 2011. The blue lines show tropical profiles (5°N) and the black
lines are extratropical or subpolar (55°N). Solid lines are MIPAS SFg-age, long dashed lines
are derived from the cubic relationship between NoO and age of air from Andrews et al.
(2001), bold dotted lines are derived from the linear relationship between N2O and age
of air from Strahan et al. (2011), and the thin dotted lines are derived from the different
tropical and extratropical linear fits between NoO and age shown in Figure 3-S2. Where the
profiles are based on extrapolation of the fit to levels for which there was no data informing
the fit, they are shown in light blue and gray and are thin.

for all three figures, and has a maximum at 5.5 years, which is saturated for the SFg-age.
For the NoO-age, the final warming period is associated with the 420 K surface dipping
down below the measurement range of GOZCARDS, so the data gaps are the same for both
top panels of Figure 3-S6. Other data gaps are different, based on where the two empirical
relationships apply. Generally, again we can see that the cubic relationship results in older
ages overall, except at the poles, where the linear relationship makes the air relatively older.

The MIPAS SFg-age is noticably older than either of the NyO-ages. Age on the 420
K surface is older than 5.5 years for the Southern Hemisphere wintertime vortex. This is
surprisingly old, but there is no in situ data to compare with at those latitudes. The tropics
do not show an obvious upwelling region, which can be inferred from the youngest ages being
located at the equator for the NoO-age at this level. At 450 K, the timeseries look more
similar, with all three age estimates showing the disturbed Northern Hemisphere winters of
2009 and 2010, as can be seen from the younger air around the turn of the year in each case.
The linear relationship between NoO and age produces the youngest tropical ages, the cubic
somewhat older, and the MIPAS SFs-age is clearly the oldest. This is consistent with the
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old bias shown in validation papers on this product (Stiller et al., 2012; Haenel et al., 2015).

Cubic Linear
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Figure 3-56: 2007-2011 zonal mean age on four isentropic levels, calculated using the cubic
empirical relationship between age of air and N2O (from GOZCARDS) based on Andrews
et al. (2001) (left column) and the linear relationship between age of air and N2O based on
Strahan et al. (2011). Contours are every half year.

3.6.4 Calculating age difference and circulation strength from GOZCARDS
N-20O

Figure 3-S8 shows the 2007-2011 average zonal mean age calculated from N3O in three
different ways (as in Figure 3-S5) interpolated to isentropes. At no level does the linear
relationship have no gaps, and as these gaps are consistently of old polar air, this will create
a systematic bias. Nevertheless, we have extended the age difference calculation using the
available data. We have ignored the missing data and calculated the average upwelling age
as the average age for the available data in the upwelling region, and the average downwelling
age as the average age for the available data in the downwelling region. This will tend to
lead to a low bias in age difference where the tropics are missing and a high bias in age
difference where the poles are missing. The polar bias will be smaller because the poles
represent such a small total area. We have extrapolated between 450 K and 550 K although
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Figure 3-S7: 2007-2011 zonal mean age on four isentropic levels from MIPAS SFg. Contours
are every half year and the color bar is saturated at 5.5 years for comparison with Figure
3-S6. The Southern Hemisphere vortex gets much older than this, as can be seen in Figure

3-510.

the only level for which the NoO-age has no gaps is the 460 K surface, which is around 60
hPa in the tropics and close to the 68 hPa surface overall. This is for the cubic relationship
only—the linear relationship still has gaps in the Southern Hemisphere vortex.

We have reported the value of the total overturning at 460 K in Table 3.1. The three data
products are all within 5% of the mean value (where NoO-age has been given equal weight
as SFg-age). WACCM is very close to the total overturning strength. The three reanalysis
products, however, are a bit further away. The average value of the total overturning
circulation 7.3%10° kg /s is derived from two completely independent satellite data products
and is insensitive to the treatment of the NoO-age. The only bias left then is that the age
difference calculated using area-weighting rather than mass-flux-weighting is biased 10% or
less low at that level. This means that our calculation is at most a 11% overestimate of
the total overturning strength. Therefore, we can surmise that JRA 55 is too strong and
MERRA is dramatically too weak at this level. ERA-Interim is barely within the tolerable
error, assuming that the bias is indeed 10% high and accounting for the £0.3 x 10° kg /s
error bar.

We note, also, that MIPAS SFg-age is evidently too old at the poles above 500 K due to
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Figure 3-S8: The average age of air as a function of latitude and potential temperature
based on GOZCARDS N,O data from 2007-2011 that has been converted to age of air
using three different relationships: In the left column, the cubic relationship from Andrews
et al. (2001) is used. In the middle column, the linear relationship determined by Strahan
et al. (2011) is used. In the right column, the linear relationships shown above in Figure
3-S2 for the tropics and extratropics are used. MERRA pressure and temperature has been
used to convert to isentropic surfaces. The first row is the mean value neglecting any data
gaps, and the second row is the mean value only where there are no data gaps for the five
yvears. Contours are every half year.

the influence of the mesosphere. However, based on the modeled SFs-age in WACCM, this
effect is not felt below 500 K. Furthermore, this level is considerably above the level where,
based on Figure 3-S6, the upwelling signal is ambiguous. Both data products are reliable at
this same level, and remarkably, they agree.

Figure 3-S9 shows the extended age difference calculated using the cubic and the linear
relationship. Where there is not continuous data, we have little confidence in this result.
The slopes of these two are distinctly different, with the cubic relationship aligning much
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Data set 460 K overturning
(x10° kg/s)
MIPAS SFg-age 7.43

GOZCARDS N30 cubic 717

GOZCARDS N0 linear 7.05

WACCM 7.11
JRA 55 7.90
MERRA 5.52
ERA-Interim 6.48

Table 3-S1: Total overturning circulation strength at the level for which both satellite data
sets exist.
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Figure 3-S9: Like Figure 3-5, the average total meridional overturning circulation strength
for 2007-2011 as a function of potential temperature. The strength from MIPAS SFg-age
and the simultaneously retrieved temperature and pressure is shown in the navy solid line.
The dotted blue line shows the total meridional overturning strength from the WACCM
model. The bold red line is an extension of the cubic relationship between age of air and
N2O, ignoring data gaps. The bold magenta line is based on the linear relationship between
age of air and N,O, ignoring data gaps. The black line is from the cubic relationship, and
spans the levels for which the data gaps are minimal, including 460 K where there are no
gaps at all.

more closely with the model, and the linear relationship aligning with the MIPAS SFg-age
circulation strength. A more careful characterization of the compact relationship between
age of air and NoO (or methane, which is closely related) could yield much more certainty
for the overturning circulation strength at these low levels.
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3.6.5 MIPAS age on isentropic surfaces

Finally, we show the MIPAS SFg-age data on isentropic surfaces throughout the depth of
the stratosphere.
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Figure 3-510: Age of air from MIPAS SFg data on the 400 K, 600 K, 800 K and 1200 K
surfaces. Note that the color scale is not the same for these four plots.
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Chapter 4

Using the global overturning diabatic
circulation of the stratosphere as a
metric for Brewer Dobson Circulation

This chapter is a paper in preparation for Atmospheric Chemistry and Physics: Marianna
Linz, R. Alan Plumb, Marta Abalos, Diane J. Ivy, Douglas E. Kinnison, and Alison Ming:
Using the global overturning diabatic circulation of the stratosphere as a metric for Brewer
Dobson Circulation. ML performed the research and wrote the manuscript, under the su-
pervision of AP. MA provided the TEM timeseries. DI provided the SBUV data. DK ran
the WACCM model. AM provided the diabatic heating rates from ERA-I.
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4.1 Introduction

The Brewer—-Dobson circulation (BDC), the meridional overturning of mass in the strato-
sphere, is important for the distribution of gases in the stratosphere (Butchart, 2014) includ-
ing water vapor, the radiative effects of which have been shown to impact surface climate
(Dessler et al., 2013), and ozone, which impacts surface circulation (e.g., Polvani et al.,
2011). The BDC is frequently quantified by the vertical velocity in the Transformed Eule-
rian Mean (TEM) framework (Andrews et al., 1987), averaged over the tropics in models
and reanalysis products (e.g. Butchart et al., 2006; Li et al., 2008; Seviour et al., 2012;
Hardiman et al., 2017). In steady state, the total upwelling and downwelling mass fluxes
must be equal, and so characterizing the tropics alone is considered sufficient. The TEM
framework provides formalism that approximates the Lagrangian-mean mass transport, and
in the limit of adiabatic, small-amplitude eddies, the TEM residual mean circulation is
equivalent to the density-weighted isentropic mean circulation. The value and trends of the
residual mean circulation average tropical vertical velocity through the 70 hPa level have
been used in multimodel comparisons (Butchart et al., 2010) and in comparisons between
different reanalysis products (Abalos et al., 2015; Kobayashi and Iwasaki, 2016). The 70 hPa
level is consistently within the stratosphere even in climate models that have trouble with
their tropopause. As it is in the lower stratosphere, it approximates the mass flux between
the troposphere and stratosphere and is related to the water vapor flux and ozone transport.

The TEM vertical velocity is a useful metric for understanding stratospheric dynamics.
However, apart from its the theoretical relationship with the Lagrangian-mean mass trans-
port, it is not straightforward to relate the TEM vertical velocity to the tracer transport that
is so important to climate. The theory presented in Chapter 2 to directly relate the idealized
tracer age of air to the global average diabatic overturning circulation through isentropes
and the subsequent application of the theory to observations in Chapter 3 has provided
motivation to use the global mean overturning diabatic circulation through isentropes as a
metric for the BDC strength in place of or at least in addition to the TEM vertical velocity.
Other metrics are more familiar, but the diabatic mass flux through isentropes can be—and
has been— observationally constrained (see Table 3-S1).

This chapter serves to explore the diabatic circulation on isentropic levels as a new met-
ric for the circulation strength. We begin in Section 4.2 with a clear explanation of the
steps for calculating this metric, the necessary model output, and its advantages from that
perspective. This will include some repetition from Sections 3.3 and 3.4 and expand upon
these, which necessarily described the calculation in extreme brevity. In Section 4.3, we first
examine three different calculations for the TEM vertical velocity, including the underlying
assumptions. Then we compare the total global diabatic circulation on isentropes to the
more traditionally used TEM vertical velocity calculated in these three different ways (Aba-
los et al., 2015) for the same three different reanalysis products used in Chapter 3. Thus
we determine how the information provided by this new metric compares to the informa-
tion more traditionally used, and we find close agreement between the diabatic circulation
strength and one of the three calculation methods for the TEM vertical velocity. We evaluate
the trends in the diabatic circulation from these three reanalysis data products and demon-
strate that although there are trends in upwelling through pressure surfaces, the diabatic
overturning through isentropes does not have the same clear trends. This result implies
that much of the trend in the BDC might be attributable to changes in the thermal struc-
ture, supporting the conclusions of Oberléander-Hayn et al. (2016). Finally, in this section
we examine the upper and lower branches of the circulation in the diabatic circulation. In
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Section 4.4, we examine the relationship between the diabatic overturning circulation and
stratospheric ozone, using data, reanalyses, and the Whole Atmosphere Community Climate
Model (see 3.2 for the model description). One motivation frequently cited for studying the
BDC is that it impacts ozone and could impact the ozone hole recovery. We find that the
lower branch of the circulation is important for the polar ozone, while the upper branch is
the most important for subtropical ozone. The latter relationship is driven by the temper-
ature dependence of the photochemistry. Section 4.5 summarizes the results and discusses
implications and future work.

4.2 Calculating the diabatic overturning circulation on isen-
tropes

Why would we need a different metric for the BDC? The residual mean tropical upwelling
at 70 hPa has been used for at least a decade (Butchart et al., 2006). However, this is
neither directly observable nor is it easily relatable to observations. A metric for models
and reanalyses needs to be able to be constrained by data. In a reworking of the Tropical
Leaky Pipe (Neu and Plumb, 1999), Linz et al. (2016} (Chapter 2) showed a direct rela-
tionship between age of air and the diabatic circulation through an isentropic surface. We
demonstrated that the difference between the age of air that is downwelling and the age of
air that is upwelling through each isentrope is inversely proportional to the diabatic mass
flux through that surface, in steady state and neglecting diabatic diffusion. Thus, the global
mean overturning diabatic circulation through isentropes reflects the total Lagrangian mean
mass or tracer flux. In Chapter 3, this theory was applied to two different satellite data
products to calculate a robust observationally-based constraint on the stratospheric circu-
lation, and the overturning circulation strength of two of the three reanalysis products that
we examined (and use here) were shown to disagree with the observations at 460 K. This is
can be used as a constraint for climate models as well, and we showed that WACCM agrees
with the circulation strength based on the satellite data.

We calculate the diabatic overturning as in Chapter 2. We define the total upwelling
mass flux and the total downwelling mass flux through an isentropic surface:

M, =/ obdA, and (4.1)
up

Mg =— / obdA. (4.2)
down

6 is the total diabatic heating rate, and ¢ = —g~19p/d0 is the isentropic density. The limits
of integration are the regions of the isentrope through which air is upwelling (0 >= () and
downwelling (9 < 0) instantaneously. Since the monthly mean is not in equilibrium, some
amount of storage may take place, and these two will not necessarily be equal. We therefore
define the total overturning circulation following the time-dependent formulation of Section
2.2.3, (2.21): M() = 1/2(M, — My). This is an arbitrary but sensible definition; it
accounts for simultaneous variability in the extratropics and in the tropics, thus providing
and instantaneous global average overturning circulation strength.

To calculate the diabatic circulation from model output or reanalysis, one thus needs
the total diabatic heating rate, the isentropic density, the temperature, and the pressure.
The diabatic heating rate is output differently in different models, but it is fundamentally
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straightforward. In the atmosphere the diabatic heating rate consists predominantly of two
terms, the latent heat fluxes from phase changes of water and the radiative heating and
cooling (Fueglistaler et al., 2009). For levels wholly within the stratosphere, water vapor
concentrations are so low that the former is negligible. Models may output other diabatic
terms, such as mixing from parameterized gravity waves; alternatively, they may output a
total temperature tendency, which contains all of the necessary information in just one term.
Almost all models will output these terms on either pressure or model levels. The diabatic
heating rate on those levels must then be interpolated to isentropic levels, for which the
temperature and pressure fields are necessary. The isentropic density can be calculated by
finite difference in pressure and then interpolated to isentropes as well.

Since eddies serve to predominantly mix adiabatically, they are less important for the
diabatic circulation through isentropes. In the conversion from the diabatic vertical velocity
on pressure surfaces to the diabatic vertical velocity on isentropes, the covariance of the dia-
batic vertical velocity and the isentropic levels could nevertheless be important. Fortunately
this covariance is small enough that monthly mean temporal resolution is sufficient to accu-
rately calculate the circulation; specifically, in ERA-Interim using monthly means instead
of 6 hourly means results in no bias throughout most of the stratosphere and up to a 10%
bias at the poles in wintertime, which, as the pole is a small area of the globe, is a much
smaller bias on the total overturning mass flux. While many models do output monthly
mean eddy fluxes to calculate the residual circulation, others, especially older model runs,
do not. Almost all models output shortwave and longwave radiation, and as these are by far
the dominant terms in the total diabatic heating rate, this metric can be calculated using
models that did not report the necessary terms or have the necessary temporal resolution
for the residual circulation vertical velocity calculation. The comparatively minimal data
requirements for this metric recommend it.

We note that the diabatic circulation strength is a good indication of the integrated
eddy forcing on the circulation, but it does not diagnose which eddies are responsible. Thus,
models could get the right circulation from the wrong waves.

The constraint provided by Chapter 3 only applies to the long-time mean of the circula-
tion strength; at least 5 years of averaging are required. However, in Chapter 2, we showed
the potential for the time-varying theory to calculate the seasonal cycle of the diabatic cir-
culation strength through isentropes as well. Provided long records of accurate age data,
that theory holds promise for constraining both the magnitude and timing of the seasonal
cycle in models by using age of air data.

4.3 The diabatic circulation and TEM vertical mass flux in
three reanalyses

The BDC was originally hypothesized to explain tracer measurements (Dobson et al., 1929;
Brewer, 1949), and therefore the Lagrangian mean transport is, in some sense, the appro-
priate formalism to study. The TEM residual circulation is not the same as the Lagrangian
mean mass transport, as noted explicitly in Andrews and Mclntyre (1976). However, under
certain conditions (small amplitude, adiabatic eddies), the Lagrangian mean circulation and
the TEM residual circulation are identical. The TEM equations also provide unique insight
into the forcing of the mean flow by eddies; when the quasigeostrophic approximation holds,
the only internal forcing of the mean state by the eddies is encompassed by the divergence
of the Eliassen-Palm flux (Edmon et al., 1980). Thus, because of the ready interpretation of
e
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the wave-mean flow interactions, the TEM residual mean circulation has been the primary
diagnostic for models and observations of the stratosphere. In the following section, we
try to understand differences in the common methods for calculating this diagnostic, and
the relationship of the TEM residual circulation vertical velocity with the global diabatic
circulation strength.

4.3.1 Comparison of TEM vertical velocity calculation methods

Abalos et al. (2015) performed an extensive reanalysis intercomparison of the trends in the
TEM vertical mass flux calculated in multiple ways from ERA-Interim, MERRA, and JRA-
55. The three different methods for calculating the mass flux are summarized as follows,
and for more details see their original paper. The first method is the residual circulation
(Andrews et al., 1987), w*, in which the residual vertical velocity is calculated based on the
Eulerian mean vertical velocity and the meridional eddy heat flux.

T’
cosd)———) , (4.3)
(==e%5),

where S is the static stability. This method, which we will refer to as the “direct” method
relies on the vertical velocity field from the reanalyses, which is often noisy. The second
calculation of the BDC, w},, is based on the “downward control” principle (Haynes et al.,
1991), and is calculated using momentum balance equation, integrating the difference of the
divergence of the Eliassen-Palm Flux and the zonal mean zonal wind tendencies on surfaces
of constant “angular” momentum (in this case, constant latitude) to derive a streamfunction
(Randel et al., 2002). The assumption of isolines of angular momentum being equivalent to
latitude lines could lead to errors in this estimate. Both of these methods fundamentally
assume quasigeostrophic motion. The final estimate, wg,, is calculated by iterating the
thermodynamic balance and the continuity equation with no net mass flux across a pressure
surface (Murgatroyd and Singleton, 1961; Rosenlof, 1995). Any errors in the heating rates
will be reflected in this calculation. Because this estimate is also derived from the heating
rates, this should be the most closely related to the diabatic overturning circulation.

The first two of these methods both require at least 4 times daily data, while the ther-
modynamic wg, requires monthly data (Lin et al., 2015). Both the direct method and the
downward control method require an assumption of quasigeostrophy, whereas the thermo-
dynamic method does not (although for the purposes of the u’)a in this study, the same
frequency of data was used for all three). Thus, we might expect that the two quasi-
geostrophic, high-frequency data derived estimates would be very similar. Butchart et al.
(2006) calculated the mean and the trend in the residual vertical velocity using both meth-
ods in a variety of models and found that they were generally similar in magnitude and
structure, though differences between the two calculations varied more than differences in
the interannual variability of each individual calculation. Rosenlof (1995) compared the
thermodynamically calculated streamfunction to the downward-control streamfunction and
found them to be similar, but with the strongest differences in the lower stratosphere. Aba-
los et al. (2015) also performed a qualitative comparison between the mean streamfunction
for these three estimates, noting that the thermodynamic calculation is larger in the lower
stratosphere and with more differences between the downward-control calculation and the
other two estimates higher up in the stratosphere at the poles.

For this paper, we use the deseasonalized timeseries of these nine estimates of the BDC
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Figure 4-1: correlation coefficients for the deseasonalized time series of the three different
TEM vertical velocities calculated from ERA-Interim (a) w* with w},, (b) wg with wy,
and (c) w* with @g,.

strength integrated over the tropics (Abalos et al. 2015, Figure 8) at levels throughout the
depth of the stratosphere. In Figure 4-1, we show the matrix of correlation coefficients (r)
for each estimate with each other estimate from just one of the reanalyses, ERA-Interim.
Behavior is similar for the other two, and so we do not include them here. Temporal cor-
relations were performed using reduced major axis regression, scaling each of the timeseries
by its variability. These coefficients therefore represent the correlation of the deseasonalized
variability of the different TEM calculations. The first panel shows the correlation between
the direct calculation on the y-axis with the downward-control calculation on the x-axis. As
expected, the correlation of these two calculations at the same level is very high between
these two estimates (r > 0.9 along the diagonal between 50 and 10 hPa). We see the ev-
idence of the impact of the downward-control calculation, as the correlations of the lower
level w* with the upper levels of w}, are much higher than the opposite. The downward-
control theory means that the lower levels are highly correlated with the upper levels, since
the upper levels control them, and so the spatial autocorrelation of wj, is very broad. The
spatial correlation is relatively broad between these two estimates. The second panel shows
the correlation of the thermodynamic TEM vertical velocity with the downward-control
calculation. Again, we see evidence of the downward control effect, with the correlations
spanning much deeper along one axis than the other. The correlation beneath 70 hPa is
not significant, consistent with the substantial differences at low levels seen in the mean by
both Rosenlof (1995) and Abalos et al. (2015). Rosenlof speculated that this was because
of the relatively simple way the radiative heating was calculated, but the true reasons are
not clear, since in the much more complicated reanalyses of Abalos et al., the same result is
seen. At upper levels, the correlation breaks down, consistent with the discontinuities in the
heating rates above 5 hPa noted by Abalos et al. (2015). Specifically, in all three reanalyses
there are jumps in the heating rates above 5 hPa that are associated with changes to the
data that is being assimilated rather than to true circulation changes, since the reanalyses
adjust in different directions. The third panel shows ©* on the y-axis and vira on the x-axis.
The correlation of these is a bit higher in the lower most stratosphere, and spans a narrower
range. The thermodynamic calculation thus has more vertical variation than either of the
other two calculations. These three calculations, often treated as the same, are actually
&
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somewhat different, especially with respect to the vertical structure of their interannual
variability.

4.3.2 TEM vertical velocity compared to the global diabatic circulation
strength

We calculate the correlation of the three different calculations of the TEM vertical velocities
with the deseasonalized diabatic circulation strength on each isentrope (as defined above)
for each of the three reanalysis data products. This results in a matrix of correlation coef-
ficients that reveals the relationship between these different metrics. These nine correlation
coefficient matrices are shown in Figure 4-2. The tightest and highest correlation (r > 0.8)
is found between the diabatic circulation on isentropes and the “_’22’ as expected, because
these are both calculated from the heating rates. The 70 hPa wy, variability is captured in
all three reanalyses by the 400-420 K diabatic overturning. The 10 hPa wg, variability is
captured in all three reanalyses by the diabatic overturning between 800-900 K. The rela-
tionship with the other TEM vertical velocities is less clear. w* at 70 hPa is not strongly
correlated with the diabatic circulation strength at any level, with the correlation coeffi-
cient only reaching up to 7 = 0.5 (at 550 K for both JRA55 and MERRA and between 550
and 650 K for ERA-Interim). The 10 hPa correlation is stronger and consistently located
amongst the reanalyses, although the vertical structure of the correlations between the two
levels varies. The momentum derived vertical velocity is the least well correlated, with the
lower level diabatic circulation strength having almost no covariability with @}, at any level.
We conclude from this comparison that the diabatic circulation through isentropes is very
closely related to the TEM vertical velocity calculated using heating rates with less covari-
ation with w* and even less with the momentum derived vertical velocity, @w},. Similar to
Abalos et al. (2015), we generally see as much difference amongst the different estimates of
the vertical velocity as between the three reanalyses.

We calculate the trends from the three different reanalyses and also from the WACCM
model run over the same time period, and the results of this are shown in Figure 4-3. These
results are similar to those found by Abalos et al. (2015) for ERA-I, but the trends for JRA
55 and MERRA are much less statistically significant. ERA-I shows an acceleration of the
lower branch of the circulation and a deceleration of the upper branch. MERRA shows
an acceleration around the midstratosphere, where the upper branch begins, and in the
uppermost stratosphere. JRA 55, meanwhile, only has a small region in the midstratosphere
where it shows a statistically significant trend. This is also an acceleration. WACCM
meanwhile, has no statistically significant trend at any level. Note that because of the
heating rates being somewhat questionable above 800 K, the trends there are to be treated
with caution.

4.3.3 The anticorrelation of the upper and lower branches of the circula-
tion

In Figure 4-2, all of the correlations shown in colors are significant at the 95% confidence
level, and so the consistent pattern of blue in the upper left corner of six out of the nine
panels is conspicuous. This implies that the upper level circulation is anticorrelated with
the lower level circulation. To explore this in more detail, we calculate the spatial autocor-
relation function at zero lag for the different estimates of the circulation strength. In the
three TEM metrics, there are at most weak anticorrelations between the lower level circu-
(43
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Figure 4-2: The correlation of the interannual variability of three different estimates of the
TEM vertical velocity with the interannual variability of the diabatic circulation M. The
first row is ERA-Interim, the second row is JRA55 and the third row is MERRA. The first
column is the correlation with @*, the second is the correlation with w},, and the third is
the correlation with wg,. Correlations are shown only where they are significant at the 95%
confidence level. Contours are spaced every 0.1.

lation and the upper level circulation. They appear most prominently in wg, (not shown).
However, calculating the autocorrelation function of the diabatic circulation strength on
isentropes, the anticorrelation of the lower and upper branches of the circulation becomes
evident, and this is shown in Figure 4-4. In all three reanalysis products as well as in a
&
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Figure 4-3: Trends in diabatic circulation strength at each level calculated from the three
reanalysis data products and from the WACCM model. Trends are only shown where they
are significant at the 95% confidence level, which means that there are no trends in the
WACCM model run.

free running model, the variations in the lower branch of the circulation and in the upper
branch are anticorrelated. Based on intuition about the residual circulation, it seemed that
this correlation could be associated with the quasibiennial oscillation (QBO). Figure 4-5
shows the deseasonalized time series of the overturning circulation strength at 500 K and
the negative of the deseasonalized time series of overturning circulation strength at 900 K,
where the anticorrelation is strongest. The visual correlation between the two is indeed
dominated by longer timescales, but the shorter term variability is correlated as well. When
we calculate a frequency dependent correlation, there is a statistically significant correlation
at all frequencies (not shown).

We have not yet fully explored the reasons for this anticorrelation. One explanation
would be the following: if the lower stratospheric circulation is stronger, that implies more
wave activity from below, and if the planetary scale waves are larger in amplitude they
will break lower down. Thus, when there is more total wave activity, less of it reaches the
altitudes at which it would drive the upper branch of the circulation. We will test this
mechanism by performing a wavenumber decomposition and determining whether higher
total wave activity especially in the higher wavenumbers is correlated with larger magnitudes
of the lowest wavenumbers and lower breaking levels for these.
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Figure 4-4: The spatial autocorrelation of the total diabatic overturning circulation strength
from (a) ERA-Interim, (b) JRA55, (¢) MERRA, and (d) WACCM. Correlations are only
plotted where they are significant at the 95% confidence level, and the contour intervals are
0.1.

70



total overturning (kg/month)

-1.56

1980 1985 1990 1995 2000 2005 2010
year

Figure 4-5: Time series of the deseasonalized overturning circulation strength from ERA-
Interim at 500 K in blue and the negative of the overturning circulation strength from
ERA-Interim at 900 K in orange.
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4.4 The diabatic circulation’s relationship with ozone

One of the primary motivations for studying the BDC and its variability is its influence
on stratospheric ozone. The circulation is known to transport ozone—this is why Dobson
proposed it in the first place (Dobson et al., 1929), even if he concluded that this circulation
was far-fetched. While the qualitative description of the influence of the circulation on
ozone is well established, with it transporting ozone from its primary production location
in the middle stratosphere in the tropics to the midlatitudes and poles at lower altitudes,
quantifying this effect is not simple. We know from observational studies that changes to
the dynamics impact polar ozone (Hassler et al., 2011), and that the ozone hole recovery
is currently being modulated by the dynamics (Solomon et al., 2016). In the Northern
hemisphere, the variability in hemispherically averaged upward Eliassen-Palm (EP) flux
at 100 hPa from a reanalysis data product has been shown to explain about 50% of the
interannual variability of total column ozone in wintertime (Fusco and Salby, 1999) with
the influence of the wave driving dependent on the latitude (Reinsel et al., 2005). These
strong relationships are a motivating factor in using the TEM residual mean vertical velocity,
which is directly related to the EP flux, as a metric for the BDC strength. The global
diabatic overturning circulation on isentropes has been demonstrated to be related to tracer
transport when considering the ideal tracer age of air. Now we want to assess the extent to
which the diabatic circulation strength is related to stratospheric ozone variability.

The ideal age tracer is much simpler than ozone because it is conserved within the strato-
sphere and has a uniform source at the tropopause. Ozone, in contrast, is both produced
and destroyed in the stratosphere in chemical processes that are photochemically and tem-
perature dependent. The ozone maximum is around 7 hPa or 800 K in the tropics (e.g.
Paul et al., 1998), where photolysis by wavelengths less than 240 nm dissociates molecular
oxygen (Chapman, 1930; Seinfeld and Pandis, 2006). Stratospheric ozone absorbs ultravio-
let radiation, creating heat, and thus it influences the thermal structure of the stratosphere
(e.g. Andrews et al., 1987). The chemistry is temperature dependent, and therefore ozone,
temperature and the circulation are closely connected.

With this interconnectivity in mind, we examine the total column ozone correlation at
every latitude with the the global overturning circulation strength at each level within the
stratosphere. The correlation of the deseasonalized timeseries of the monthly mean total
column ozone data from the Solar Backscater Ultraviolet Instrument (SBUV) from 1980-
2013 and the global diabatic circulation strength from the three different reanalyses is shown
in Figure 4-6. Also shown is the correlation of the total column ozone and global diabatic
circulation strength from the WACCM model. Generally, there is a consistent pattern across
all three reanalyses and the model. The ERA-Interim correlation with the SBUV data is
much stronger than the correlations of the other two reanalyses with the SBUV data. ERA-
Interim assimilates the SBUV data, where MERRA and JRA55 do not, and this is a likely
explanation for the increased correlation. Nevertheless, as the same spatial patterns are
visible in the correlations with all three reanalyses, we consider the pattern to be robust.
We will focus on the ERA-Interim and WACCM plots, as these two should have dynamics
that are more consistent with the ozone.

We see that the high latitude total column ozone is correlated with the circulation in
the lowermost stratosphere, with the correlation explaining up to 25% of the deseasonalized
total column ozone variability in the Northern hemisphere polar region. The total column
ozone in the tropics is strongly anticorrelated with the diabatic circulation at the level of
the relative minimum in the circulation strength, 500 K. Both of these are qualitatively
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Figure 4-6: Correlation coefficient (r) of the interannual variability of total column ozone
at every latitude to the total diabatic overturning circulation strength at every level for (a)
ERA-Interim M and SBUYV total column ozone, (b) JRA 55 M and SBUV total column
ozone, (C) MERRA M and SBUYV total column ozone and (d) ozone and M from WACCM.

consistent with transport being the dominant factor driving the relationship between the
ozone and the circulation at these levels. The strong upwelling in the tropics brings up low
ozone tropospheric air and is associated with strong downwelling in the extratropics, where
the ozone is being transported from the tropics. The SBUV data do not exist at the poles,
and so in order to understand the relationship between ozone and the diabatic circulation
at the highest latitudes we look at WACCM. The correlation is strongest in the Southern
hemisphere in the collar region of the polar vortex, around 55°S, and is weaker at the
pole, while in the Northern hemisphere, the correlation is stronger poleward of that, around
70°N. This behavior is consistent with the diabatic circulation driving the correlation, as
the polar vortex in the Southern hemisphere is stronger and creates stronger mixing barriers
than the more disturbed Northern hemisphere vortex. The tropical total column ozone
is also correlated with the circulation at upper levels, above the ozone maximum. Some
of this correlation can be explained through the anticorrelation of the upper and lower
branches of the circulation that we already identified. This is not enough to entirely explain
the correlation, however. The subtropical total column ozone is anticorrelated with the
upper level circulation strength, with hemispheric asymmetry in which levels relate to the
&
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subtropical ozone in the different hemispheres. This pattern of the total column ozone
correlation with the upper level circulation is not obviously transport related. Although
upwelling through the ozone maximum is no longer drawing up low ozone air, stronger
circulation still exports ozone to the poles.

_S00K I 1200
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Figure 4-7: Correlation coefficient (r) of the interannual variability of local ozone concen-
tration at every latitude and pressure to the total diabatic overturning circulation strength
at (a) 500 K and (b) 1200 K from WACCM. Correlation coefficient (r) of the interannual
variability of local temperatures at every latitude and pressure to the total diabatic over-
turning circulation strength at (a) 500 K and (b) 1200 K from WACCM. Contours are every
0.1, and correlations are only plotted where they are significant at the 95% confidence level.

To examine these correlations further, we plot the correlations of the deseasonalized
ozone concentrations from WACCM and the deseasonalized total overturning circulation
strength at a couple levels in Figure 4-7. In this way, we try to understand where in the
stratosphere the total column ozone correlation patterns are determined. The top left panel
shows the correlation of the deseasonalized local ozone concentration with the deseasonalized
global overturning circulation strength at 500 K. The strong signal below the ozone maxi-
mum is consistent with the transport driving the ozone—upwelling ozone poor air from the
troposphere and exporting the high ozone tropical air to the midlatitudes and poles in both
hemispheres. The top right panel shows the correlation of the deseasonalized local ozone
concentration with the global overturning circulation strength at 1200 K. At the equator at
upper levels, the correlation is high, and the strong subtropical signal we see in Figure 4-6 is
related to the variability of ozone at the uppermost levels and the local ozone concentration
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Figure 4-8: Timeseries of monthly mean local ozone concentration and the total overturning
circulation strength from WACCM for (a) 62 hPa, 50° O3 in blue and M at 500 K in black
and (b) 2 hPa equatorial O3 in blue, 2 hPa, 50° O3 in red (multiplied by -1), and M in
black.

on the edge of the tropics in the lower branch. We suggest that two different processes
are responsible for these differing behaviors: The upper level local correlations are related
to the temperature dependence of the ozone chemistry, and the middle stratosphere local
correlations are related to the partitioning of the flow between the upper and lower branches
of the circulation. At and above the ozone maximum, the ozone distribution is determined
by chemistry, while at the lower levels the ozone distribution is determined by transport.

The correlation of the upper level circulation with the lower level ozone concentrations on
the edges of the tropics is consistent with the anticorrelation of the upper and lower branches
of the circulation and different characteristics of the transport. In the lower branch, the
stratospheric entry levels are close to the poleward flanks of the tropics (Birner and Bénisch,
2011), and so if the anticorrelation of the upper and lower branches of the circulation is
indeed a partitioning between the deep tropical entry latitudes and the more subtropical
entry latitudes, the strong upper branch is associated with less upwelling in these flanks and
thus less ozone around these turnaround latitudes.

Figure 4-8 shows time series of the local ozone concentrations and total overturning
strength based on the maximum correlations shown in Figure 4-7. (a) shows the tight cou-
pling between the ozone in the Southern hemisphere midlatitudes with the global overturning
strength at 500 K. (b) shows the very close correlation of the upper level circulation and the
upper level equatorial ozone and the weaker relationship with the upper level midlatitude
ozone. The two timeseries in (a) and the equatorial ozone and global overturning in (b) are
correlated at all timescales, while the anticorrelation is stronger at short timescales. Ozone
variability at this level is dominated by photochemical processes (Perliski et al., 1989), and
so we hypothesize that this close correlation is due to the relationship of temperature with
&
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Figure 4-9: The natural log of the ozone concentrations (in ppm) and the colocated values
of 1000/ T for two different levels in the WACCM model including all of the years. a) is at
53 hPa and b) is at 2 hPa. Different colored circles are different latitudes, with the Northern
Hemisphere being yellow and the Southern Hemisphere blue. In b), the best fit line is also
plotted in black. The correlation coefficient for this fit was r = 0.87.

both ozone and the circulation strength. When the circulation is stronger in the tropics at
these levels, that is associated with cooling and consequently more ozone production. We
have therefore plotted the correlation of the temperature with the diabatic circulation at
500 K and 1200 K in Figure 4-7 (c) and (d). In both (c) and (d), it is evident that at low
levels the temperature and ozone respond to the circulation similarly. In (d) in particular,
the opposite relationship between the circulation and the temperature is observed to the
circulation and the ozone, which indicates that the temperature is driving the chemistry.
To test this mechanism, we have plotted the natural log of the ozone concentrations against
the inverse of temperature at these upper levels and at lower levels. These results are shown
in Figure 4-9. Clearly, the upper level and lower level are behaving differently: The lower
level depends as much on latitude as on the inverse of temperature, with a negative slope,
while the upper level has little latitudinal dependence and a positive slope that is therefore
consistent with the form for many of the reaction rate coefficients for ozone loss processes
(Stolarski et al., 2012). When the fit is calculated for the tropics separately, the slope is
steeper and comparable to the Aura MLS data from Stolarski et al. (2012).

Stratospheric transport timescales for even the lower branch are around half a year to
a year (Orbe et al., 2014), and so these instantaneous correlation plots might seem to be
potentially less relevant. The integrated global overturning mass flux necessarily integrates
over that transit time, however, as it accounts both for variability in the upwelling region and
&
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in the downwelling region simultaneously. Therefore we do not perform lagged regressions
to attempt to understand causality. Rather we suggest that the use of frequency dependent
correlations, which will have a corresponding phase lag, will be necessary to look at the causal
relationships (e.g. Swanson, 2000). However, as we can see from Figure 4-8, the correlations
are in phase at monthly timescales, and so higher frequency records (minimum daily) will
be necessary to diagnose the phase and the implied causality in these relationships.

Although the mechanistic relationship between ozone and the diabatic circulation re-
quires more exploration, especially in the middle stratosphere, we have demonstrated the
close dependence of ozone variability on the global diabatic circulation variability with data
and with a model. The total column ozone at the poles and in the tropics is correlated with
transport by the diabatic circulation in the lower stratosphere. The total column ozone in
the subtropics is more tightly linked to the upper level circulation because of the temper-
ature dependence of local photochemistry at upper levels and the partitioning of upwelling
between the upper and lower branches.

4.5 Discussion and Conclusions

In this chapter, we have compared the diabatic overturning circulation strength through
isentropic levels to the more traditionally used metrics for the strength of the BDC. We
find that the three common methods for quantifying the BDC strength from models and
reanalysis data products behave quite differently from each other for their deseasonalized
variability, more differently than amongst the reanalyses. These three methods for calculat-
ing the TEM @w* are quite distinct, especially at lower levels where they are often analyzed.
We suggest that using the diabatic overturning circulation strength through isentropic levels
is an improvement over these, because it can be and has been constrained using tracer data.
We find a very tight relationship between the tropical average TEM wz) that is calculated
using the total diabatic heating rates and the global overturning circulation strength on
isentropes.

Like the thermodynamically constrained w*, which the global diabatic circulation so
closely resembles, the global diabatic circulation strength is straightforward to calculate,
requiring monthly mean heating rates, temperatures, and pressures. It also has an interesting
property that the lower and upper branches of the circulation are anticorrelated, so that when
the lower branch is stronger, less air is flowing through the upper branch. This is even more
curious when one takes into account that the vertical velocity in the lower stratosphere is
the sum of both branches. One explanation is that this could be due to higher amplitude
planetary scale waves breaking lower in the stratosphere when there is more wave activity
propagating upwards, but have yet to test this mechanism. Another possibility is that the
meridional location of the wave breaking changes such that when the lower branch is stronger,
less wave activity can propagate up into the upper stratosphere. Alternatively, there may
be an interaction bewteen planetary and gravity waves. The anticorrelation is consistent
with the conclusions of both Ray et al. (2010) and Stiller et al. (2012), who concluded based
on observations that the trends in data were best explained by a strengthening in the lower
branch of the circulation and a weakening in the middle and upper stratosphere.

We analyze the impact of the global diabatic circulation strength on total column ozone
using satellite data and the three reanalyses, including examining the dependence of the
total column ozone on different vertical levels of the circulation. When we find consistent
behavior amongst the three reanalyses, we explore the mechanism using a model which
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shows the same behavior. We examine the model in more detail, finding that the tropical
ozone is most correlated with the overturning at 500-550 K, the Southern hemisphere ozone
is sensitive to the overturning at around 480 K, and the Northern hemisphere ozone is most
sensitive to the overturning at 400-450 K. The subtropics are most sensitive to the midlevel
circulation at 800-1000 K, related to dominant role of chemistry at upper levels.

Based on its close relationship with one of the common metrics for the BDC, the ease of
calculation, the demonstrated impact on ozone, and most importantly, the constraints pro-
vided by tracer observations, we present the global diabatic overturning circulation strength
as a metric for the BDC that should be newly considered. Before the community settled on
@*, the diabatic circulation was considered (Pyle and Rogers, 1980; Rosenfield et al., 1987).
Although the community has developed some intuition for the behavior of w*, both Abalos
et al. (2015) and this work have demonstrated that the variety of ways in which that is
calculated are not equivalent. Thus, although some variety of TEM w* is the most common
metric at present, its calculation is not held in common amongst different studies. In order
to understand models and reanalyses, consistency is critical. For the purposes of reanalysis
evaluation, therefore, we advocate using the diabatic circulation along with a version of the
quasigeostrophic TEM @*, since these rely on different assumptions, and the heating rates
from reanalysis might be suspect. For the purposes of model evaluation, the global diabatic
circulation should be sufficient.

Work is currently being done to understand the relationship of the global diabatic over-
turning strength on isentropes with the water vapor tape recorder, which will also then
reveal how well this metric coincides with stratospheric water vapor.
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Chapter 5

Stratospheric adiabatic mixing rates
derived from the vertical age gradient

This chapter is a paper in preparation for Journal of Atmospheric Sciences: Marianna Linz,
R. Alan Plumb, Edwin P. Gerber, and Douglas E. Kinnison: Stratospheric adiabatic mixing
rates derived from the vertical age gradient. ML performed the research and wrote the
manuscript, under the supervision of AP. EG provided the perpetual solstice model output.
DK provided the WACCM output.
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5.1 Introduction

The global stratospheric circulation is driven by breaking waves, which deposit momentum
and drive circulation across surfaces of constant entropy and angular momentum. This
circulation consists of two “branches”, a deep branch associated with breaking of planetary
scale waves in the middle and upper stratosphere, and a shallow branch associated with
breaking waves just above the subtropical jet (Birner and Bénisch, 2011; McLandress and
Shepherd, 2009). This wave breaking creates a net transport of air from the equator to
the pole in the winter hemisphere, and from the equator to the midlatitudes in the summer
hemisphere. It also causes turbulent, irreversible mixing (McIntyre and Palmer, 1984),
sometimes referred to as “two-way mixing” because of the two-way mass exchange (Garny
et al., 2014). In this study, we will work in isentropic coordinates, so the diabatic circulation
will comprise our net meridional overturning circulation, and the “two-way mixing” will
be the along-isentropic, quasi-horizontal mixing. The Brewer—Dobson circulation (BDC) is
commonly used to refer to all of the above, that is, the mean mass transport within the
stratosphere (Butchart, 2014). However, of late, generally focus has been on the zonal mean
mass transport (e.g., Butchart et al., 2006; Garcia and Randel, 2008, and notably, Chapter
2). Mixing has been studied previously, primarily as a diffusivity: in a two-dimensional
model by Newman et al. (1986), using effective diffusivity of Nakamura (1996) with observed
winds by Haynes and Shuckburgh (2000) and by Allen and Nakamura (2001), and more
recently in baroclinic flows by Leibensperger and Plumb (2014).

A number of recent studies have addressed the mixing from the perspective of tracer
transport, almost all employing the ideal tracer age of air. Age of air is a measure of how
long a parcel of air has been in the stratosphere (Hall and Plumb, 1994) and contains the
average history of the trajectories of the bits of air that make up the parcel. Thus, it is
extremely useful for quantifying transport and particularly mixing.

One method for understanding mixing that was developed recently is the calculation of
“Aging by Mixing” (Garny et al., 2014; Ploeger et al., 2015a,b). This method is applicable to
model studies in which the full residual circulation can be calculated and age of air has been
modeled. The age of air output by the model is compared to the age that air would be if
it were to simply follow the Tranformed Eulerian Mean residual circulation streamfunction,
and the difference is surmised to be due to mixing. This approach yields a zonal mean struc-
ture of the “Aging by Mixing” as a function of latitude and vertical coordinate (pressure and
potential temperature have both been used), which can be difficult to interpret, but clearly
demonstrates that age of air is not a straightforward measure of the residual circulation
(Garny et al., 2014). This method provides useful characterizations of model mixing. How-
ever, it relies on model calculations both for the age of air and for the trajectory analysis,
and so it has little applicability to observations of trace gases. It also calculates the time-
dependent residual circulation trajectories, which, while effectively eliminating the effects of
zonal mixing, nevertheless will not necessarily remove effects of meridional mixing, and so
the separation of the two components of the circulation is imperfect.

The other technique recently used to examine mixing adapts the Tropical Leaky Pipe
(TLP) of Neu and Plumb (1999) (which served as the conceptual inspiration for Chapter 2)
to look at mixing efficiency and recently to understand the impact of mixing on age (Ray
et al., 2010, 2014, 2016; Moore et al., 2014). That mode! envisions a well-mixed tropical pipe
and well-mixed extratropics with a constant vertical velocity in the tropics and a constant
mixing efficiency between the two regions. It is formulated in height coordinates, which have
the advantage of being physically intuitive. The adaptations of it have relaxed some of the
t'? Gﬁ"
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assumptions, allowing for vertical variations in the vertical velocity, and have incorporated
multiple trace gases. The recent papers by Ray et al. (2014) and Ray et al. (2016) include
running the TLP with Lagrangian forward particle trajectories to be able to examine the
full age spectra and mixing. By using the TLP model to interpret both observational data
and model results, these studies have made progress in understanding the mean mixing in
the stratosphere.

This chapter serves to complete the reworking of the TLP model for age in isentropic
coordinates in order to explicitly derive the relationship between age and adiabatic mixing.
We develop a theory to calculate the mean adiabatic mixing at every level using the vertical
gradient of age, thus improving upon the TLP model by considering vertical variations in
mixing and in vertical velocity. We also look at differences between hemispheres, examining
the assumptions necessary for the theory to apply. In Section 5.2, we develop the theoretical
relationship between this vertical gradient of age and the mixing between the tropics and
extratropics. We look at both symmetric and hemispherically asymmetric formulations and
isolate the mean adiabatic age transport from the eddy adiabatic mixing. In Section 5.3 we
apply the theory to a range of simulations with an idealized atmospheric model, demonstrat-
ing how the vertical age gradient relates to the the differing transport behaviors of these
simulations. Section 5.3 also includes the exploration of changing amounts of hemispheric
asymmetry and when the steady state theory for the vertical age gradient can be applied.
Applications and limitations of the theory are discussed in Section 5.5.

5.2 Theory

In Chapter 2 Section 2.2.1, we demonstrated that the horizontal gradient of age on an isen-
trope is related to the diabatic circulation in steady state and neglecting diabatic diffusion.
We refer the reader to 2.2.1 to review this derivation, which will not be repeated here.
In what follows, we demonstrate that that the vertical (cross-isentropic) gradient of age is
related to the adiabatic circulation under the same conditions.

5.2.1 Vertical tropical age gradient

The derivation for the relationship between the diabatic circulation and the age of air was
performed by considering the global integration of the ideal age equation above an isentrope.
Now we consider the tropical region only in order to gain insight into the mixing between
the tropics and extratropics. Age is considered to be well-mixed in tropics and in the
extratropics, and diabatic diffusion is neglected. The “tropics” will be used to refer to
the region where air is upwelling through an isentrope, and the “extratropics” where air is
downwelling.

Start once more, as in Chapter 2, with the ideal age equation (Waugh and Hall, 2002),
which states that the total derivative of age is equal to a source of 1 (year/year):

ar
S LD =1, (5.1)

where I' is the age and .Z is the advection—diffusion operator, with a boundary condition of
zero at the tropopause.
We neglect diabatic diffusion and assume steady state. Then we integrate this equation
over the volume above only the upwelling region on an isentrope, as opposed to the whole
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surface, using the divergence theorem to take into account not only the bottom boundary,
but also the boundaries with the extratropics:

/ n-Flda - /?{anFdldO + /}{a\/}mtl‘dlde = odAdf = pdV. (5.2)
up Vup Vup

Then take the vertical derivative in entropy to obtain

7]

— [ ofTdA - 7{ oVipTdl + f oVoueDdl = / odA. (5.3)
30 Jup

up

Like Neu and Plumb (1999), we make the simplifying assumption that the air coming into
the tropics has the average age of the extratropical region (I'g), and likewise the air leaving
the tropics has the average age of the tropical region ('), although the definitions here
are mass-flux-weighted. Hemispheric symmetry is implied because both tropical boundaries
are treated together, although we will relax that assumption. Define the entrainment and
detrainment mass fluxes p;, and poys (units of mass per unit theta per unit time) as follows:

Win = fchmdl, (5.4)

and
Hout = fo'vautdl- (5.5)

Then rewrite the integral of the density as £, = [ up odA. With these notation changes and
simplifications, we can rewrite (5.3) as:

9 [ sirda+ poutTw — pinla = Su. (5.6)
90 Jup

Then, the change in the diabatic circulation with entropy is due to the difference between
the entrainment and detrainment mass fluxes:

oM 0 .
—_— = " — = — . 5'
90 Hin — Hout o0 w ofdA (5.7)

We rewrite (5.6) in terms of M and [y:

0
%MFu + proutl'u — pinl'a = Lo, (5'8)

and with (5.7), this becomes
or,
Ma—a =Yy + pin Al (5.9)

The right hand side of this equation includes the two different terms that cause an increase
in age in the vertical: ¥, which is the mass-weighted rate at which the air ages along the
diabatic circulation, and p;, AT, which is the rate at which adiabatic mixing between the
tropics and extratropics increases the age of air. The mixing rate thus defined is pn/Xy.
Apart from py, all of the terms in (5.9) can be easily diagnosed.

The mixing timescale derived in this way is closely related to previous work, such as
that by Garny et al. (2014) or Neu and Plumb (1999). With the formulation of this theory
S
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in isentropic coordinates, the mean entrainment mass flux, p;, is necessarily the adiabatic
contribution, and our treatment has avoided the assumptions of constant mixing efficiency
and vertical velocity with height. Furthermore, subject to caveats about mass-flux-weighting
as opposed to area-weighting, this enables a direct estimation of the adiabatic mixing from
age of air data. The steady-state assumption is necessary for this result to apply, however,
and so long data records will be required to perform this calculation.

5.2.2 Separation of mean advective and eddy components

The mean detrainment mass flux out of the tropics is proportional the eddy component of
the mixing as we will now demonstrate.

Start with the zonal mean, steady-state, isentropic flux form of the tracer continuity
equation, with age as the tracer:

(ovD), + (06T)g =7, (5.10)

where v is the meridional velocity, and the bar indicates a zonal mean. Integrate this over
the extratropics from each pole to the latitudes where @ = 0, which will be called T'L. Then
the first term is the amount of age leaving/entering through the meridional boundary, and
can be written as:

ovl | = toutl'u — pinla- (5.11)

There is some subtlety in this equation, as the boundary T'L is approached from opposite
sides when performing the integral in the different hemispheres. v, is therefore defined to
be positive if if is going away from the equator, rather than the typical positive north-
wards treatment. This will be true throughout this section. Additionally, because of the
zonal mean, p;n and poye are slightly different from those in (5.4) and (5.5) since in that
derivation they are defined with a meridionally-varying turnaround latitude. However, since
the meridional variations in turnaround latitude are small (primarily associated with the
location of the asian monsoon), this should be largely equivalent.

We can divide this advection into the mean and the eddy component:

ool gy, = [60T] = (00T + [00F | (5.12)

where the mass-weighted zonal mean of a field A is defined

A* (?), (5.13)

and the deviation from that mass-weighted zonal mean is designated by the hat: v = 7* + 9.
Using the zonal mean steady-state conservation of mass, we have:

d(ah) | d(ov)
50 oy

0, (5.14)

which we can integrate over the global downwelling region to get

oM
—W + WITL = 0. (5.15)
%
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We use (5.7) to relate this to the entrainment and detrainment mass fluxes:
TU|TL = pin — Hout- (516)

Then we can rewrite the terms in (5.12) and (5.11), assuming the age is uniform over the
extratropics:

T4 (I»‘out - #in) + [56f ]TL = Houtru — pinl'q (5-17)
Define the “eddy” contribution o
£y = [aof‘ ]TL. (5.18)
Then we have
Eq = —pouwt AT (5.19)

Thus the eddy flux of age into the global extratropics is equal to the product of the
mean detrainment mass flux and the age difference. The result from (5.9) can be used to
calculate the global eddy contribution of the age flux. If other tracers can be assumed to
mix proportionally to their gradients, this could be used to calculate the eddy flux of any
sufficiently long-lived stratospheric tracer.

This separation between the eddy and the advective flux, while treating the problem
globally, does not make the same assumption about hemispheric symmetry, as the meridional
velocities are evaluated separately on each edge of the tropics. The resulting eddy mixing is
an average over the entire tropical edge, both the north and south, and how this is different
between the two hemispheres is of interest. The derivation in the previous section makes the
assumption that the mixing is symmetric and that the extratropical age is also symmetric.
We will now relax those assumptions and treat the two hemispheres separately.

5.2.3 Diabatic circulation in each hemisphere

Figure 5-1 shows schematically the separation of the two hemispheres with the adiabatic
mixing in orange and the diabatic circulation shown in the purple and green arrows. The
hemispheres are separated by a dynamical equator, which is the zero streamline of the steady
state flow and does not need to be constant in the vertical. Using this zero streamline
will ensure that the two hemispheres are closed systems. Two levels are shown, with the
upwelling regions in purple and the downwelling regions in green. The dash-dot lines show
the separation between the upwelling and downwelling regions, corresponding to the zero of
the diabatic velocity. These also can vary in the vertical. The assumption about hemispheric
symmetry that is necessary is that the mass-flux-weighted age of upwelling air in the two
different hemispheres is equal, or close enough so that mixing across the zero streamline is
negligible for the total age budget. This assumption is naturally met by the prior assumption
of well-mixed tropics and means that any adiabatic mixing within the tropics has no impact
on the assumption of two separate closed hemispheres.

If the hemispheres are closed systems, the theory described in Chapter 2 can be applied
to each hemisphere. We briefly go through some consequences of this application. The total
diabatic mass flux through an isentrope is now separated into Northern Hemisphere mass
flux, M, and Southern Hemisphere mass flux, Mg:

M = My + Ms. (5.20)
|
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Figure 5-1: Schematic of the stratospheric circulation split into two “hemispheres” by a dy-
namical equator (dark gray solid line) corresponding to the zero streamline in the time mean
of the circulation. Here the Northern Hemisphere is shown as having a greater meridional
extent, consistent with reanalyses. Although this diagram shows the dynamical equator as
vertical, in reality, it is tilted. Two separate isentropic levels are shown, with upwelling
fluxes in purple and downwelling fluxes in green. The orange arrows are the mean entrain-
ment and detrainment adiabatic mass fluxes between the extratropics and the tropics in
each hemisphere. The black dotted and solid lines show the residual circulation streamlines.
The dark gray dash-dot lines are the zero lines in the diabatic vertical velocity, 6, and like

the dynamical equator, can have a varying latitude with height.

Similarly, the total mass above the isentropic surface in each hemisphere (M and Mg) will

be the total mass above the surface within the hemisphere, such that
M = My + Ms. (5.21)

The age difference in each hemisphere is the difference between the mass-flux-weighted age
of air downwelling through the isentrope in that hemisphere and the mass-flux-weighted age
of upwelling air averaged between the 6 = 0 line and the dynamic equator. Assuming no
exchange between the two hemispheres or that the air exchanged in the tropics is of the

same age, we have
ATsMs = Mg (5.22)
and
AT Mpr = My, (5.23)
s
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5.2.4 Southern Hemisphere extratropical age budget

This derivation is nearly identical to the global tropical case, but derived for the Southern
Hemisphere extratropics. Qualitatively, consider that the downwelling and upwelling age
of air in the Southern Hemisphere on the surface 65 are known, along with the total mass
above that surface. Then, using (5.22) we know the mass flux through the surface. In the
absence of any advection into or out of the region, we can predict how old the air would
be when it would arrive at the surface 6;, since we know the vertical velocity. This would
imply a strictly decreasing vertical gradient of age with increasing 6 in the extratropics. The
difference between the age we predict and the true age will be due to the mean advection,
which causes the mass flux through #; to be greater than that through 6, and due to the
mixing of young tropical air into the extratropics. Both of these processes contribute to pin
and Loyt g
For the derivation, start again with the ideal age equation (Waugh and Hall, 2002):
ar

o tZO =1 (5.24)

As before, we assume that diabatic diffusion is negligible and make the assumption of
steady-state flow. Then we integrate this equation over the volume above the Southern
Hemisphere downwelling region on an isentrope:

/ n-Fl'dA - /%anI‘dld9 + /fo’VouthldO = / odAdob. (5.25)
Sdown SV

down

dl is now only over the one surface that divides the Southern extratropics from the tropics,
the Southern 8 = 0 line. Then take the vertical derivative in entropy to obtain

9 ofTdA — f oVindl + f{ oV Ddl = / odA. (5.26)
80 Sdo'wn SV

down

c.f. (5.3). The air coming into the extratropics is assumed to have the mass-flux-weighted
average age of the tropical region (I'yg), and likewise the air leaving the extratropics has
the mass-flux-weighted average age of the Southern extratropical region (I'q). Define the
entrainment and detrainment mass fluxes ping and floyts:

ting = fa%ndl, (5.27)

and
pints = § Vot (5.28)

recalling that the line integral is now only across the Southern Hemisphere surface between
the tropics and extratropics. Then rewrite the integral of the density as L4 = [, s, odA.
With these notation changes and simplifications, we can rewrite (5.26) as:

0

— | 00TdA — poutsTug + pingTds = Zds- (5.29)
80 Js.,

As globally, the change in the Southern Hemisphere diabatic circulation with entropy is due
(l;
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to the difference between the entrainment and detrainment mass fluxes:

%\4—95 = ins — Mouts = % /S ’ o0dA = ~% - of. (5.30)
We rewrite (5.29) in terms of Mg and Tyy:
0 .
—5gMsTlas = HoutsTus + HinsTas = Lds, (5.31)
and expanding the integral, this becomes
Mo 88 = 5, touss AT (5.32)

This states that as the air travels along the diabatic circulation downwelling in the extrat-
ropics, it is aging according to the mass-flux-weighted source, ¥4,, and getting younger by
the advection of young air from the tropics, pouts Al's. This result is equivalent to (5.9),
except that it only considers the Southern Hemisphere.

The result for the Southern Hemisphere tropics is

Ol g
5790
and both of these hold for the Northern Hemisphere as well. Thus, using only the age

distribution, the mean entrainment and detrainment mass fluxes can be determined for
both hemispheres.

M

= Zus + /JinsAFSa (533)

5.3 Application in an idealized model

5.3.1 Model setup

To examine the utility of the theory, we calculate the mixing rates and diabatic circulation
for the global mean and both hemispheres in a simple atmospheric GCM with a seasonal
cycle and in perpetual Northern Hemisphere winter scenarios. We refer the reader to Section
2.3.1 for a description of the model set up.

We use wave-2 gaussian topography in the Northern Hemisphere as a wave—driver to
mimic the planetary scale waves that are generated by flow over topography, land-sea con-
trast, and nonlinear interactions of synopic eddies. This topography is varied as specified
in Table 5-1. The adiabatic lapse rate that sets the vortex strength, ~y, also varies amongst
the runs. The age tracer is specified as in Gerber (2012) and Chapter 2. The mean age and
streamfunction for the idealized model runs are shown in Figure 5-2. The perpetually forced
runs are an average over 1400 days after 10000 days of spin up. The seasonally-varying run
is an average over 45 years after 20 years of spin up. The streamfunction is calculated by
integrating the density weighted, area-weighted, diabatic vertical velocity from the south
pole to the north pole and vice versa. Because the streamfunction is not exactly zero at the
upper limit of integration for either integration (although close), a linear weighting is used
to combine the two streamfunction integrations, such that at the poles, the streamfunction
is forced to be zero. As age is zero at 700 hPa rather than at the tropopause and the
tropospheric circulation is weak, the ages are about a year old at 400 K in the tropics.

The age is youngest in the two runs with strong forcing and strong vortices, (1 and 2),

e
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time variation | vy (K/km) | h (km)
1 || perpetual solstice 4 4
2 || perpetual solstice 5 3
3 || perpetual solstice 4 0
4 || perpetual solstice 1.5 3
5 seasonal 4 4

Table 5-1: Summary of setup for the five idealized model runs. One run has a seasonal
cycle as described in the text and the others have equilibrium temperature profiles that are
constant in time. Four runs are perpetual-solstice with varying stratospheric lapse rates (~,
in K/km) and wavenumber—2 topographic forcing (h in km) in the Northern Hemisphere
only. The winter hemisphere in these perpetual-solstice runs is the same as the hemisphere
with topography.

and the Northern Hemisphere circulation is strongest in Run 2. The Southern Hemisphere
circulation is strongest in the seasonally-varying run, consistent with the fact that there is
a Southern Hemisphere winter circulation in that model. Of the perpetual solstice runs, the
one with the weakest vortex has the strongest Southern Hemisphere circulation, representing
an approach towards the equinox compared with Run 2 (which has the same topographical
forcing). In runs with any topographical forcing, the air is oldest in the Southern Hemisphere.
Where there is no topographic forcing (Run 3), however, the polar vortex in the Northern
Hemisphere is isolated, as indicated by the extraordinarily large ages (up to 14 years) there.

Figure 5-3 shows the difference of each different run from Run 1, the climatology of which
is shown in the upper left panel. In order to demonstrate the utility of our theory, we want to
be able to explain the differences between the runs in terms of their overturning circulation
strengths and mixing strengths. The difference between Run 1 and Run 2 is small, but
changes character around 500 K. The lower stratosphere has a weaker Northern Hemispheric
circulation and a stronger Southern Hemisphere circulation. The opposite is true higher up.
The increased lapse rate means that it gets colder faster, driving stronger westerlies higher
up. The decreased amount of wave driving means that this is not the only difference.
The differences in age are small, with the upper branch showing a correspondingly younger
extratropical air in the Northern Hemisphere and older air in the lower branch. These
differences can be understood primarily in terms of changes to the diabatic circulation and
the extratropical mixing to a lesser extent.

The difference between Run 3 and Run 1 is striking. The age in the polar vortex is much
older in the run with no wave driving (Run 3), while there is also a much weaker circulation
over all, except in the lower Southern Hemisphere. We will examine these differences in
detail. The differences between Run 4 and Run 1 in the Northern Hemisphere and Run
5 and Run 1 are quite similar, as the weaker Northern Hemisphere vortex is closer to the
seasonally averaged vortex strength.

5.3.2 Global mean diabatic circulation and adiabatic mixing

Having established the two dimensional picture of the climatology of these runs, we now
try to understand their differences in diabatic circulation and adiabatic mixing and the
corresponding age distributions. We use the global mean theory from Section 5.2.1, with

A
aow

88



-50 0 50 -50 0 50
latitude (°N) latitude ('N)

0 50
latitude ('N)

Figure 5-2: The mean age and mean streamfunctions in the idealized model used in this
study. Contours are spaced logarithmically and have units of kg m™ s™!. Age contours are
spaced every year.
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Figure 5-3: a) The mean age and mean streamfunction from Run 1 (identical to Figure 5-2
a, and with the same contours and age color bar). b)—e) The difference of the mean age and
mean streamfunctions from Run 1 and the other four runs of the idealized model used in
this study. Contours are spaced logarithmically and have units of kg m~ 1 s~ Age contours
are spaced every 0.25 years. The dark gray line is the mean dividing streamline in Run 1
for reference.
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(5.9) and the equivalent extratropical expression:

~M%E = 54— pousdT, (5.34)
al
which can be derived in the same way as (5.32) except using global integrals.

Figure 5-4 shows the global mean AI' and the gradients of age in the upwelling and
downwelling regions, thus reflecting a large scale average description of the age field and, as
we will show, the circulation. AT is overall lower for Runs 1 and 2, although all but Run 3
have similar age gradients at the lowermost levels. Generally, one can compare Figure 5-3
with Figure 5-4 a) to see that most variations in age gradients between the runs are reflected
in the global mean metric, AI'. The exception is the behavior in the Northern Hemisphere
midlatitudes, where visually the largest difference between Runs 1 and 2 exists at upper
levels. Because of the mass-flux-weighting and the proximity of this to the turnaround
latitudes, this difference appears dramatic in the 2-D picture but is small for the global
mean age difference.

The vertical gradients of the mass-flux-weighted age in the upwelling and in the down-
welling region are shown in Figure 5-4 b) and ¢). The tropical gradients are quite similar
overall amongst the models, with the two “younger” runs (1 and 2) appearing nearly identi-
cal, and the two “older” runs and the seasonally-varying also agreeing rather closely. We will
see that apart from the lowermost stratosphere, where there is more variation amongst the
tropical age gradients for these runs, the tropical age gradient is driven by the diabatic com-
ponent of the circulation. The extratropical age gradients vary more substantially between
the model runs. The integrated extratropical age gradient is influenced almost entirely by
the Northern Hemisphere, again because of the mass-flux-weighting. This can be seen in the
close agreement of Runs 4 and 5 at the upper levels, even though Run 5 has considerably
older air in the Southern Hemisphere polar region and therefore also a steeper gradient that
is not reflected in this extratropical mean.
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Figure 5-4: (a) The difference between the mass-flux-weighted age of downwelling air and
upwelling air through each isentrope and (b) the vertical gradient in the mass-flux-weighted
age of upwelling air and (c¢) downwelling air for the five model runs.

This qualitative comparison provides confidence that these large-scale averages of the
&
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Figure 5-5: (a) Global average mixing rate into the tropics and (b) into the extratropics and
(¢) mixing efficiency from five different model runs.

mass-flux-weighted age of air largely capture the variation in age between these runs, and
we now consider the circulation as revealed by these. To understand the diabatic circulation,
consider (2.11) and Figure 5-4 a). The overturning strength is inversely proportional to the
age difference, and so where the age difference is larger, the circulation is weaker. We see
the strong circulation in Runs 1 and 2, and the weaker circulation in the other three runs.
The local maximum in the profile towards the middle of the stratosphere is a local minimum
in the velocity and can be thought of as a separation between the upper and lower branches
of the circulation. The stronger lapse rates tend to drive this transition lower.

Without any mixing, the vertical gradient of age in the extratropics would be reversed
from what we observe, as the air would follow the diabatic circulation pathway from aloft,
continually getting older along that path. Thus, it is clear that adiabatic mixing is significant
in setting the age distribution in the extratropics. Its role in the tropics is less clear. We
solve equation 5.34 for the adiabatic rate of entrainment into the downwelling region:

Hout M adl'y 1

¥, " S5,AT 98 T AT ez}

and similarly express the adiabatic rate of entrainment into the upwelling region

pin _ M 0y 1
Y. S,AT 80 AT (536}

These mixing rates are shown in Figure 5-5 a) and b).

The vertical gradient of downwelling age is nearly identical for the three runs with
stronger lapse rates, Runs 1, 2, and 3, above 700 K. However, the diabatic circulation
strength is not the same, as can be seen in Figure 5-3. The stronger diabatic circulation
in Run 1 compared to Run 3 demonstrates the effect of the comparatively higher mixing
rate. Although the strong diabatic circulation would cause the vertical gradient to weaken
substantially, the strong mixing compensates, bringing in younger air from lower latitudes
and making the vertical age gradients closer. This picture is consistent with the idea that
wave breaking drives both the diabatic circulation and adiabatic mixing. They do not
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necessarily wholly compensate, as evidenced by the fact that the age distributions are not
identical for these different runs. The relationship is nonlinear, as can be seen by substituting
(2.11) into (5.35):
Hout M2 % 4 M
Yy TaM 80 T M’
The quadratic relationship between the mixing rate and the circulation strength is a
natural consequence of dependence of the the meridional age difference on the diabatic
circulation strength. This relationship is evident when we examine both the tropics and
extratropics for Runs 1 and 2 in Figure 5-5 in light of the gradients shown in Figure 5-4.
The vertical gradients of these two runs do not differ much. However, the diabatic circulation
strength (as implied by the inverse of AI') is stronger in Run 2 in the upper stratosphere
and weaker in Run 2 in the lower stratosphere. Correspondingly, the mixing rates are much
larger for Run 2 than Run 1 in the upper stratosphere where the diabatic circulation of Run
2 is stronger. Conversely, in the lower stratosphere where the diabatic circulation of Run 2
is weaker, the mixing rates are smaller for Run 2 than for Run 1. In the Tropical Leaky Pipe
(Neu and Plumb, 1999), the mixing efficiency, €, is used instead of the mixing rate. This
is defined as the ratio of the entrainment mass flux into the tropics to the net detrainment
into the extratropics. In our model, then, this is

(5.37)

Hin Hin
€ o — .~ OMJ8 (5.38)
The mixing efficiency, defined in this way, is shown in the third panel of Figure 5-5. With
this definition, the dependence on M is muted, though the qualitative information from the
mixing rates is the same. In particular, the tropics are quite isolated between 500-600 K,
with stronger mixing lower down and higher up.

In the original TLP paper, both the vertical velocity and the mixing efficiency were
treated as constant with height. Since then, the model has been used extensively and
modified in various ways, but no formulation explicitly expresses the mixing efficiency or
rate with height. The work by Ray et al. (2016) came the closest by iterating the TLP model
and allowing the mixing timescale to vary with height in the iterations, fitting to data and
a model to derive a profile of mixing timescales. The results are comparable to our idealized
model timescales, though the minimum in mixing in the middle stratosphere is not nearly as
weak in their results as here. However, the idealized model used in this study could certainly
have too little variability and thus too little mixing, so the qualitative agreement between
the two studies is encouraging. Our new treatment enables calculation of the adiabatic
mixing and the diabatic circulation strength, including their vertical structures, from mean
age alone. This is in constrast to the perceptions that age is insufficient to determine the
stratospheric circulation (Ray et al., 2016; Moore et al., 2014).

5.3.3 Circulation in separate hemispheres

The Northern and Southern Hemispheres have very different behaviors in these runs, and
it would be useful to be able to examine them separately. In particular, the Southern
Hemisphere has no topography in any of these runs, so how much does the mixing rate
vary amongst them? We will try to apply the theory from Section 5.2.4 to understand the
differences.

In order to separate the two hemispheres, they must behave as two independent closed
systems. Obviously, we expect there to be some amount of mixing within the tropics, and
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so the assumption that is made to separate the two hemispheres is that the age of upwelling
air is close enough in the two hemispheres that mixing across the zero streamfunction line
is unimportant for the age budget. We can see from Figure 5-2 that this is unlikely to
be the case for many of the runs here. Because of the asymmetry between the Northern
and Southern Hemispheres, the age of air in the Southern Hemisphere upwelling region
is considerably older than the age of air in the Northern Hemisphere upwelling region,
especially as the Southern Hemisphere region extends further and further beyond the tropics,
for example at upper levels in Runs 1 and 2. The circulation strength in the Southern
Hemisphere is up to two orders of magnitude less than that in the Northern Hemisphere,
and since the age difference is of mass-flux-weighted age, this leads to absurd apparent age
differences for such small values of the circulation strength. For the more symmetric model
configurations, we might expect this assumption to hold more reasonably. We can test how
good this assumption is by calculating the relationship between the mass, age difference and
mass flux, equations 5.22 and 5.23.

Figure 5-6 shows the mass to mass flux ratio versus the age difference calculated for
the Northern Hemisphere, Southern Hemisphere and globally. The hemispheres are again
defined by the dividing streamline. The theory is shown in the black line, and points that
fall slightly above and along the line are those that are consistent with the theory given the
neglect of diabatic diffusion (see Figure 2-6). It is evident that while the global theory holds
very well, the hemispheric separation does not hold well in any of the simulations, with the
exception perhaps of the seasonally-varying model run. In the Northern Hemisphere, the
points fall well below the line at most levels, indicating that the age difference calculated
by this method is greater than the age difference predicted for a truly closed system. As
the Southern Hemisphere upwelling age of air is significantly older and is in fact mixing
with the Northern Hemisphere air, this result is consistent with significant mixing across
the zero streamline. Correspondingly, the points should fall above the line for the Southern
Hemisphere plot, which they do. They are far above the line, in fact, because the circulation
is so weak that the mass to mass flux ratio involves dividing by a very small number. By
1200 K in Run 2, there is no Southern Hemisphere circulation at all (not shown).

Because the separation of the hemispheres is perhaps valid for the seasonally-varying
model run, we calculate the mixing rates based on (5.36) and (5.35) with the appropriate
averaging regions for this run only. These results are shown in Figure 5-7. The Northern
Hemisphere has stronger mixing, especially into the extratropics. The mixing into the
tropics is more similar between the two hemispheres. Comparing the two dotted lines, the
Northern Hemisphere behaves more like one of the strongly forced runs, while the Southern
Hemisphere has weaker mixing, like Run 3, which has no topography. The mixing rates are
overall weaker than the global mixng rates for the perpetual-solstice runs.

Thus we see that in the model run where the hemispheres can be approximately treated
as individual closed systems, the mixing rate calculation yields reasonable results. It is
not appropriate to apply the theory to the perpetual-solstice runs because the hemispheres
clearly cannot be separated. We are in the process of exploring the degree of asymmetry
that can be supported by the theory. It is possible that in the real world, the steady-state
circulation is symmetric enough for the theory to apply. However, we cannot conclude that
the hemispheric separation can be realistically applied without further study.
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Figure 5-6: Scatter plots of the ratio mass above each isentrope to the mass flux through
the isentrope against the difference in mass-flux-weighted age of downwelling and upwelling
air. The relationship predicted by the theory is shown in the black one-to-one line. Different
symbols show different isentropic levels, and different colors are the different model runs.
The three panels show averaging over the following regions: (a) shows the global relationship,
(b) shows the Northern Hemisphere only and (c) shows the Southern Hemisphere only. (a)
and (b) are scaled to be square, while (c) is not.
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Figure 5-7: Mixing rates for Run 5, separated by hemisphere. The red lines are Northern
Hemisphere and black lines are Southern Hemisphere. The dotted lines are the mixing into
the extratropics, and the solid lines are the mixing into the tropics.
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Figure 5-8: Scatter plots of the ratio mass above each isentrope to the mass flux through
the isentrope against the difference in mass-flux-weighted age of downwelling and upwelling
air for the WACCM model with (a) one year averages and (b) five year averages. The
relationship predicted by the theory of Chapter 2 is shown in the black one-to-one line.
Different colors show different isentropic levels.

5.4 Application in a realistic model

In order to get a better understanding of whether the hemispheric separation can be ap-
plied to the real atmosphere, we use the Whole Atmosphere Community Climate Model
(WACCM). We apply the theory, both the global mean and the hemispherically separated,
to the same model run of WACCM used in Chapters 3 and 4. First, we test (2.11) to see how
well the steady-state age difference theory holds in this realistic model with different lengths
of averaging. The results of this are shown in Figure 5-8, which shows scatter plots of the
mass above each isentropic surface versus the difference between the mass flux weighted age
of downwelling and upwelling air through each isentrope for one year averaging in the left
panel and five year averaging in the right panel. For the idealized model, one year averaging
was sufficient for the steady-state theory to apply (recall Figure 2-6). With a model that has
more realistic interannual variability, five year averages reduce the spread so that the theory
holds quite well. At the lower levels, the points fall above the one-to-one line predicted
by the theory, which is again consistent with stronger diabatic diffusion in the lowermost
stratosphere. At the upper levels, the points fall below the line, which we cannot explain
currently. We are exploring whether this is related to model resolution or the interpolation
from pressure to isentropes—otherwise, this is likely an indication of numerical diffusion.

When we separate the two hemispheres according to the theory in Section 5.2.4, we
find that in this more realistic model, the theory holds much better than it did even in the
seasonally varying idealized model, as can be seen in Figure 5-9, which is the same type of
scatter plot as in Figure 5-8 but now colored by hemisphere rather than by isentropic level.
Both the Northern and Southern Hemispheres have the same pattern of a local maximum
in age difference in the middle stratosphere, and the points fall nearly along the line. The
Southern Hemisphere is somewhat below the line, suggesting that the mixing of younger air
from the Northern Hemisphere within the tropics might contribute to the age budget in a
minor way, but the agreement with the theory is very good.

We calculate the horizontal age difference and cross-isentropic age gradients within the
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Figure 5-9: As in Figure 5-8, except now the global means are shown in the black circles,
and the Northern Hemisphere and Southern Hemisphere, separated according to the theory
in Section 5.2.4, in red and blue, respectively. The one-to-one line of the theory is in purple.

tropics and extratropics in order to calculate the mixing diagnostics for both hemispheres.
The results are shown in 5-10. Examining first the age difference, shown in the left panel,
we see that the Northern Hemisphere has a higher local maximum than the Southern Hemi-
sphere, implying that the shallow branch of the Northern Hemisphere circulation has a larger
vertical extent than the Southern Hemisphere. The age difference is also smaller in the low-
ermost stratosphere for the Northern Hemisphere, which suggests that the lower branch is
relatively stronger compared to the upper branch in the Northern Hemisphere than in the
Southern Hemisphere. The center and right panels show the vertical gradient of upwelling
age of air and downwelling age of air. These are remarkably similar in the two hemispheres,
and they thus match the global age gradient quite closely.

In order for the Northern Hemisphere downwelling age gradient to be the same as the
Southern Hemisphere despite a stronger circulation, the mixing out of the tropics must also
be greater, especially in the lower stratosphere. When we look at the mixing rates into and
out of the tropics, shown in Figure 5-11, we see that this is indeed the case. All of these
behaviors are consistent. Furthermore, we expect greater mixing in the lower stratosphere
in the Northern Hemisphere than in the Southern Hemisphere because the Asian monsoon
drives substantial mixing there.

We see that in the Southern Hemisphere, almost no air is mixed into the tropics above
600 K, and in the Northern Hemisphere, this isolation is a bit higher, about 650 K. Mixing
into the extratropics has a local minimum at 600 K, which is above the local minimum
in the diabatic velocities. The noise in the profiles is in large part due to the imperfect
separation. The separation latitude was determined for each level separately, and so the
coarse horizontal resolution means that there are jumps. To somewhat minimize these, we
determine the “best” dynamical equator latitude by integrating from the North pole to the
equator until and from the South pole to the equator until the latitude we come as close to
zero as possible. Where the two integrations overlap, that latititude is assigned to be half
in the Northern and half in the Southern hemisphere. A more rigorous treatment or a finer
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Figure 5-10: Relevant age gradients for calculating the mixing rates: a) The difference be-
tween mass-flux-weighted upwelling and downwelling age of air, b) the vertical gradient of
mass-flux-weighted upwelling age of air, and c) the vertical gradient of mass-flux-weighted
downwelling age of air. The global calculation is shown in the black, the Northern Hemi-
sphere in the red, and the Southern Hemisphere in the blue.
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Figure 5-11: Mixing rate into and out of the tropics for the two hemispheres and the global
average for WACCM.
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resolution would likely smooth out the profiles further. The global results are qualitatively
similar to the global results from Ray et al. (2016) for the Canadian Middle Atmosphere
Model, although quantitative comparisons are difficult because of the different coordinate
system and assumptions in that study.

5.5 Discussion and Conclusions

We have derived a method to determine the mixing rate between the tropics and extratropics
from the age of air distribution, in steady state and assuming diabatic diffusion is small.
We have transformed the Tropical Leaky Pipe framework of Neu and Plumb (1999) into
isentropic coordinates. By formulating the theory on isentropic levels, we allow for both the
diabatic velocities and the mixing efficiency to vary in the vertical. The vertical gradient
of age of air in the extratropics informs of the mean detrainment rate out of the tropics,
and the vertical gradient of age of air in the tropics informs the mean entrainment rate into
the tropics. Taking advantage of the theory in Chapter 2, we can use the quasihorizontal
gradients of age to calculate the diabatic circulation strength. With observations of age,
temperature and pressure, we can calculate both a tropical entrainment and detrainment
rate. Stratospheric age of air alone is sufficient to quantitatively determine the circulation
as defined by these global or hemispheric averages and in steady-state. We note that unlike
the theory of Chapter 2, this age metric is a diagnostic tool that reflects the assumptions
we have made about the system (for example, that the average age of air that mixes from
the extratropics into the tropics is the mass-flux-weighted mean age of downwelling air).
However, these assumptions are necessary to develop the theory to relate mixing to age
observations, and we believe this will be useful.

In applying this theory to an idealized model, we have seen the relationship between
the adiabatic mixing and the diabatic circulation in setting the overall age distribution in
the stratosphere. In order to maintain a positive vertical gradient of age in the extratrop-
ics, when the circulation is stronger, the mixing is also stronger. This relationship makes
sense; increased wave breaking causes both stronger diabatic overturning and more adiabatic
mixing, and we showed that the mixing rate has a quadratic dependence on the diabatic
overturning strength.

This method is limited because of the steady-state assumption. In Chapter 2, we showed
that in an idealized model, annual averages were generally sufficient for the steady-state as-
sumption to hold for the relationship bewteen the diabatic circulation strength and the age
difference between downwelling and upwelling air. In a more realistic model, five years is
better, and is what we used in Chapter 3. Because mixing timescales tend to be shorter
than the diabatic circulation timescales, it seems likely that the minimum period of averag-
ing for the steady-state assumption to apply would be limited by the diabatic component.
However, this is not straightforward to test—a comparison to the more traditional effective
diffusivity analysis in a realistic model would be a first step. The steady-state assumption
also necessarily makes this theory inappropriate for examining short term changes to the
circulation. Instead, it is more appropriate for characterizing and comparing model mean
circulation to the mean circulation of the true atmosphere and the decadal variations in
these.

Many stratospheric processes, such as ozone depletion and recovery, affect the hemi-
spheres asymmetrically, and so the global-average picture presented by this framework is
lacking. We derived the relationships for the hemispheres separately; however, to do so,
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we assumed that the two hemispheres act as independent closed systems, which we demon-
strated is not the case for the perpetual solstice idealized model runs. In the idealized run
with a seasonal cycle, this assumption is better, and we calculated the mixing rates for the
hemispheres separately. These mixing rates were consistent with what could be expected
based on the different forcing in the Northern and Southern Hemispheres, and so we con-
clude that this approach might be viable, though more work is necessary to understand the
limitations.

When we apply the theory to a realistic model, we see that treating the hemispheres
separately leads to little error, and so we can calculate the circulation strength and the
mixing rates for each hemisphere. We find that the lower branch of the circulation in
the Northern Hemisphere is relatively stronger as compared to the upper branch than in
the Southern Hemisphere. We also see that the Northern Hemisphere extratropical mixing
is greater than the Southern Hemisphere extratropical mixing in the lower stratosphere.
Globally we find a relative minimum in mixing around 600 K, indicating complete isolation
of the tropics above this level.

This theory holds potential to enable calculations of the mean adiabatic mixing of the
real stratosphere from age of air observations. Unfortunately, because it relies on the vertical
gradients of age, observations of sulfur hexafluoride (SF¢) and other trace gases from satel-
lites will be difficult to use. The geometry of satellite measurements results in horizontal
and vertical smoothing. While the limb viewing instruments that are used to calculate the
abundances of trace gases that can be converted to age have less vertical smoothing than
nadir viewing instruments, they currently can obtain only about 3—4 independent pieces of
information between 18 and 40 km (Stiller et al., 2008; Livesey et al., 2011). This could
provide, at best, a gross picture of the vertical gradients. In order to validate models us-
ing this theory, then, it is necessary to apply the retrival algorithms to model output so
as to compare like to like (e.g., Zhang et al., 2010). The vertical information provided by
balloon measurements is better than that from satellites, but balloons have no horizontal
information. Thus the application of this theory to observations in order to quantify the
adiabatic mixing in the stratosphere will require a concerted effort to combine a wide variety
of observational data products.
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Chapter 6

Summary and Outlook

The circulation of the stratosphere came into focus as interest in the ozone hole prompted
more detailed study of both the chemistry and physics of the stratosphere. The chemistry
is largely considered a solved problem now, about 40 years after the original concern about
anthropogenic emissions causing ozone depletion (Seinfeld and Pandis, 2006). The interac-
tion of the chemistry and the transport is far from solved, however (Solomon et al., 2016),
and the state-of-the-art products that attempt to represent the reality of the stratospheric
circulation differ substantially from each other (Abalos et al., 2015). The circulation is im-
portant not only for ozone, but also for water vapor, which has significant climate effects
(Dessler et al., 2013; Solomon et al., 2010).

Recent work on the stratospheric circulation has included the development of stratosphere-
resolving global climate models, especially as the high-top models lead to improved weather
prediction (Gerber et al., 2012). These stratosphere-resolving models have universally pre-
dicted an increase in the strength of the stratospheric circulation (Butchart et al., 2010), but
observations of trace gas distributions have not revealed such a trend (Engel et al., 2009;
Stiller et al., 2012). The comparison of model output and data has been limited by the
uncertainties associated with using tracer data to constrain the state variables of the model
output.

This thesis has contributed to addressing the limitations of comparing model output to
tracer observations by deriving relationships that enable calculation of the stratospheric cir-
culation strength, both the diabatic circulation and the adiabatic mixing, from observations
of trace gases. Building upon the foundational work by Neu and Plumb (1999) and Plumb
(1996), the theoretical advances in this thesis (Chapters 2 and 5) consider the tropics and
the extratropics as separate, well-mixed boxes. There is diabatic upwelling in the tropics and
downwelling in the extratropics, and the tropical box and extratropical box exchange mass
through two-way mixing across the tropical barrier. In the new formulation presented here,
we have used potential temperature as the vertical coordinate, which naturally separates
the adiabatic and diabatic motions.

We demonstrated that the diabatic component of the circulation through an isentrope,
the total overturning circulation that enters in the tropics and exits in the extratropics, is
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proportional to the difference in the age of air in the downwelling region and the age of air
in the upwelling region. This result is very similar to that shown by Neu and Plumb (1999),
except for the natural isolation of the diabatic component by using isentropic coordinates.
The result is also physically intuitive: the difference between the age of air that is upwelling
an isentropic surface and the air that is downwelling through an isentropic surface is how
long the air spent above the surface, or its residence time. That residence time is propor-
tional to the mass flux through the surface. Then we derived a time-dependent version
of this theory that accounts for changes in the circulation strength, and we showed that
for an idealized model, annual averages are sufficient to neglect the time-dependent terms.
The horizontal gradient of age thus informs us about the vertical motions; in Chapter 5,
we derive a relationship between the vertical gradient of age and the horizontal motions,
demonstrating that the mixing rate depends nonlinearly on the diabatic circulation strength.
Both theoretical developments were accompanied by exploration in an idealized atmospheric
model.

The theories developed in this thesis have provided the framework to quantify
the mean global stratopsheric circulation, both diabatic and adiabatic, and its ver-
tical structure from observations of age of air tracers. We have verified the diabatic
circulation theory and applied the adiabatic mixing theory in models.

In addition to these theoretical advances, I have also applied the theory that relates age
of air observations and the diabatic circulation strength to trace gas observations from two
independent satellite data products in order to provide quantitative, observationally-based
constraints on the strength of the stratospheric diabatic circulation. In applying this theory,
I discovered problems with the current suite of reanalysis data products, revealing large
differences in their mean diabatic circulation strength and showing that two of the three are
inconsistent with observations. The application of the theory to satellite data revealed the
woeful inadequacies of the satellite data record to track changes to the circulation strength,
and even to calculate the mean of the circulation strength for the upper stratosphere. This
demonstration of the utility of global measurements will help to quantify what is necessary
for future earth-observing missions to measure trace gases to determine the stratospheric
circulation strength.

The application of the diabatic circulation theory to data has provided the first
constraint on the global stratospheric diabatic circulation and demonstrated the acute
need for new trace gas data for quantification of the mean circulation strength at
upper levels.

In Chapter 4, I explored the global diabatic circulation as a new metric for the Brewer
Dobson Circulation by comparing it to other common metrics and explicitly calculating
its relationship with ozone variability. I showed that it holds a very close correspondence
with one of the common Transformed Eulerian Mean vertical velocity calculations, and that
the three different methods for calculating the TEM vertical velocities are quite different.
The correlation of the low level stratospheric circulation with the total column ozone in the
midlatitudes is relatively high, with the variability in the circulation strength explaining
over 10% of the variability in total column ozone. At upper levels, there is an interplay
between transport and chemistry that is reflected in the relationship between the ozone
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and the circulation. The upper and lower branches of the circulation are also shown to be
anticorrelated.

The global diabatic circulation of the stratosphere is a superior metric for models
and reanalyses to those currently used because it contains the same variability as one
of the current metrics, is strongly correlated with ozone variability, and it has been
constrained by data.

All together, this thesis suggests an alternative framework for thinking about the strato-
spheric circulation when considering tracers. Unlike the Transformed Eulerian Mean circula-
tion, which is excellent for considering the dynamics of the system, the global circulation in
isentropic coordinates is directly related to the distributions of long-lived trace gases. This
enables novel contraints on the circulation using satellite observations of these trace gases,
including N3O and SFg. Not only do the current observations provide quantitative con-
straints on the circulation, the theoretical framework provides new science goals to inform
future earth-observing missions, whether satellite, aircraft, balloon or otherwise.

In order to calculate the strength of the circulation, global data over at least five years
is necessary. With the failure of the MIPAS instrument in 2012 and the fact that the
ACE satellite is running long past its expected lifetime, the prospect for continuous limb
measurements of SFg is poor. N2O will presumably continue to be observed, and so further
characterizing the relationship between the two is essential for the continuity of the record.
To my knowledge, no replacement for MIPAS or ACE is currently being built, and this
means that our stratospheric age coverage will be very limited in the near future.

Ideally, a continuous record from satellites with infrared sensors in limb-viewing geom-
etry would measure SFg and methane for the next several decades. This, combined with
additional in situ measurements of COg, NoO and methane, would provide a quantitative
record of how the circulation is changing in response to greenhouse gas forcing, utilizing
the methods developed in this thesis. The in situ characterizations of the tracer-tracer re-
lationships would serve to extend the record further back, enabling conversion of methane
and N2O to age for the currently available satellite observations. In situ measurements,
specifically profiles, will be necessary to accurately measure the vertical gradients of age.
The relatively new AirCore technology (Karion et al., 2010), which samples the atmosphere
in a way that is similar to a Niskin bottle in the ocean, could prove to be an unprecedented
source of data if their launches become more common. The small volume of the samples
has meant that the measurements are very noisy compared to whole air sampling, but with
sufficient coverage, that noise would average out.

Because of the difficulty in interpreting trace gas observations, much of our current
knowledge of the circulation of the stratosphere is based on atmospheric models. The models
have predicted an increase in the strength of the BDC with global warming, but their
mean states differ substantially, as we demonstrated for the reanalyses in Chapter 3. Our
quantitative framework with which to validate models with data can provide confidence in
stratospheric models and their predictions. It cannot be directly related to the specifics of
the wave-driving however, and more work is necessary to understand the role of different
wave forcing (gravity and planetary scale) in driving the circulation and changes to it. The
trace gas diagnostics are not an appropriate tool for addressing this problem. The Google
Loon project, which could be an Argo float equivalent, holds potential to give novel data
if we can get the right instruments on the balloons. The semi-Lagrangian motion and high
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density of local measurements could be useful for investigating the waves, as these balloons
will have an algorithm to try to keep them as close to evenly separated as possible.

‘While the focus of the community has been on the trends in the circulation associated
with greenhouse gases and the corresponding tropospheric warming and stratospheric cool-
ing, the mean state of the stratospheric circulation is comparatively unknown. What is
the mean state of the stratospheric circulation, and how is it dynamically determined, are
questions to which there currently exist only qualitative answers. In conjunction with the
existing stratospheric models, and our new theoretical framework, new trace gas data are
essential to measure and monitor the stratospheric circulation and to answer these funda-
mental questions.

The theoretical framework developed in this thesis could have additional applications.
The deviations from the one-to-one line could be related to numerical or real diffusion in a
stratospheric model, and this is being worked on by my collaborator, Edwin Gerber. In the
troposphere, the theory could be revised to be on moist isentropes; convection would make
the assumption of no diabatic diffusion laughable, but perhaps as a gross measure of the effect
of convection, the theory might be useful—the deviation from the one-to-one line would be
an integrated measure of the diffusion across moist isentropes. In the ocean, another highly
stratified fluid, the application of the theory could lead to new insights about the strength of
the globally averaged diapycnal diffusion. In ocean models, diapycnal diffusion is typically
imposed. The theory would need to be revised, however, to account for the lack of ideal age
tracers available in the ocean. The long time scales of ocean circulation mean that there is
no “clock” tracer; ratios of tracers would need to be explored. The idea of age difference as a
residence time is universal; the complexity lies in determining the system, the coordinates,
and the timescales for which examining the age difference is useful.

Because tracers can be measured directly, they provide a valuable resource for under-
standing geophysical fluid dynamics. This work is a transformative development for quan-
titatively relating measurements of tracers to the dynamical system.

x
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